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Ahstract

Matural ventilation system modifications were evaluated using a computational fluid dynamics {CFL
numerical model {code: Fluent Version 4.9). Wind speed and direction, side vent opening size and
location, roof vent opening type, and number of spans were examined in terms of ventilation rates and
airflow distnibution. For the side ventlocated at 2.5 m abowe the floor with a west wind of 2.5 m/s,
59% of the incoming air through the side vent was predicted to move out through the first roof vent
opening without reaching distant areas in the greenhouse, resulting in high inside atr temperatures. The
air mainly movedin through the side went and fourth roof vent openings for an cast wind of 0.5 m/s
while the third and fourth roof openings were the only predicted inlets of airfl ow for an east wind of
2.5m/fs The hinged open roof multi-span greenhouses were predicted to have significantly higher
natural ventilation rates than the double polyethylene-covered multi-span greenhouses for all the spans

in the absence of side vent

Discipline: Agricultural facilities

Additional key words: computational fluid dynamics

Introduction

While mechanical ventilation systems are still
widely used throughout the industry presently, high
cnergy costs associated with market-driven production
methods have forced growers to consider alternative
means of ventilating their greenhouses in order to remain
competitive, While natural ventilation systems can be
very difficull to design properly, increased emphasis is
being placed on such systems for greenhouses as they
generally require less electrical energy, less equipment
operation and maintenance, and are much quieter than
fan ventilation systems.

A common goal of ventilation system designs for
greenhouses during hot summer weather is to keep the
inside air temperature as close as possible to the outside
air temperature. For natural ventilation, this objective is
generally achieved by using high air exchange rates,
evaporative cooling systems such as fogging, evapora-

tive cooling from plants, and some forms of shading sys-
tems. Natural ventilation is achieved by air exchanges
through multiple openings due to natural pressure varia-
tions inside and outside the greenhouse. Wind is the pri-
mary driving force making natural ventilation systems
very difficult to design properly because of variations in
the wind velocity and direction. The optimization of
these systems for suitable climate control requires a thor-
ough knowledge of the airflow rates and patterns in rela-
tion to weather conditions and greenhouse structural
characteristics”.

A successful numerical model was assumed to be
an ideal tool to analyze the complex phenomena of natu-
ral airflow and help designers choose optimum designs.
There was a particular interest in computational fluid
dynamics (CFD) numerical techniques to analyze the air
distribution in agricultural structures as well as air qual-
ity and thermal conditions®.

The objective of this study was to evaluate the con-
sequences of various modifications of natural ventilation
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systems by using a computational fluid dynamics (CFD)
numerical model (code: Fluent Version 4.5, The stud-
ies focused on the effects of wind speed and direction,
side vent opening size and location, roof vent opening
type, and number of spans on ventilation rates and air-
flow distribution inside and outside multi-span green-
houses.

WoodrufT", Kacira et al.” and Lee” studied vari-
ous naturally and mechanically ventilated greenhouse
types by using a CFD numerical model. They mainly
investigated the effects of weather conditions, green-
house structural speeifications, internal and external
shading screens, number of greenhouse spans, and pres-
ence of plants and benches on the air exchange rates in
greenhouses.

Lee® simulated the natural ventilation of a 2-dimen-
sional four and one-half-span greenhouse in a CFD
numerical model and compared it to a control volume
energy balance model. Assuming the results of the con-
trol volume energy balance model as the standard, the
results of the steady state CFD model during a sunny day
showed errors (negative values) as high as 15% in the
morning and comparable errors (positive values) in the
afternoon. Such errors were assumed to be due to heat
storage in the floor, benches, and greenhouse structure
and the CFD model was found to be the most reliable.

Lee” numerically analyzed the temperature distribu-
tion in a naturally ventilated multi-span greenhouse with
plants by a CFD simulation program using the standard
k-€ turbulence model. The computed CFD results of air
temperature distribution showed a maximum error of &
3.2% for west and cast winds compared to air tempera-
tures measured in the greenhouse for the same boundary
conditions.  The measured air temperature distribution
showed that the air came into the greenhouse through the
leeward side vent opening for low wind speed.

Materials and methods

1) CED numerical model

The CFD technique numerically solved the Rey-
nolds-averaged form of the Navier-Stokes equations”™”
within cach cell in the domain. The equations were dis-
cretized on a curvilinear grid 1o enable computations in
complex and irregular geometries. The Reynolds-aver-
aged process considered the instantaneous fluid velocity
10 be the sum of a mean and a fluctuating component of
turbulence™". Since the high-frequency and small-scale
fluctuations of turbulent Aow could not be directly quan-
tified, turbulence numerical modeling related some or all
of the turbulent velocity Muctuations to the mean Now
quantitics and their gradients.
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The standard k-g turbulence model was used in this
study because the results were found to be most typical
to known ventilation flows™ ", The k-¢ turbulence
model was an eddy-viscosity model in which the Rey-
nolds stresses were assumed 1o be proportional to the
mean veloeity gradients, with the constant of proportion-
ality being the turbulent eddy viscosity. The turbulent
viscosity was obtained by assuming thal it was propor-
tional to the product of a turbulent velocity scale and
length scale. In the k-& model, these velocity and length
scales were obtained from 2 parameters ; the turbulent
kinetic energy (k) and the dissipation rate of k (€).

Close to solid walls. there were boundary layer
regions where the local Reynolds number was so small
that viscous effects predominated over turbulent effects”.
To account for this effect and for the large gradients ol
variables near the wall, the wall function method of
Launder and Spalding® was used in the CFD model.
Wall functions, when used in conjunction with the stan-
dard k-g equations, were intended to reproduce the loga-
rithmic velocity profile of a turbulent boundary layer
near the wall.

Fluent V4.5 was a two-part package consisting of a
preprocessor, Geomesh, and a main module, Fluent/
UNSY. Geomesh was used to create geometry and gen-
crate structural grids, and the triangular grids were devel-
oped to efficiently model the complex geometries of
greenhouse structures,  Fluent/UNS was used to specify
physical models. boundary conditions, and fluid proper-
ties in the computational domain. The inlet air flow was
assumed to be incompressible, vertically uniform in
speed, and all the computations were performed assum-
ing steady-state conditions.

The Boussinesq model™ was used for simulating
the buoyancy effect in the computational domain. Ther-
mal boundary conditions were defined at all the fuid
inlets and at all the wall/fluid interfaces in the CFD com-
putational domain. AL the fluid inlet, the air tempera-
ture, air velocity, air veloeity direction, atmospheric
pressure, gravitational aceeleration, turbulence intensity,
and characteristic length were specified.  The thermal
conditions of density, specific heat. viscosity, and ther-
mal conductivity were also specified for the fluid inlets,
For the walls, several thermal boundary conditions were
specified such as surface temperature, emissivity of the
wall, and conductive heat transfer coefficient,

5

2) Experimental procedures

A simulated four-span, double polyethylene green-
house (a) and a hinged open roofl single-layered glass
areenhouse (b) were designed with a side vent and roof’
vents (Fig. 1). The four-span greenhouse was slightly
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Fig. 1. Sketehes of the four-span double polyethylene-
covered greenhouse (a) and hinged open roof
greenhouse (b) when the vertical west side vent
opening size was 0.9 m in height

modified from a four and one-half-span, double polyeth-
ylene greenhouse at Quailerest farm  located near
Wooster, Ohio”, The glass greenhouse was assumed to
have a similar gutter configuration to that of the double
polyethylene greenhouse. [t was assumed lo be a
peaked-roof house with hinged roof panels that opened
and closed via rack-and-pinion drives. For convenience,
the spans between gutters were called the first, second,
third, and fourth spans from wesl to easl.

Weather data were collected on hot summer (35°C)
days for westerly and easterly winds from June | to
August 30, 1997 near Wooster, Ohio (40°47'N, 81°55'W,
clevation 310 m), and generalized for the CFD model
inputs shown in Table 1. The input data sets were based
on 4 averaged values for 4 min when the weather condi-
tions such as wind speed, wind direction, and solar radia-
tion were stable™. Air density, viscosity, specific heat,
thermal conductivity, and emissivity of various materi-
als were calculated from the table of thermophysical
properties™, In the 2-dimensional CFD models, no end
wall effects were assumed because the input data used in
this study were collected when the wind direction was
generally perpendicular to the vent openings.

In this study, the 2-dimensional CFD models were
developed to investigate the effects of side vent loca-
tion, side vent opening size, rool vent opening lype,
number of spans, wind speed, and wind direction on the
natural ventilation of multi-span greenhouses without

plants and benches. The CFD-computed results of volu-
metric air change rate per minute (A.C./inin), vent open-
ing efficiency, and airflow distribution were compared
according to greenhouse structural specifications and
weather boundary conditions. The visual representation
of the airflow distribution in the greenhouse was
obtained via vectors with the CFD model.

Side vent placement was very important to preverl
plant damage and yet avoid short-circuiting of airfllow
out through an adjacent roof vent. The effect of the wesl
side vent location on the natural ventilation of a four-
span double polyethylene-covered greenhouse was
investigated for west and east winds of 0.5, 1.0, and 2.5
m/s when the vertical rool and side vent opening sizes
were 0.76 and 0.9 m in height, respectively. The dis-
tance between the bottom of the west side vent opening
and floor varied from 0.5 1o 2.5 m.

The 2-dimensional CFD models were developed to
investigate the effect of the vertical opening size of the
west side vent on the natural ventilation of the green-
house with west and east winds. All the vertical roof
vent openings were 0.76 m wide and the distance
between the bottom of the west side vent and floor was

Table 1. Constant main input values for the 2-dimensional
CFD model

Factor Value

Wind direction West (lefi to right)

East (right to left)

Roof cover temperature 40°C
Side wall temperature 40°C
Inside ground temperature 43°C
Outside ground temperature 40°C
Sky temperature 320C
Temperature of inlet (outside) air 32°C

1. 1448 kp/m*
1L9TE-05 kg/mrs
0.0267 W/m-°C
1007.2 1/kg-°C

0.0033 L/°C

4.0 Wim-2C

6.3 Winv-eC
Turbulence intensity 5%

Density of inlet air

Viscosity of inlet air

Thermal conductivity of inlet air
Specific heat of inlet air

Thermal expansion coefficient

Thermal conductivity of double polyethylene
Thermal conductivity of single glass

Turbulence length of greenhouse 35m
9.81 m/s?
101,324 Pa

Gravitational aceeleration of inlet air
Atmospheric pressure

Sky emissivity 0.90
Cover emissivity 0.93
Glass emissivity 0.90
Outside ground emissivity 0.95

Inside ground emissivity 0.90
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0.5 m. The vertical opening size of the west side vent
varied from 0.9 to 2.7 m.

The effects of the roof vent opening type and num-
ber ol greenhouse spans on natural ventilation rates of
multi-span  greenhouses were investigated.  The pre-
dicted natural ventilation rates of the double polyethyl-
ene greenhouse (Fig. 1(a)) and hinged open roof
greenhouse (Fig. 1(b)) were compared to each other.
The average wind speed of 2.5 m/s was assumed based
on a statistical analysis of the weather data conducted in
Ohio from 1991 to 1995'", The distance between the
bottom of the west side vent and floor was 0.5 m for all
cases. The vertical rool vent opening sizes of the dou-
ble polyethylene greenhouse were 0.76 m in height while
the horizontal roof vent opening sizes of the glass green-
house were 6.2 m.

Results and discussion

1) Effect of side vent location on natural ventilation

Fig. 2 shows the predicted effects of side vent loca-
tion, wind speed, and wind direction on the natural venti-
lation rates in a double polyethylene-covered four-span
greenhouse when the vertical side vent and roof” vent
opening sizes were 0.9 and 0.76 m, respectively. The
CFD-computed results showed that the west side vent
location exerted the most pronounced effect on the total
ventilation rate for a west wind where the rates were
reduced by approximately 20, 16, and 14% for winds of’
2.5, 1.0, and 0.5 m/s, respectively when the west side
vent was moved from the lowest to highest position. The
results indicated that the lowest side vent location (0.5 m
above floor) gave the highest natural ventilation rate for
both wind directions and the west wind led to an aver-
age of 11% higher natural ventilation rate than the cast
wind. An east wind of 0.5 m/s, however, showed a 17%
higher natural ventilation rate than a west wind of 0.5 m/
s while a west wind of 2.5 m/s showed a 20% higher nat-
ural ventilation rate than an cast wind of 2.5 m/s. With
low cast wind speed, the combination of buoyancy and
wind effects exerted a positive pressure on the fourth
roof vent and the west side vent openings. This resulted
in both vent openings being inlets and a greater natural
ventilation rate than in the case of a west wind with the
same speed.

The CFD-computed results in Table 2 showed that
the side vent was a very active vent opening as either an
inlet or outlet depending on both wind speed and diree-
tion. The air mainly moved in through the side vent and
fourth roof vent openings for an east wind of 0.5 and 1.0
m/s while the third and fourth roof openings were the
only predicted inlets of airflow for an east wind of 2.5 m/s,
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Fig. 2, CFD-computed natural ventilation rates (A.C./min)
in a double polyethylenc-covered four-span green-
house based on west side vent location, wind direc-
tion, and wind speed when the vertical side vent and
roof vent opening sizes were 0.9 and 0.76 m, respec-
tively

When the bottom of the side vent was located at 0.5, 1.5,
and 2.5 m above the floor, the percentages of airflow
through the side vent as an inlet were 70, 44, and 37%,
respectively for an east wind of 0.5 /s while 57, 44, and
42%. respectively as an outlet for an cast wind of 2.5 m/s.
It imdicated that the side vent was likely to become a
more active vent opening as the side vent location was
lower.

For a west wind, as shown in Table 2, the incoming
air was predicted to enter the side vent and the first roof
vent openings and to move out at all the other roof vents
when the bottom of the side vent was located at 0.5 and
1.5 m above the floor. The incoming air, however, was
predicted to enter the side vent and the fourth roof vents
for a low wesl wind speed when the bottom of the side
vent was located at 2.5 m above the floor. For the same
vent configuration and a west wind of 2.5 m/s, approxi-
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Table 2. CFD-computed percentages of volumetric inlet and outlet airflow at vent open-
ings based on west side vent location (W.S.V.L.), wind speed, and wind direction
when the vertical west side vent and roof vent opening sizes were (L9 and 0.76 m,

respectively
WS.V.LY West wind Pereentage of inlet/outlet airflow at vent opening™ (%)
(m) (m/s) Side  Roofl  Roof2  Roof3  Roofd
0.5 94/0 6/2 020 0/39 0/39
0.5 1.0 98/0 27 0/24 0/32 0/37
2.5 94/0 /1 0/20 0/33 0/46
0.5 $8/0 120 023 0Md0 037
1.5 1.0 95/0 5/4 026 0132 0/38
2.5 90/0 10/0 0724 0/31 0/45
0.5 92/0 0/19 022 045 814
25 1.0 as8/0 (/39 011 0/33 217
2.5 92/0 0/54 8/0 0/11 0/35
Vent location East wind I‘cﬁ:cﬁagc of inlet/outlet airflow at vent opening” (%)
{m) (m/s) I Side Roof | Roof 2 Roof 3 Roof 4
0.5 70/0 0/15 0/39 0/46 00
0.5 1.0 29/0 0/28 0/52 0/20 7110
2.5 0/57 020 0/12 5/11 95/0
_ 0.5 44/0 /26 0/57 017 36/0
1.5 1.0 1170 0155 0/36 0/9 8910
25 0/44 0/27 0/16 5/13 95/0
05 30 052 044 34 600
25 1.0 22/0 0165 0/23 0/12 78/0
2:5 (/42 0728 o7 5/13 95/0

a): The roof (vent) number s counted from the west span Lo the cast span.
b): W.S.V.L. indicates the distance between the bottom of the west side vent opening and floor.

mately 59% of the incoming air through the side vent

was predicted to “short-circuit™ out through the first roof

vent opening. This also resulted in a very low velocity
prediction near the plant level in the third and fourth
spans in spite ol a favorable overall natural ventilation
rate as shown in Fig. 2.

Fig. 3 shows the CFD-compulted vectors of airflow
in a double polyethylene multi-span greenhouse for a
west wind of 2.5 m/s when the bottom of the west side
vent opening was located at 0.5 m (a) and 2.5 m (b)
above the floor. Fig. 3(a) shows that the predicted inlet
air moved along the floor from wesl to casl in the green-
house when the side vent was located at 0.5 m above the
floor. A large portion of the inlet air through the side
vent located at 2.5 m above the floor, however, was pre-
dicted to move out through the first roof vent opening
and the air flow was very low at the second, third, and
fourth vents of the greenhouse.

2) Effect of side vent opening size on natural ventilation
Fig. 4 shows the effects of the vertical west side

vent opening size, wind speed, and wind direction on the
natural ventilation rate in a double polyethylene-covered
four-span greenhouse when the bottom of the side vent
opening was located at 0.5 m above the floor. Fig. 4
shows that the averaged natural ventilation rates with the
vertical side vent opening sizes of 0.9, 1.8, and 2.7 m in
height, were 0.42, 0.71, and 0.95 A.C./min, respectively
for a west wind and 0.36, 0.64, and 0.78 A.C./min,
respectively for an east wind. The CFD-computed
results indicated that the west side venl opening size
could markedly affect the natural ventilation rate of the
greenhouse, especially for the west wind and high cast
wind speed,

Table 3 shows the CFD-computed percentages of
volumetric airflow al each vent opening based on the
vertical west side vent opening size, wind speed, and
For west winds, the side vent was the
only inlet of airflow with vertical side vent opening sizes
of 1.8 and 2.7 m in height while the side vent and the
first roof’ vent openings were inlets with a vertical side
vent opening size of 0.9 m in height. For east winds of

wind direction.
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Fig. 3. CFD-computed vectors of airflow in a double polyethylene multi-span greenhouse for a west wind of 2.5 m/s
when the bottom of the west side vent opening was loeated at 0.5 and 2.5 m above the floor
The vertical side vent opening size was 0.9 m i height, The mimmum and maximum computed air velocitics
in the computational domain were (a) 0.004 and 4.48 m/s, respectively and (b) 0.002 and 4.49 m/s, respectively.

(1) West wind (b) East wind
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Fig. 4. CID-computed natural ventilation rate (A.C./min) in a double polyethylene-covered four-span greenhouse
based on west side vent opening size, wind direction, and wind speed when the bottom of the side vent was
located at 0.5 m above the floor
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0.5 and 1.0 m/s, the side vent became a more active inlet
of airflow as the vertical side vent opening size increased
while the side venl was predicted to be a significant out-
let for an east wind of 2.5 m/s.

3) Effect of munber of spans and roof vent apening lype
an natiral ventilation

The predicted effects of the number of spans and
vertical west side vent opening size on the natural venti-
lation rate in double polyethylene multi-span green-
houses for a west wind of 2.5 m/s are shown in Fig. 5(a).
The CFD-computed results indicated that the natural
ventilation rate decreased as the number of greenhouse
spans increased while the natural ventilation rate was
directly proportional to the vertical west side vent open-
ing size for all cases. Even an 8-span greenhouse (60 m
wide) was predicted to have a high natural ventilation
rate when a large side vent opening was used. The CFD-
computed results also showed that the natural ventila-
tion was very low without the windward side vent open-
ing.  As shown in Table 4(a), the air generally was
predicted Lo come into the greenhouse through the wind-
ward side vent and the first roof vent with a 0.9 m side

vent opening while the side vent was predicted 1o be the
only inlet of airflow with a windward side vent opening
of 2.7 m in height. It was also predicted that the flow
rates of the roof vents as outlets increased from wind-
ward to leeward walls when the windward side vent was
open. When the windward side vent was closed, how-
ever, the air was predicted to mainly move into the
greenhouse through the middle roof vents and move out
through both end side roof vents.

The predicted effects of the number of spans and
vertical west side venl opening size on natural ventila-
tion rate for a hinged open roof multi-span greenhouse
with a west wind of 2.5 m/s are shown in Fig. 5(b). Sig-
nificantly higher natural ventilation rates were predicted
compared to the double polyethylene greenhouses for all
the spans, especially when no side vent or a small side
veni was used. 1t indicated the influence of the roof vent
opening size and shape and the possibility of air moving
over the windward wall and the creation of reverse Mow
in the greenhouse at plant level.

No consistent relationship was revealed between the
natural ventilation rate in the hinged open roof green-
house and the number of spans and side vent opening

Table 3. CFD-computed pereentages of volumetrie airflow at vent openings based on ver-
tical west side vent opening size, wind speed, and wind direction when the bottom
of the side vent was located at 0.5 m above the floor

Vent open size West wind

{m) (m/s) Side
0.5 94/0

(1R} 1.0 Y8/0
2.5 94/0

0.5 100/0

1.8 | 100/0

i 100/

0.5 100/0

2.7 1.0 100/0

25 100/0

Vent open size  East wind

(m) (m/s) Side
0.5 T0/0
0.9 1.0 2910
2.5 0/57
0.5 8370
1.8 1.0 3740
25 0/85
0.5 92/0
2.7 1.0 41/0
2.5 0/92

Percentage of inlet/outlet airflow at vent opening™ (%)

Rool | Roofl 2 Rool 3 Roo 4
612 0/20 0/39 0/39
27 0/24 0/32 0/37
6/1 0/20 033 0/46
0/10 0/25 032 0/33
012 0/27 0/30 0731
0/7 026 029 0/38
0/16 0/25 029 0/30
0/19 0/26 027 0/28
0/18 023 0/26 0/33

Percentage of inlet/outlet airflow at vent opening™ (%)

Roof | Roof2 Roof 3 Roof 4
0Ns 039 0/46 30/0
0/28 0/52 0/20 7110
0/20 012 $/11 95/0
015 0/34 0/51 17/0
0129 0/45 0126 63/0
4n 170 0/13 79/0
016 0731 0/45 %8
0/28 0/43 0129 59/0

16/0 17/0 4 63/0

a): The rool (vent) number is counted from the west span to the cast span.
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(a) Double polyethylene greenhouse {b) Hinged open roof greenhouse
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FFig. 5. Effects of number of spans and vertical windward side vent opening size on natural ventilation rate in
a double polyethylene greenhouse (a) and a hinged open roof greenhouse (b) for a west wind of 2.5 m/s

Table 4. CFD-computed percentages of volumetrie airflow at vent openings based on roof vent opening type,
number of spans, and vertical windward side vent size for a west wind of 2.5 m/s when the bottom of
the side vent was located at 0.5 m above the floor

(a) Double polyethylene multi-span greenhouse

Side vent No. of Percentages of inlet/outlet airflow at vent opening” (%)
(m) spans Side Roof] Roof2 Roof3 Roofd4 RoofS Roof6 Roof7 Roof8
2 00 100/0 0/100
0.0 4 o 036 33/0 670 0/64
6 0/0 o015 2500 34/0 41/0 /56 0/29
8 0/0 0/21 018 020 0/9 26/0 34/0 40/0 0/32
- e e R R o o, R S o e R i
0.9 4 94/0 o/l 0/20 0/33 /46
6 89/0 G0 22 0/13 0/18 028 0439
8 89/0 110 0/6 011 0/9 /8 012 0/19 0/35
210000 043 o7 '
2.7 4 100/0 018 023 0/26 0/33
6 100/0 s 0715 0/16 0/16 0/22 026
8 97/0 3/0 078 0/9 /11 0/14 016 0/18 0/24
a): The roof (vent) number is counted from the west span to the cast span.
(b) Hinged open roof multi-span greenhouse
Side vent No, of Percentages of inlet/outlet airflow at vent opening” (%)
(m) spans Side Roof 1  Roof2 Roof3 Roofd Roof5 Roof6 Roof7 Roof8
2 00 4353 5747
0.0 4 0/0 0/69 12/20 15/11 73/0
6o 0/0 0/53 8/11 16/8 32/0 44/0 0728
8 0/0 0/57 8/12 716 8/7 21/0 3o 2513 0/15
o : 2 36/0 SIIIT. 73;8.‘;“_--.-- I
0.9 4 36/0 41719 19/28 0/47 46
() 23/0 17/14 916 221 2/38 711 40/0
8 14/0 10/13 S0 0/32 3130 5/11 12/4 2710 24/0
2 660 2013 5/87 o
2.9 4 50/0 23/9 12/16 13/14 2161
6 63/0 19/10 SIS 517 4/18 0/5 4/45
8 38/0 2019 a2 39 0/6 9/8 0720 32 334

a): The roof (vent) number is counted from the west span to the east span.
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with vertical windward side vent opening sizes of 0.0
and 0.9 m. This was because the air flow was predicted
to pass up and over the west, windward wall and come
down in reverse flow as shown in Fig. 6. With a side
vent opening size of 2.7 m, the natural ventilation rate

was predicted to increase proportionally to the number of

spans.  When the open roof multi-span greenhouse had
more than 6 spans, the larger side vent opening was pre-
dicted to provide the optimum natural ventilation rates.
As shown in Table 4(b), the CFD-computed results indi-
cated that the roof vents acted as inlet or outlet ol air-
flow according to the number of spans and windward
side vent opening size while the windward side vents
always acted as an inlet to airflow.

FFig. 6 shows the CFD-computed vectors of airflow

(a) Side vent opening size of 0.0 m

in a hinged open roof greenhouse for a west wind of 2.5
m/s when the vertical windward side vent opening sizes
were 0.0 m (a) and 2.5 m (b) in height. The fourth and
first roof vents were the main inlet and outlet openings,
respectively without the side vent open while the side
vent and the fourth roof vent were the main inlet and out-
let openings, respectively while the side vent was open.
The CFD results predicted that the same ventilation pat-
terns would develop as in the double polyethylene green-
house when the windward side vent was fully open.
When the windward side vent was closed, however, the
air went up and over the windward side wall and entered
the greenhouse at the fourth roof vent opening, creating a
reverse ow across the greenhouse.

Fig. 6. CFD-computed vectors of airflow in a hinged open roof glass greenhouse for a west wind of 2.5 m/s
when the vertical windward side vent opening size was 0.0 (a) and 2.7 m (b) in height and the bottom of

the side vent was located at 0.5 m above the floor

The minimum and maximum computed air velocities in the computational domains were (a) 0.002 and
4.27 m/s, respectively and (b) 0.003 and 3,72 wm/s, respectively.
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Conclusions

The CFD-computed results predicted that the west
side vent location did not strongly affect natural ventila-
tion rates in a four-span double polyethylene-covered
greenhouse for both wind directions as much as the wind
speed.

It was predicted that the lowest side vent location at
0.5 m above the floor resulted in a higher natural ventila-
tion rate in the double polyethylene multi-span green-
house for both wind directions than the higher vent
location. The west wind cases were predicted 1o show an
average of 11% higher natural ventilation rate than the
cast wind,

An east wind of 0.5 m/s showed an average ol 17%
higher natural ventilation rate than a west wind of 0.5 m/s
with a west side vent opening while a west wind of 2.5
m/s showed an average of 20% higher natural ventila-
tion rate than an east wind of the same velocity.

The CFD-computed results indicated that the west
side venl was a very active vent opening as inlet and out-
let of airflow, respectively for low and high east wind
speeds. The air mainly moved in through the side vent
and fourth roof vent openings for an east wind of 0.5 m/s
while the third and fourth rool openings were the inlets
of airflow for an east wind of 2.5 m/s, It was also pre-
dicted that the side vent would become a more active
vent opening as the side vent location was lower.

For the bottom of the 0.9 m side vent located at 2.5
m above the floor for a west wind of 2.5 m/s, approxi-
mately 59% of incoming air through the side vent was
predicted to move directly out through the first roof vent
opening without reaching the other areas of the green-
house.

The CFD-computed results indicated that the west
side vent opening sizes markedly affected the natural
ventilation rate in the greenhouse, especially for the west
wind. For west winds, the side vent was the only inlet of
airflow with the vertical side vent opening sizes ol 1.8
and 2.7 m in height while the side vent and the first roof
vent openings were inlets with a vertical side vent open-
ing size of 0.9 m in height.

The natural ventilation rate in the double polyethyl-
ene greenhouse was predicted to decrease as the number
of greenhouse spans increased while the natural ventila-
tion was very low without the windward side vent open-
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ing. It was also predicted that the windward side vent
opening size was very important for good natural venti-
lation of the multi-span greenhouse.

The hinged open roof vent greenhouses generated
significantly higher natural ventilation rates than the
double polyethylene greenhouses for 2, 4, 6, and 8 spans.
It indicated the importance of the roof vent opening size
and shape and the possibility of achieving reverse air-
flow at plant level when no side vent was used with the
hinged open roof greenhouse.

For the hinged open roof vent greenhouse, the high-
est natural ventilation rate for the widest span tested (8
spans) was obtained with a side vent opening size of 2.7
m. When the multi-span greenhouse had more than 6
spans, larger side vent openings were predicted to gener-
ate better natural ventilation.
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