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DESIGN AND EVALUATION OF SMART
VENTILATION SYSTEM FOR MANAGING THE
BIOENVIRONMENT OF THE HYDRPONICS SYSTEMS

Khaled k. Hegab*

ABSTRACT

From the technical, environmental and economic perspectives, using air
conditioning systems (ACS) to manage the bioenvironmental conditions
inside the sprouting chambers is considered a common mistake.
Therefore, the main objective of this research is to design and evaluate a
smart evaporative cooling system for executing efficient ventilation and
conserving a suitable bioenvironment. Multi-stage smart evaporative
cooling system (MSECS) was designed and installed to manage
bioenvironment conditions inside the chamber. This system consists of
Multi-stage evaporative cooling unit, smart control unit and air exhaust
unit. To evaluate the proposed ventilation system two types of trials were
executed. The first deals with temperature uniformity through the
chamber and the second deals with production quantity and quality. Dry
bulb temperature Tgp Was measured, analyzed and drawn to study the
temperature uniformity. Three levels of relative humidity ratios RH% and
three types of multi-stage smart evaporative cooling systems were studied
through complete randomize trial. Physical and chemical properties of
the green fodder production were laboratory measured and statistically
analyzed. The trials results statistical and graphical analysis revealed
that: (1) Using MSECS with four exhaust fans led to significant decrease
at (p<0.05) in the Ta, variance comparing with the ACS. (2) Using
MSECS with one or two exhaust fans hasn’t significant effect at (p<0.05)
on the Tg» variance comparing with the ACS. (3) Using MSECS with four
exhaust fans led to in-crowd and uniformity of Tg» contouring lines
comparing with the ACS. (4) Using MSECS with four exhaust fans led to
significant increase at (p<0.05) in the desired properties of the green
fodder such as percentage of dry matter Dm and crude protein Cp, and
the in desired properties such as percentage of crude fiber Cs and Ash.

*Agric. Eng. Dept., Faculty of Agric., Cairo University, Egypt.

Misr J. Ag. Eng., July 2018 - 1099 -



BIOLOGICAL ENGINEERING

Therefore, the research conclusion is substitution of the ACS by smart

MSECS with four exhaust fans for managing the bioenvironmental

conditions of sprouting chambers at Tq, 20°C and RH75%.

Keywords: Evaporative cooling - air conditioning - smart control-hydroponics
system - ventilation system - design and evaluation - green fodder.

1- INTRODUCTION

1-1-Research Objective and Problem: Using air condoning units (ACU)
for fixing air temperature and relative humidity (RH) in sprouting
chambers are considered a common technique. Since, the idea of ACU
operation depends on the closed air circulation inside the chamber
without refreshment. Sprouting process needs to air refreshment for
executing physiological processes such as photosynthesis and disposing
of pathogens such as fungi. Therefore, using air conditioning units (ACU)
is considered partial solution of the problem. Oppositely, using
evaporative cooling unit fixes air temperature and relative humidity (RH)
and refreshes air, Amer et al. 2014. To keep heat balance for specific space,
the calculated fixed cost of the evaporative cooling system installation is about
half that of air conditioning system. The running cost for using evaporative
cooling system is 1/8 that of air conditioning system. Power consumption in
evaporative cooling system is limited to the fan and water pump. This is due to
the water vapor in evaporative cooling system is not recycled. Irreversibly, air
conditioning system needs compressor that consumes most of the power in
closed-cycle refrigeration. Also, special refrigerants, such as ammonia or CFCs,
are used that could be toxic, expensive to replace, and contribute to ozone
depletion, Chijioke 2017. As a result, the main objective of this research is
to design and evaluate a smart evaporative cooling system for executing
efficient ventilation and conserving a suitable bioenvironment inside the
sprouting chambers.

1-2- Ventilation and Plant Growth: Environmental control of the plant
growth room conditions is necessary to cultivate of off-season crops,
extend the growing season, increase the potential yield, conserve water,
control conditions for plant growth, and avoid pests and diseases.
Ventilation systems are considered proper technique in control of
temperature, relative humidity and CO. rate inside greenhouses,
Mashonjowa et al. 2010, Perone et al. 2017, Yasutake et al. 2017.
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1-3- Ventilation Techniques: Ventilation could be broken down into
natural and mechanical ventilation. Mechanical ventilation such as
evaporative cooling methods include fan pad, fogging system and roof
evaporative cooling. Air water fogging system reduces air temperature
5°C compared to the control, Ganguly and Ghosh 2011. Using
evaporative cooling system in greenhouses decreases indoor air
temperature13°C in comparing with outdoor air temperature, Oz et al.
2009, Helmy et al. 2013, Ali and Huseyin 2015. Changing greenhouse
roof from single roof to double roof with shading of 50% decreased 6.5-
9.7 °C in the internal environment of the greenhouse, Mohammad et al.
2014. Fan pad evaporative cooling could be broken down into single and
multistage. Two-stage evaporative cooling system is better than single-
stage systems in thermal efficiency and energy saving, Hui and Cheung
2009, Rafique et al. 2018. Evaporative cooling system could be
combined with wind catchers technology to the maximize value of
cooling load, Noroozi and Veneris 2018. Evaporative cooling is eco-
friendly and energy efficient technology. Therefore, it has been regularly
used on large scale for domestic purpose as well as large industrial
applications, Mehra et al. 2016. The main advantage of evaporative
cooling system lies in its simplicity of operation and control and also in
that it does not entail any risk of wetting the foliage. The main problem is
large temperature and humidity gradients along the horizontal line,
Sapounas et al. 2008. Dramatic temperature drop in a short term
constitute a serious problem for evaporative cooling systems applications.
Therefore, multistage regulation method must be used for controlling on
evaporative cooling system, Han et al. 2018.

1-4- Technical Points in Ventilation: Location and design of the ventilation
entrances and exits are considered one of main factors for maintaining
homogeneous weather conditions inside the agricultural buildings, Villagran et
al. 2012. For a naturally ventilated greenhouse it is concluded that the total area
of vent openings should be 15-30% of floor area, Ganguly and Ghosh 2011.
While as, this area depends on energy balance, humidity balance, and CO;
balance in the mechanical ventilation. Location of the fan-pad cooling system
has particular influence on cooling effect, Chen et al. 2014. Increasing air
temperature greater than 20 °C has a negative effects on greenhouses
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production in in tropical and subtropical countries, if some design criteria
in the evaporative cooling system are not revised, Barreto-Mendes et al.
(2017). Airflow rate through cellulose pad with thicknesses of 6 -8 inches
is 250-350 (CFM/ft?). Min. reservoir capacity per unit pad area is 0.8 -1.0
(Gal/ft?) for cellulose pad with thicknesses of 6-8 inches, Worley, J.
2009. In comparing with cellulose pads, plastic grid block gives pressure
drop is 11.05 Pa irrespective of the water flow, mean saturation efficiency
is 82.50% and specific water consumption is 3.05 L-h—1-m—2-°C—1, at an
air velocity of 2 m s—1, Franco et al. 2014. Briefly, the plastic packing in
the applied cooling system gives a pressure drop of 11.05 Pa at 2 m-s—1,
which is between 51.27% and 94.87% lower than that produced by the
cellulose pads.

There were significant differences in cooling efficiency among three
thicknesses (300, 200, 100m) of cooling pads. The evaporative cooling
with 300 mm thickness of pads gave the highest cooling efficiency and
the highest stem length and diameter, number and width of leaves, fruit
length and diameter, weight of fresh fruit, as well as yield per plant,
Elmsaad et al. 2017, Soponpongpipat et al. 2011.

2- MATERIALS AND METHODS
2-1- Ventilation system design: Two units of multi-stage evaporative
cooling system was locally designed and fabricated for executing the
ventilation process, Fig. (1). Each unit consists of three main parts. The
first is air delivery part containing centrifugal fan and electric motor with
technical specifications of 220V, 50Hz, 250W and 20cmm for voltage,
frequency, power and air charge respectively. The second part is primary
cooling containing water thermal exchanger for cooling the natural air
from T1 to T2 through the sensible cooling process. The third part is direct
evaporative cooling for cooling the primary air from T to T3 through the
adiabatic cooling process. This part consist of closed loop for air
humidification which contains water source, pump, cellulose cooling pad
and water collection device. The two units were installed in two down
orifices with dimensions of 40x40cm through the front view of sprouting
chamber, Fig. (2a). Four exhaust centrifugal fans and electric motors with
technical specifications of “220V, 50Hz, 100W and (5-10)cmm for
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voltage, frequency, power and air charge respectively” were installed in
four orifices in the back view of sprouting chamber, Fig. (2b).

2-2- Automatic control system design: Automatic control system was
designed and installed for controlling on the ventilation process inside the
sprouting and growth chamber, Fig. (3). Arduino Uno board was used for
operating the ventilation system through receiving data from sensors and
delivering signals to relays contactors.
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Fig. (1): Design of muti-stage evaporative cooling unit.
(Dimensions in m)

Humidity and temperature sensors collect and deliver data dealing with
dry air temperature and relative humidity from the chamber environment
to the AU board. After analyzing these dada, specific signals are delivered
from the board to the multi-stage evaporative cooling units and the
exhaust fans. Liquid-crystal display (LCD) is connect to the system to
display the internal dry temperature and relative humidity. Arduino
language is used to develop the needed program for managing the
ventilation process inside the chamber. Personal Computer (PC) is used to
write and deliver the operating program to the board through Universal
Serial Bus (USB) cable.
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Fig. (2): Ventilation orifices locations.

2-3- Air movement: According to design of the chamber and ventilation
system air movement through the ventilation process is linear from the
inlet orifices to the outlet orifices, Figs. 4, 5 and 6. Through the traditional
case “using air conditioner” air moves from outside to the chamber
through the inlet orifices by effect of low pressure in the chamber
produced by the exhaust fans. Through the proposed case “using multi-
stage evaporative cooling” air moves from outside to the chamber through
the inlet orifices by evaporative cooling fans. Through the two cases, air
moves from the chamber to outside by the exhaust fans. According to Fig.
(4), ventilation efficiency in the chamber’s corners area is expect to be
less than its value in other area.
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Also, the chamber’s corners area could be changed according to location
and number of the inlets and outlets orifices on the front and the back
views. Therefore, great part of the ventilation trials concentrates on
studying orifices location and its effect on production quality.

2-4- Ventilation trial: Three designs of ventilation systems and three
levels of relative humidity were studied in factorial experiment in
complete randomized bolt design, Table (1). The first design deals with
using two units of multi-evaporative cooling with one exit for air exhaust.
The second deals with using two units of multi-evaporative cooling with
two exits for air exhaust. The third deals with using two units of multi-
evaporative cooling with four exits for air exhaust. Similar systems with
replacement of the multi-evaporative cooling units by air conditioner
units were used as control. U shape tubes were used to collect two
entrances or outlets in one orifice. Practically, 65, 75 and 85% of relative
humidity (RH%) were applied through the trial. Statistically, nine
treatments of multi-stage evaporative cooling systems were compared
with nine treatments of air conditioning systems, Table (1). Chamber
temperature was fixed at 20°C for the twelve treatment, Hegab 2017,
Cooper nutrients solution with concentration of 2PPP was used through
the trial. Light intensity were fixed inside the chamber at (3600Im/m?)
through 12/h.day, Hegab 2018. Dry temperature °C and relative humidity
% were measured inside and outside the chamber for measuring the
system efficiency. Infected tray by Fungi, dry matter DM, crude protein
Cp, crude fibers Cy, ash, ether extract EE, and nitrogen free ether NFE
percentages were measured and statistically analyzed at (p<0.05) for
measuring the production quality.

Table (1): Ventilation trial statistical design:

Ventilation sistems desi(lqn

One exit Two exits Four exits
AC MSEC AC MSEC AC MSEC
(control) (control) (control)
65% C:1 T C2 T2 Cs Ts
RH | 75% Cs Ta Cs Ts Cs Te
(%) | 85% | Cy Tz Cs Ts Co To

Where: Rh is relative humidity (%), AC is air conditioner and MSEC is
multi-stage evaporative cooling.
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A randomized complete block design with two factors (RH% levels and
MSECS design) were used for analysis all data with six replications for
each parameter. The treatment means were compared by least significant
difference (L.S.D.) test as given by Snedecor and Cochran 1994 by used
assistant program.

2-5- Ventilation process: Psychometric charts were used to describe the
ventilation process of multi-evaporative cooling and air coediting
systems. Through the multi-evaporative cooling system ventilation
process is divided into two parts. The first is the sensible cooling process
through indirect cooling process by using water thermal radiator. This
process is determined by the horizontal line from the point A to the points
B, C, and D, Fig.(7). The second is the adiabatic cooling process through
increasing relative humidity by using multi-evaporative cooling. This
process is determined by the declined lines from the points B, C, and D,
to the points E, F and G. Through the air conditioning system the process
is divided into three parts. The first is sensible cooling process from the
point A to point B. The second is latent cooling process from the point B
to point C. The third is sensible cooling process from the point C to point D.

3-RESUL TS AND DISCUSIONS

3-1- Temperature distribution under different ventilation systems:
3-1-1-Vetilation system with one exit: Fig. (8a) shows dry bulb
temperature (°C) contouring map under air conditioner (control) with one
exit for ventilation. This figure covers cross section area “3m high and 4m
wide” of the sprouting chamber. Due to the lighting units “heat source”
were located on ceiling and the two sides of the chambers, therefore the
heights contouring lines are concentrated at this location. Because of
absence of the heat source and increasing humidity on the ground, a lower
strip “within 50cm of the ground” contains lower contouring lines. Since,
there is one exit for air ventilation located in the back wall center. The
remarked distances among contouring lines in the chamber core area are
bigger than that are remarked close to the ceiling and the side walls.
Logically, one exit is not enough to substitute the hot air close to the side
walls and ceiling with a cold air. Therefore, the air temperature strip close
to close to the side walls and ceiling is high in comparing with the core
area.

Misr J. Ag. Eng., July 2018 -1111 -



BIOLOGICAL ENGINEERING

Fig. (8b) shows the temperature contouring map under evaporative
cooling (case 1) with one exit for ventilation. Approximately, the whole
remarks on this figure are similar to mentioned above on Fig. (8a). Table
(2) summarizes statistical analysis results deal with the dry bulb
temperature contouring data (°C). The calculated temperature means for
the air conditioner (control) and evaporative cooling (case 1) are 23.05
and 23.21°C, respectively. Statistically, there is no significant difference
between the two means at P<0.05. The values of the standard error are
very small which are 0.21 and 0.25 for the air conditioner and the
evaporative cooling under one exit respectively. This is considered a great
result which agree with the research assumption toward replacing of the
air conditioner with evaporative cooling system for air ventilation of the
sprouting champers. This result agreed with Sapounas et al. 2008, Amer
et al. 2014, Helmy et al. 2013, Ali and Huseyin 2015, Mohammad et al.
2014, Oz et al. 2009, Perone et al. 2017, Mashonjowa et al. 2010,
Villagrén et al. 2012, Ganguly and Ghosh 2011, and Yasutake et al.
2017 in using the evaporative cooling system in ventilation of vegetables,
cot flowers, and seedling greenhouse production.

3-1-2-Vetilation system with two and four exits: Fig. (8c) shows dry
bulb temperature (°C) contouring map under evaporative cooling (case 2)
with two exits for ventilation. Because of the two exits were located in the
lower half of the back wall, a great change in lower half of the contouring
map is remarked. Reversibly, there is no any remarked change in the
upper part of the map. Statistically, the calculated values of temperature
means are 23.05% and 22.74%°C for the control and evaporative cooling
(case 2) respectively. Briefly, in comparing with the air conditioner map
(control) the remarked change in the (case 2) is insignificant. This result
is considered good but is not enough to confirm on locations of the
ventilation exits has a great impact on ventilation process.

Fig. (8d) shows dry bulb temperature (°C) contouring map under
evaporative cooling (case 3) with four exits for ventilation. Because of the
four exits were regular located within the back wall, a great change in
both the upper and lower parts of the contouring map is remarked.
Statistically, the calculated values of temperature means are 23.05% and
21.14°°C for the control and evaporative cooling (case 3), respectively.
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Briefly, in comparing with the air conditioner map (control) the remarked
change in the (case 3) is significant. This result is considered great and
confirmed on locations of the ventilation exits has a great impact on
ventilation process. This result agreed with Hui and Cheung 20009,
Franco et al. 2014, Chen et al.2014 Mehra et al. 2016, ElImsaad et al.
2017, Rafique et al. 2018, Noroozi and Veneris 2018, Han et al. 2018 in
evaporative cooling of vegetables, cot flowers, and seedling production.

Table (2): Temperature contouring map data statistical analysis.

AC/lexit EC/1exit | EC/2 exits EC/4 exits
Mean 23.05° 23.218 22.74° 21.14P
Variance 2.89 3.79 4.11 0.61
SD 1.70 1.94 2.03 0.78
SE +0.05 0.21 0.25 0.25 0.10

The symbols (a and b) are homogenous groups of DBT “°C” which are
significantly different.

Table (3) shows the effects of relative humidity and ventilation systems
design on dry matter percentage (Dm%) through the sprouting and growth
trial. Statistically, using multi-stage evaporative cooling gives significant
increase at p<0.05 in dry matter % comparing with using air conditioner
“control”. Exactly, fixing multi-stage evaporative cooling (MSECS) on
RH 75% at dry bulb temperature (DBT) “20°C” and using four ventilation
exits gives greatest value of Dm%. This result is referred to suitability of
MSECS to refresh the chamber's air which minimizing production
infection with Fungi in addition to controlling DBT and RH%. This result
agreed with Mashonjowa et al. 2010 Yasutake et al. 2017 and Perone et
al. 2017.

Table (4) shows the effects of relative humidity and ventilation systems
design on crude protein percentage (Cp%) through the sprouting and
growth trial. Using multi-stage evaporative cooling gives significant
increase at p<0.05 in Cp % comparing with using air conditioner
“control”. Exactly, fixing multi-stage evaporative cooling (MSECS) on
RH 75% at dry bulb temperature (DBT) “20°C” and using four ventilation
exits gives greatest value of Cp%. This result is referred to the same
reasons mentioned above.
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Table (3): Effects of relative humidity and ventilation systems design on dry matter% (sprouting trials
statistical analysis results):

Ventilation systems design
Design (1) Design (1) Design (111)
One exit Two exits Four exits
AC MSEC AC MSEC AC MSEC
(control) (control) (control)
65% 13.033% 13.500Q"i 13.7509" 13.86779n 13.883fdn 14.083¢"
RH
@) | 7% | 14.250% 14.367% 14533 14.917° 15.517" 15.9502
85% 13.117Kk 13.433k 13.7509" 14.033¢" 13.967¢1 14.067¢™

Where: Rh is relative humidity (%), AC is air conditioner and MSEC is multi-stage evaporative cooling. Alpha 0.05,
Standard Error for comparison 0.2047, Critical T Value 1.988, Critical Value for Comparison 0.4070. The (a, b, ¢, d,
e, f, g, h, i, j and k) are homogenous groups of Dm % which are significantly different from one group to another.
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Table (4): Effects of relative humidity and ventilation systems design on crude protein% (sprouting trials
statistical analysis results):

Ventilation systems design

Design (1) Design (1) Design (111)

One exit Two exits Four exits
AC MSEC AC MSEC AC MSEC

(control) (control) (control)
65% 12.150] 12.3671 12.4501 12,7179 12.600M 12,9179
RH

(%) 75% 14.567¢ 15.817¢ 15.817¢ 16.33h° 16.500% 16.6832
85% 12.4331 12.633M 13.250 13.467" 13.450f 13.617¢

Where: Rh is relative humidity (%), AC is air conditioner and MSEC is multi-stage evaporative cooling. Alpha 0.05,
Standard Error for comparison 0.1902, Critical T Value 1.988, Critical Value for Comparison 0.3782. The (a, b, ¢, d,
e, f, g, h, i and j) are homogenous groups of Cp % which are significantly different from one group to another.
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Table (5): Effects of relative humidity (75%) and ventilation systems design (MSEC with four exits) on other

technical specs (sprouting trials statistical analysis results).

BIOLOGICAL ENGINEERING

Ash | Crude Fresh Root Vegetation Ether NFE ! | Infection
fiber | weight T Layer growth Extract | Rate |
thickness | high T

MSEC 3.150" 13.233¢ 5.4833% 1.4833¢ 18.217¢ 3.250" 48.634° | 1.6833¢

AC 3.450° 13.637¢ 5.0500f 1.7833" 17.983" 3.500d° | 50.351° | 2.4000°
(control)

SE+0.05 | 0.1431 0.1928 0.1198 0.1437 0.2293 0.1251 0.5752 0.3019

CvC 0.2846 0.3833 0.2382 0.2858 0.4559 0.2488 0.8279 0.6003

Where: AC is air conditioner and MSEC is multi-stage evaporative cooling. Alpha 0.05, Standard Error for
comparison 0.1902, Critical T Value 1.988, CVC is Critical Value for Comparison. The (b, c, d, e, f and g) are
homogenous groups which are significantly different from one group to another.
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Table (5) shows the effects of relative humidity and ventilation systems
design on Crude fiber%, Ash%, Ether Extract%, Nitrogen Free Ether%,
Fresh Weight (kg), Root Layer Thickness (cm), Vegetation Growth High
(cm) and Infection Rate %. The tabulated means of Ci%, Ash%, EE%,
NFE%, RLT (cm) and IR% are lower than its values in the controls.
Because of high values of these specs are not advisable in animals’
rations. Therefore, the using multi-stage evaporative cooling (MSECS) on
RH 75% at dry bulb temperature (DBT) “20°C” and using four ventilation
exits has a positive effect on these criteria. Fresh Weight (kg) and
Vegetation Growth High (cm) are higher than its values in comparing
with its controls.

Since, high values of these specs are advisable in animals’ rations.
Therefore, the using multi-stage evaporative cooling (MSECS) on RH
75% at dry bulb temperature (DBT) “20°C” and using four ventilation
exits has a positive effect on these criteria. This result is referred to the
same reasons mentioned above. This result agreed with Soponpongpipat
et al. 2011 and Elmsaad et al. 2017.

SUMMARY AND CONCLUSION

Summarizing the above mentioned results revealed to the following

points:

1- Using smart MSECS at RH75% with four exhaust fans led to
significant decrease in the Tqp variance (from 23.05% to 21.14° °C at
p<0.05) comparing with the ACS (control).

2- Using smart MSECS at RH75% with one or two exhaust fans hasn’t
significant effect on the Tab variance (from 23.05% to 22.74% and 23.21°
°C at p<0.05) comparing with the ACS.

3- Using smart MSECS at RH75% with four exhaust fans led to in-
crowd and uniformity of Tdb contouring lines (from line 20 to 22)
comparing with the ACS (from line 20 to 27).

4- Using smart MSECS at RH75% with four exhaust fans led to
significant increase in the desired properties of the green fodder such
as percentage of dry matter Dm and crude protein Cp, and the in
desired properties such as percentage of crude fiber Cs and Ash at
(p<0.05).
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Therefore, the research recommendation is substitution of the ACS by
smart MSECS with four exhaust fans to manage the bioenvironmental
conditions of the hydroponics systems at Tpg20°C and RH75%.
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