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Abstract

Single-layer perforated air ducts made of plastic films are widely used in greenhouses to control the root-zone environment of crops.
However, conventional ducts often exhibit non-uniform airflow and thermal distributions along the duct length, making it difficult to
maintain consistent environmental conditions in the greenhouse. To address this issue, a double-layer perforated air duct has been
developed and implemented in greenhouses. However, it is necessary to quantitatively evaluate its effectiveness in improving envi-
ronmental uniformity. In this study, computational fluid dynamics (CFD) simulations were conducted to compare the internal airflow
and jet flow characteristics between the conventional single-layer duct and the proposed double-layer duct. In addition, three double-
layer duct designs with different hole arrangements, sizes, and spacings were analyzed. The double-layer duct significantly improved
the uniformity of the jet flow temperature and mass flow rate compared with the single-layer duct. The space between the inner and
outer tubes in the double-layer duct acted as both a thermal insulation layer and a pressure chamber, maintaining a high, uniform inter-
nal static pressure and a low, consistent air velocity. The maximum improvement in temperature uniformity was 75%, and that in mass
flow rate was 42%. The proposed double-layer perforated air duct can contribute to enhanced environmental uniformity in greenhous-
es by supplying jet flows through its holes at a more consistent temperature and mass flow rate along the duct length.
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Introduction

Agricultural crop yields are being significantly affected by cli-
mate change and the corresponding inclement weather, and this
trend is expected to continue. Climate change is associated with
extreme weather events, such as floods and droughts, as well as ris-
ing temperatures, and is forecasted to reduce crop yields and
threaten food security (Bisbis et al., 2019; Goddek et al., 2023;
Manzoor et al., 2024). To address these challenges and adapt to the
growing threat posed by climate change, greenhouse cultivation
has been proposed as an effective strategy, enabling stable crop
production and improving agricultural productivity by protecting
crops from external environmental stresses through environmental
control (Gruda et al., 2019; Goddek et al., 2023). Stable crop
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yields can be achieved by maintaining appropriate temperature,
humidity, and airflow conditions within the greenhouse. Owing to
these advantages, the global area under greenhouse cultivation has
been steadily increasing; by 2019, the world had seen approxi-
mately 1.3 million hectares of greenhouse infrastructure (Tong et
al., 2024).

Various ventilation systems have been used to control the envi-
ronment in greenhouses (Lee et al., 2019; Ghiasi et al., 2024), par-
ticularly of the root zone. The root zone plays a crucial role in
water and nutrient absorption in crops and is highly sensitive to
both high- and low-temperature stresses (Kwon et al., 2015;
Llorach-Massana et al., 2017; Myung et al., 2024). Hence, perfo-
rated air duct systems have been widely adopted in greenhouses as
environmental control methods for local heating and cooling

OPEN 8 ACCESS



Article

strategies. Conventionally, single-layer plastic film air ducts have
been employed to deliver conditioned air at an appropriate velocity
and temperature through holes on the duct surface, which are
placed beneath or between the crop canopies (Choi et al., 2015;
Pardo-Pina ef al., 2024).

However, conventional air duct systems often exhibit nonuni-
formity in terms of the supplied air temperature and flow along the
duct due to heat loss through the duct surface and the pressure gra-
dient along its length. Consequently, the air delivered to green-
houses will have a nonuniform temperature and velocity (Bailey,
1975; Kwon et al., 2015; Cao et al., 2023). Such environmental
nonuniformity can lead to increased crop production costs because
of the additional energy required to mitigate environmental varia-
tions and inconsistent crop growth (Baek et al., 2015). Hence, it is
necessary to develop strategies that enhance environmental unifor-
mity, achieve stable crop production, and promote sustainable
practices in agriculture (Lee et al., 2019; Lu et al., 2023).

The application of conventional ducts in greenhouses is asso-
ciated with environmental variations given that the temperature
and velocity of the delivered air exhibit nonuniformity. Hence, a
double-layer perforated air duct has been developed to mitigate
environmental variations between the upstream and downstream
regions of a greenhouse. Unlike conventional single-layer ducts,
double-layer ducts comprise an inner tube and an outer tube.
Several studies have been conducted to improve the environmental
uniformity of greenhouses using double-layer perforated air ducts.
For example, Kim et al. (2004) developed a double-layer duct in
which the area of the holes on the inner tube increased down-
stream, whereas the outer tube had a uniform hole size and spacing
along its length. This design enables more amount of heated air to
be supplied from the inner tube to the outer tube along the duct,
thereby improving the thermal uniformity in the duct. Kim et al.
(2004) found that variations in temperature and air velocity within
a greenhouse decreased when using a double-layer duct; field
experiments conducted in a single-span greenhouse revealed that
this duct design could help enhance the growth of cucumbers.
Kwon et al. (2015) developed a double-layer duct comprising an
inner tube without holes and an outer tube with holes, whose spac-
ing decreased downstream. They found that the temperature varia-
tion within the greenhouse could be minimized when the length of
the inner tube was two-thirds that of the outer tube in a 90 m-long
single-span greenhouse.

Previous field studies on double-layer ducts have primarily
focused on the effect of duct design on improving temperature uni-
formity within greenhouses and enhancing crop growth. However,
the internal airflow characteristics within the duct, characteristics
of the jet flow through the holes, and effectiveness of the double-
layer duct in delivering a uniform jet flow have been overlooked.
For an effective application of double-layer ducts in greenhouses
from the perspective of supplying air with uniform temperature
and flow rate, it is essential to understand the flow characteristics
within the ducts. However, few experimental or theoretical studies
have investigated these characteristics.

Several studies have investigated the airflow characteristics
inside conventional plastic-film air ducts, characteristics of the jet
flow through holes, and ventilation characteristics in greenhouses
equipped with such ducts through field experiments (Teitel et al.,
1999; Gladyszewska-Fiedoruk et al., 2011; Camara-Zapata et al.,
2020; Hekal et al., 2023). However, a strategy for evaluating the
air velocity, pressure drop, and heat transfer within ducts through
field experiments has not been clearly established. Moreover, field
experiments are expensive (Mondaca and Choi, 2016; Cao et al.,
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2023). Computational fluid dynamics (CFD) is a computational
technique that approximates fluid flow solutions by discretizing
and solving continuity, momentum, and energy equations using
numerical methods. With the CFD technology, the time and cost
associated with conducting actual field experiments can be saved,
and the airflow characteristics and heat transfer inside perforated
air ducts can be investigated. CFD studies have been performed on
airflow and heat transfer inside conventional single-layer ducts
(Mondaca and Choi, 2016; Farajpourlar, 2017; Raphe et al., 2021;
Cao et al., 2022; Cao et al., 2023; Hekal et al., 2023). Hence, this
study applied the CFD technique to evaluate the effectiveness of a
double-layer perforated air duct on improving environmental uni-
formity inside greenhouses, followed by a comparison with the
conventional single-layer air duct. The comparison between the
single-layer and double-layer ducts, both made of plastic films,
was made in terms of the airflow and temperature inside the duct
as well as those of the jet flow. Moreover, three double-layer per-
forated air duct designs were analyzed, and the effects of hole
arrangement, size, and spacing on the airflow and jet flow charac-
teristics were evaluated.

Materials and Methods

Description of perforated air duct

Figure 1 shows a schematic of the perforated air duct system
used in a greenhouse. The system comprises a heat exchanger
module, including an axial fan and a heat exchanger; a connection
module between the heat exchanger module and the duct; and the
air duct itself. The proposed double-layer perforated air duct is
composed of inner and outer tubes, with air supplied into the inner
tube by an axial fan. Air in the inner tube is transferred to the outer
tube through holes on the surface of the inner tube and discharged
into the greenhouse through holes in the outer tube. The duct can
be installed below crop canopy, supplying air of appropriate tem-
perature and velocity to the root zone of the crops. With the dou-
ble-layer duct delivering uniform airflow with consistent tempera-
ture and velocity, it becomes possible to maintain more uniform
environmental conditions inside the greenhouse.

The target greenhouse is a Venlo-type glass greenhouse, with
20 continuous spans, a total length of 131.6 m, a side height of 5.9
m, and an edge height of 6.7 m. The width of each span is 4.0 m.
Figure 1 shows the specifications of the greenhouse, along with the
installed air duct system. The diameter of the outer tube of the duct
was set to 650 mm, considering the side height of the greenhouse
and growth height of the crop canopy. The inner tube diameter and
the lengths of both the outer and inner tubes were set to 600 mm,
and 126 m, respectively, considering the general specifications of
double-layer ducts used in practice and allowing for sufficient
workspace. In each of the two spans, five ducts were installed
beneath the crop canopy as shown in Figure la.

Scenarios

The spacing, size, and arrangement of the holes on the duct
surface affect the airflow pattern inside the duct and the jet flow
characteristics (Raphe et al., 2021). Figure 2 shows the three dou-
ble-layer perforated air ducts that were compared in this study to
investigate the effect of hole configuration on the double-layer
duct. Four scenarios were considered. The first scenario (S1) was
a double-layer duct in which both the inner and outer tubes had
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holes with a diameter of 20 mm and a spacing of 200 mm. Two
holes were arranged at angles of 180° on the inner tube and 120°
on the outer tube. The second scenario (S2) was a double-layer
duct in which both the inner and outer tubes had holes with a diam-
eter of 10 mm and a spacing of 110 mm. Four holes were arranged
at an angle of 120 with respect to the inner tube, and two holes
were arranged at an angle of 120 with respect to the outer tube. The
third scenario (S3) had the same hole diameter on both the outer
and inner tubes and the same spacing on the inner tube as S2, but
it differed in that the hole spacing on the outer tube was 110 mm.

The first and second scenarios (S1 and S2) are typically
applied in greenhouses. The third scenario (S3) was proposed to
compare the flow patterns with varying area ratios of the holes
between the inner tube (4y;) and those on the outer tube (4oy). The
primary scenario (S0) was a conventional single-layer duct real-
ized by removing the inner tube from S1. Table 1 lists the specifi-
cations for the four scenarios.

Computational fluid dynamics

Geometry

Figure 3 shows the geometry of the ducts used in the CFD sim-
ulation. The total length of the ducts in SO to S3 was modeled as
126 m, and a distance of 0.2 m between the axial fan and duct was
considered to account for the connection module between the heat
exchanger module and the duct. The geometry of the CFD simula-
tion comprised four faces for the wall, one face for the inlet, and
multiple faces for the outlet and interior walls (Hekal ez al., 2023).
The solid surfaces of both the outer and inner tubes were set as
walls, the holes on the inner tubes were set as “interior” boundary
conditions to allow airflow through them, and the holes on the
outer tubes were set as pressure outlets. Accordingly, the numbers
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of faces at the outlet were 1260, 1260, 4580, and 2290 for SO, S1,
S2, and S3, respectively. The numbers of faces in the interior were
1260, 4580, and 2290 for S1, S2, and S3, respectively.

Governing equation and solver setting

The Fluent R2 (Ansys, Inc., Canonsburg, PA, USA) was used
to analyze the airflow and heat transfer inside the ducts and
through holes. Ansys Fluent R2 is a CFD software based on the
finite volume method and can be used to perform turbulence analy-
ses by solving the Navier-Stokes equations. The general governing
equations in Fluent R2 are the continuity, momentum, and energy
equations, and they can be generalized using Eq. (1) (Patankar,
1980).

V- (pup) = V- (T,V¢) + S, (Eq. 1)

where p is the density (kg'm™), u is the velocity (m's™), ¢ is the
dependent variable (velocity, temperature, and thermal conductiv-
ity), I, is the diffusion coefficient for ¢, and S, is the source term
for ¢. In this study, the realizable k—¢ model was applied for the
turbulence analysis, along with enhanced wall treatment. The real-
izable k—¢ model has been widely used for analyzing airflow
inside air ducts and has been validated for accurately predicting
internal duct flow and jet flow from holes on ducts (Mondaca and
Choi, 2016; Raphe et al., 2021). To ensure the accuracy of the
enhanced wall treatment, the mean value of Y* was less than 5.

Boundary condition

The airflow was assumed to be steady and incompressible. The
temperature outside the duct was set to 293.15 K at atmospheric
pressure. The inlet of the duct, where air was supplied, was set as
a mass flow inlet with a mass flow rate of 2.72 kg's ' and a tem-
perature of 313.15 K. The holes on the duct surface were set as
pressure outlets.

The fluid properties of the air were obtained from the Ansys
Fluent R2 material database. The properties of the duct surface
were obtained from Zhang et al. (2021), including a density of 915
kg'm, heat capacity of 1,900 J-kg ' K', and thermal conductivity
033 Wm 'K

(b) outer tube

inner tube

Figure 1. Schematic of the air duct system (a) front view (b) plan
view.

Figure 2. Three-dimensional views of a double-layer air duct:
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Grid independence test

Mesh quality affects both the accuracy and stability of CFD
simulations. A finer mesh improves the accuracy and convergence
of the simulation but results in a higher computational cost. In this
study, the mesh was generated using tetrahedral elements. Inflation
layers were created with finer mesh elements near the duct walls
and around the holes. Table 2 lists the number of elements and
minimum element size for the coarse, normal, and fine meshes
across SO to S3. Figure 4 shows the fine mesh generated for S1.

Grid independence tests were conducted for each scenario
from SO to S3, comparing the coarse, normal, and fine meshes. To
conduct the test, the mass flow rate and temperature of the jet flow
through the holes on the outer tube were compared across the three

holes on duct pressure outlet

axial fan mass-flow inlet

(a) (b)

meshes. Figure 5 shows the results of the grid-independence test
for S1. The relative differences in the average mass flow rate of the
jet flow between the coarse and normal grids were approximately
0.7% (S0), 4.1% (S1), 3.4% (S2), and 4.8% (S3). The relative dif-
ferences in the temperature of the jet flow between the coarse and
normal grids were approximately 0.1% (S0), 0.9% (S1), 1.1%
(S2), and 1.0% (S3). The relative differences in the average mass
flow rate of the jet flow between the normal and fine grids were
approximately 1.6% (S1), 0.7% (S2), and 4.1% (S3). The relative
differences in the temperature of the jet flow between the normal
and fine grids were approximately 0.2% (S1), 0.1% (S2), and 0.2%
(S3). To ensure a higher accuracy of the analysis, a fine mesh was
selected based on the grid independence test results.

Outer
tube

Inner
tube

Figure 3. Geometry of air duct (a) actual structure (b) simplified
model for CFD simulation.

Figure 4. Generated fine mesh of S3 (a) side view (b) details of
mesh.

Table 1. Description of scenarios for a perforated double-layer air duct.

Scenario SO S1 S2 S3
Type Single layer Double layer
External duct Diameter (mm) 650 650 650 650
Hole diameter (mm) 20 20 10 10
Hole spacing (mm) 200 200 55 110
Number of holes 2 2 2 2
Internal duct Diameter (mm) - 600 600 600
Hole diameter (mm) - 20 10 10
Hole spacing (mm) - 200 110 110
Number of holes - 2 4 4
Ratio of 4y to AIH - 1 1 0.5
Table 2. Mesh design for grid independence test.
Scenario Coarse Normal Fine
SO Number of elements (million) 1.3 14 2.2
Minimum element size 0.500 0.050 0.040
S1 Number of elements (million) 24 4.7 8.9
Minimum element size 0.040 0.020 0.015
S2 Number of elements (million) 7.9 9.2 114
Minimum element size 0.040 0.020 0.015
S3 Number of elements (million) 5.6 6.9 11.9
Minimum element size 0.040 0.020 0.015
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CFD model validation and statistical assessment

To validate the proposed CFD model, a field experiment was
conducted in the target greenhouse to measure the velocity of jet
flow from the holes of S3. The air velocity of jet flow in S3 was
measured at intervals of 30 m along the duct, using a portable hot
wire anemometer (Testo 435-4 Multifunction indoor air quality
meter; Testo, Germany). The measurement range of the hot wire
anemometer was 0 - 20 m's ', with an accuracy of + 0.01 m-s™".

Analysis of variance (ANOVA) at a significance level of 0.05
was used to assess whether the differences between the experimen-
tal and simulation results were statistically significant, and to eval-
uate whether the differences between the three double-layer duct
designs (S1 to S3) in the CFD simulation results were statistically
significant. The mean absolute percentage error (MAPE) was used
to calculate the average percentage error between the experimental
and simulation results.

1
MAPE = 237,

Vierp=Yi i| x 100 (%)
exp

Yi (Eq 2)

where n is number of data points, y,,,, is the ith experimental
value, and y; is the ith predicted value.

Results and Discussion

CFD model validation

Figure 6 shows the experimental and simulation values of the
velocity of jet flow at intervals of 30 m along S3 duct. The relative
errors between experimental and simulation values ranged from
2.9% to 12.0%, resulting in a MAPE of 5.2%. Based on ANOVA,
the p-value (0.19) was greater than the significance level (0.05),
indicating that there was no statistically significant difference
between the experimental and simulation values. The overall trend
in the velocity variation was also consistent. This confirms the
validity of the proposed CFD model in investigating the airflow
characteristics of perforated air ducts.
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Mass flow rate of jet flow

The uniformity of the airflow in greenhouses affects the tem-
perature, humidity, and CO, distributions, which, in turn, influence
crop growth (Fernandez and Bailey, 1994; Li et al., 2024). To eval-
uate the effectiveness of a double-layer duct in improving environ-
mental uniformity inside greenhouses, the mass flow rate of the jet
flowing through the holes on the outer tube was compared between
S0 and S1, which correspond to single- and double-layer ducts,
respectively, with identical hole arrangements, sizes, and spacings.
Based on ANOVA, the p-values for the mass flow rate, velocity,
and temperature of jet flow between SO and S1 were all less than
0.001, which is below the significance level of 0.05. This indicates
that the differences in the simulation results between SO and S1 are
statistically significant. Figure 7 a,b shows the mass flow rate and
velocity of the jet flows, respectively, along the duct length at
intervals of 5 m for both SO and S1. The results showed that the
mass flow rate of the jet increased when the hole was far from the
axial fan in both scenarios. The difference in the mass flow rate
between the hole closest to the fan and the hole farthest from the
fan was 5.3 kg-h ' in SO and 2.3 kg-h™' in S1. Thus, the mass flow
rate of the jet flow was more uniformly distributed in S1 than in
S0. These results are consistent with previous results. Chen and
Sparrow (2009) and Farajpourlar (2017) measured the mass flow
rates of the jet flow from the holes of a manifold and confirmed
that the mass flow rate of the jet flows from holes located farther
from the inlet was higher than that from those located closer to the
inlet. Hekal et al. (2023) conducted experiments on perforated fab-
ric air ducts and measured the static pressure inside the ducts. They
observed that the static pressure inside the duct increased along the
duct length. Similarly, Farajpourlar (2017) and Cao et al. (2023)
simulated the increase in the rate of mass flow through holes along
the length of a manifold and fabric air ducts using the CFD tech-
nique and validated the accuracy of the simulation model by com-
paring the experimental and simulation results. This phenomenon
can be attributed to the static regain effect within the perforated
ducts. The mass flow rate of a jet flow primarily depends on the
static pressure difference across the holes (Bailey, 1975;
Farajpourlar, 2017; Tadj et al., 2017). The static regain effect is the

310 + -O-coarse
-x-fine
-o-normal

305

300

295 t t t t t t

0 20 40 60 80 100
distance between axial fan and orifice (m)

(b)

120

Figure 5. Grid independence test of S1: a) mass flow rate of jet flow through outer tube holes; b) temperature of jet flow through outer

tube holes.
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increase in the static pressure inside a perforated air duct along its
length. This is because air discharge from the holes in the duct
decreases the mass flow rate inside the duct. This reduction in the
mass flow results in a decrease in the dynamic pressure inside the
duct, and the static pressure correspondingly increases by the same
amount as the decrease in the dynamic pressure (Bailey, 1975).
Consequently, the static pressure difference across the holes
increased in the downstream direction, resulting in an increase in
the mass flow rate of the jet flowing along the duct.

Figure 8 shows the static pressure and velocity near the outer
tube surfaces for SO and S1. In S1, the air velocity near the wall
was not only lower but also more uniform along the duct length
than in SO. This phenomenon can be attributed to the presence of a
pressure chamber between the inner and outer tubes in the double-
layer duct, where air is discharged from the holes in the inner tube
into a relatively large space. In S0, the static pressure continuously
increased, and the velocity continuously decreased near the outer
tube surface downstream. In contrast to SO, in S1, the air velocity
near the outer tube surface remained low and uniform, below 2
m-s', although the static pressure also increased downstream.
According to previous studies, Kim and Lee (2017) and Jang et al.
(2021) found that when air was injected from a narrow space into
a wider space, the space in between could act as a pressure cham-
ber. The pressure chamber minimizes pressure loss and maintains
uniform pressure (Kim and Lee, 2017). Consequently, the mass
flow rate of the jet flow in S1, which corresponds to the double-
layer duct, was more uniform than that in SO owing to the forma-
tion of a pressure chamber near the outer tube surface.
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Jet flow temperature

When the temperature inside a duct is higher than that outside,
convective heat transfer occurs on the duct surface, resulting in a
decrease in the internal duct temperature in the downstream direc-
tion. This phenomenon leads to a decrease in the temperature of
the air injected from the duct along the duct length, thereby leading
to temperature variations within the greenhouse (Kwon et al.,
2015). To evaluate the effectiveness of a double-layer duct in
improving environmental uniformity, the temperature of the jet
flowing through the holes on the outer tube was compared between
S0 and S1, which correspond to single-layer and double-layer
ducts, respectively. Figure 7c¢ shows the temperature of the jet
flowing along the duct length at intervals of 5 m in both SO and S1.
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Figure 6. Comparison between experimental value and simulation
value in S3 based on velocity of jet flow.
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Figure 7. Comparison between single- (S0) and double-layer (S1) air ducts in terms of (a) mass flow rate of jet flow through outer tube
holes, (b) velocity of jet flow through outer holes, (¢) temperature of jet flow through outer tube holes.
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The results showed that the temperature of the jet flow decreased
when the hole was far from the axial fan in both scenarios. The
temperature difference between the hole closest to the fan and that
farthest from the fan was 16 K in SO and 6 K in S1. Thus, it can be
confirmed that the jet flow temperature was more uniformly dis-
tributed in S1 than in SO.

In a previous study conducted by Kim ez al. (2004), the tem-
perature difference between the upstream and downstream of a 90
m-long single-span greenhouse was 15 K when a conventional sin-
gle-layer duct was installed, whereas it was reduced to 1 K when
they installed their double-layer duct. Furthermore, the installation
of the double-layer duct led to a 15% increase in the average
weight of cucumbers owing to the improved thermal uniformity.

Figure 9a shows the cross-sectional distributions of the temper-
ature inside the ducts for SO and S1. For both S0 and S1, the temper-
ature decreased downstream, as shown in Figure 9a. Figure 9b
shows the temperature near the outer tube surface and at the center
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of the cross section for both SO and S1. This phenomenon is attrib-
uted to the presence of an air gap, which is the space between the
inner and outer tubes of a double-layer duct. This air gap acts as a
thermal insulation layer in the double-layer duct (Bruno ez al., 2021).
Although the average heat transfer coefficients on the outer tube sur-
face were similar between SO and S1, evaluated to be 25.0 and 25.6
W-m %K', respectively, the heat transfer coefficient on the inner
tube surface in S1 was significantly lower at 2.1 Wm 2K,
Consequently, the temperature inside the inner tube of S1 was rela-
tively uniform. In S1, the heat transfer from the inner tube to the
space between the inner and outer tubes was substantially reduced.
Consequently, the temperature near the outer tube surface in S1 was
lower than that in SO, up to approximately 40 m downstream from
the axial fan, resulting in a lower temperature of the air injected
through the holes on the outer tube in S1 compared with SO.
However, beyond 40 m downstream, the temperature near the outer
tube in S1 was higher than that in SO because warmer air inside the
inner tube continued to be supplied to the space between the inner
and outer tubes. This led to a more uniform and higher temperature
of the jet flows in S1 than in SO, as shown in Figure 9, which shows
the longitudinal temperature distribution along the duct.

Effect of hole design on double-layer duct

The effects of hole arrangement, size, and spacing on the envi-
ronmental uniformity in the greenhouse were evaluated by com-
paring the three double-layer duct designs. Based on ANOVA, the
p-values for the mass flow rate, velocity, and temperature of jet
flow between the three double-layer duct designs (S1 to S3) were
all less than 0.001, which is below the significance level of 0.05.
This indicates that the differences in their simulation results are
statistically significant.

To compare the rates of mass flow through the holes in the
ducts of different sizes and arrangements, the mass flow rate at
each hole was normalized using the average mass flow rate within
each double-layer duct (S1 to S3). Figure 10 a,b shows the normal-
ized mass flow rate and velocity of the jet flows, respectively,
along the duct length at intervals of 5 m for S1 to S3. The results
showed that both the mass flow rate and velocity of the jet flow
increased when the hole was far from the axial fan in both scenar-
ios. The velocity varied depending on the hole design parameters
such as the hole diameter and the ratio of A, to Ay, which differed
between the three double-layer duct designs. The difference in the
normalized mass flow rate between the hole closest to the fan and
the hole farthest from the fan was 0.29 in S1, 0.29 in S2, and 0.14
in S3. Thus, the mass flow rate of the jet flow was uniformly dis-
tributed in S3. Figure 10c shows the temperature of the jet flowing
along the duct length at intervals of 5 m for S1 to S3. The results
indicated that the temperature of the jet flow decreased when the
hole was far from the axial fan in both scenarios. The differences
in temperature between the hole closest to the fan and the hole far-
thest from the fan were 6, 6, and 7 K in S1, S2, and S3, respective-

ly. The heat transfer coefficients on the inner tube surface were 2.1,
2.7,and 2.7 W-m >K " in S1, S2, and S3, respectively.

The improvement in the environmental uniformity of the dou-
ble-layer ducts was evaluated by comparing the coefficients of
variation (CV) of the mass flow rate and temperature around the
holes in the outer tube. Table 3 presents the CV values for the four
scenarios, SO to S3. The results showed that while the CVs for the
temperature were similar among the double-layer duct designs (S1
to S3), ranging from 0.3% to 0.4%, the CVs for the mass flow rate
varied significantly depending on the hole design of the double-
layer duct. Compared with SO, the temperature uniformity
improved by more than 65% in all the three double-layer duct
designs. For the uniformity of the mass flow rate, the improve-
ments compared with SO were 11% in S1, 5% in S2, and 42% in
S3. Therefore, S3 exhibited a notably greater uniformity in the
mass flow rate than the other double-layer duct designs.

This difference can be attributed to the variation in the static
pressure distribution within the ducts, which is influenced by the
ratio of 4y to Ayy. To compare the uniformity of the static pres-
sure near the outer tube surface with different sizes and arrange-
ments, the static pressure was normalized by the average value
within each double-layer duct (S1 to S3). Figure 11 shows the nor-
malized static pressure near the outer tube surface along the duct
length at intervals of 5 m for S1 to S3. In S3, the static pressure
near the outer tube surface is the most uniform among the three
designs. In conclusion, although the temperature uniformity of the
jet flows was similar across S1-S3, the mass flow rate uniformity
of the jet flows varied significantly, demonstrating the most uni-
form distribution.
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Figure 11. Comparison between three double-layer air ducts by
static pressure in the duct.

Table 3. Coefficient of variation for the mass flow rate and temperature at holes in SO-S3.

Scenario CYV for mass flow rate at holes (%) CV for temperature at holes (%)
SO 6.5 1.2
S1 5.8 0.3
S2 6.2 0.3
S3 3.8 0.4
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Conclusions

A double-layer perforated air duct is considered an effective
ventilation system for improving environmental uniformity in
greenhouses because it supplies jet flow with a more consistent
temperature and mass flow rate along the duct length. In this study,
CFD simulations were conducted to analyze the internal airflow
and jet flow characteristics of double-layer ducts and to compare
the effects of various hole configurations. The following conclu-
sions are drawn from the CFD simulation results:

- In the double-layer duct (S1), the uniformity in the mass flow
rate improved by 11% compared with the single-layer duct
(S0). This improvement was attributed to the space between
the inner and outer tubes in S1, which acted as a pressure
chamber maintaining a high and uniform internal static pres-
sure and a low and stable air velocity.

- In S1, the temperature uniformity improved by 75% compared
with SO. This improvement was attributed to the thermal-insu-
lation effect of the air gap, which is the space between the
inner and outer tubes in S1. Consequently, the average heat
transfer coefficient on the inner tube surface was as low as 2.1
W-m K™

- Among the three designs of double-layer ducts, S3 with an
Apy-to-Ay, ratio of 0.5 showed the greatest improvement in the
mass flow rate uniformity, of up to 42%, while temperature
uniformity improved by over 65% across all designs. In all
cases, the heat transfer coefficients were below 2.7 W-m >K'.
The superior performance of S3 was linked to its highest and
most uniform internal static pressure.

In summary, our CFD simulations helped confirm that the double-
layer duct design can improve the uniformity in the jet flow
temperature and mass flow rate by up to 42% and 75%, respec-
tively. The enhanced uniformity in the jet flow through the
holes of the double-layer duct may help mitigate environmen-
tal nonuniformity inside greenhouses. In the future, for the
application of double-layer ducts in greenhouses, it will be
necessary to analyze the airflow characteristics inside green-
houses where double-layer ducts are installed and to validate
the simulation results through real-world experiments. In par-
ticular, differences in velocity and temperature between the
upstream and downstream of greenhouses should be evaluated
to verify the effectiveness of double-layer ducts in improving
environmental uniformity. Furthermore, crop growth perform-
ance in greenhouses equipped with single- and double-layer
ducts should be compared to assess the benefits of the
improved environmental uniformity.
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