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Abstract With the rapid development of modern agricultural technology, greenhouse facilities have become a cornerstone of agricultural production, and their ap-
plication are becoming increasingly widespread. They play a significant role in enhancing agricultural productivity and crop quality. However, in practical applica-
tion, particularly from morning to noon, the gradual increase in solar radiation intensifies the photosynthetic activity of plants inside greenhouses, leading to a signif-
icant rise in carbon dioxide consumption. This phenomenon not only reduces the concentration of carbon dioxide within greenhouses, but also limits the efficiency
of photosynthesis to some extent, thereby adversely affecting the growth of greenhouse crops and potentially impacting the economic returns of agricultural produc-
tion. To address this challenge, in this study, carbon dioxide release devices were introduced as a solution, and the effects of different placement positions of these
devices on the distribution of carbon dioxide concentration within greenhouses were compared and analyzed applying analogue simulation methods. Through precise

data collection and processing, this study aimed to determine the optimal placement position for carbon dioxide release devices to optimize the internal airflow distri-

bution and enhance the utilization efficiency of carbon dioxide.
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With the continuous development of facility agriculture,
greenhouses, as critical production environments, rely heavily on
the control of internal airflow distribution and carbon dioxide
(CO, ) concentration for optimal crop growth. However, most
greenhouse facilities still face limitations in environmental regula-
tion, particularly in the selection of positions for CO, release de-
vices, which directly impacts the flow field constraint law within
greenhouses and the utilization efficiency of CO,. Therefore, it is
imperative to investigate the effects of different CO, release device
positions on the flow field constraint law. It not only helps to im-
prove the accuracy of environmental regulation, but also provides
important reference for the design and optimization of greenhouse
facilities, which is of great novelty and urgency''.

The airflow distribution within any building is influenced by
multiple factors, including its structure, ventilation methods, and
layout””’ , and greenhouses are no exception. As one of the key el-
ements affecting airflow in greenhouses, the placement of CO, re-
lease devices can lead to variations in airflow patterns, thereby
Although nu-

merous studies have been conducted at home and abroad on green-

impacting the diffusion and distribution of CO,".

house environmental control and the application of CO, release de-
vices, research on determining the optimal placement of these de-
vices remains insufficient, lacking systematic theoretical analyses
. )

and experimental validation™ .
In recent years, foreign researchers have also made signifi-
cant progress in this field. For example, Teitel et al. ' combined

simulation and experimental validation to investigate the impact of
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wind direction on air and crop temperatures in greenhouses, provi-
ding a theoretical basis for optimizing the placement of CO, release
devices. Meanwhile, Takeshi Kuroyanagi et al. "’ studied the effi-
ciency of CO, enrichment in unventilated greenhouses and pro-
posed a strategy to effectively enhance yield while reducing CO,
consumption, thereby improving CO, utilization efficiency. Addi-
tionally, Lamrani and Boulard"”’ simulated free convection genera-
ted above plant canopies heated by solar radiation in real multi-
span greenhouses from an engineering perspective, offering valua-
ble recommendations for the design of CO, release systems. These
studies by foreign researchers have not only enriched the knowl-
edge in this field, but also provide critical references for subse-
quent research.

In addition to the aforementioned studies, numerous other
foreign publications have offered important insights and support
for this study. For instance, Cheng et al. "*' conducted a sensitivi-
ty analysis of factors influencing multi-zone indoor airflow, estab-
lishing a theoretical foundation for optimizing greenhouse design.
Henten et al. ™' experimentally explored methods for enhancing
greenhouse climate control efficiency within an optimal control
theory framework, providing practical guidance for real-world ap-
plications. Furthermore, Ma and Carpenter et al. "' investigated
the relationship between microclimate conditions and crop growth
in greenhouses, proposing novel approaches for environmental
regulation.

To sum up, in this study, the research results at home and
abroad were combined to thoroughly investigate the effects of dif-
ferent positions of CO, release devices on the flow field constraint
law within greenhouses based on simulation modeling and experi-
mental validation, aiming to provide a scientific basis for enhan-
cing the precision of greenhouse environmental regulation and opti-

mizing the design of greenhouse facilities.
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System Model
Continuity equation for fluid in greenhouses

The continuity equation for fluid inside a greenhouse de-
scribes the principle of mass conservation during the movement of
the fluid. Since the mass of fluid inside a greenhouse cannot be
created or vanish out of nowhere, it only flows from one part of the
greenhouse to another.

The general form of the continuity equation for fluid inside a
greenhouse can be expressed as:
%+V'(pu)20 (1)

In the equation, p represents the density of the fluid inside
the greenhouse, which is the mass of the fluid per unit volume; u
denotes the velocity vector of the fluid, describing the speed of the

fluid in various directions within the greenhouse; ¢ represents
time; m indicates the partial derivative with respect to time, de-

scribing the change in fluid density over time; V is the differenti-
al operator, used to calculate gradients, divergences, and related
parameter within the greenhouse; and V - (pu) represents the
spatial integral of the dot product of the fluid density and the ve-
locity vector, which corresponds to the mass flow rate of the fluid
inside the greenhouse.

With the continuity equation for fluid inside greenhouses, ana-
lyzing and predicting the flow behavior of fluid under different con-
ditions becomes possible. It enables a more comprehensive descrip-
tion and analysis of the motion patterns of fluid within greenhouses.
Navier-Stokes equation

The Navier-Stokes equation describe the conservation of mo-
mentum for viscous fluid flow inside a greenhouse, reflecting the
fundamental physical principles governing fluid motion within
greenhouses. The equation holds an extremely important position
in fluid mechanics and is widely applied in fields such as meteor-
ology, oceanography, aerospace, and hydraulic engineering.

The form of the Navier-Stokes equation applicable to the fluid
flow inside a greenhouse can be expressed as;

p(%+u'Vu)=—Vp+,u,V2u+f 2)

In the equation, p represents the density of the fluid inside
the greenhouse; u denotes the velocity vector of the fluid inside
the greenhouse; ¢ represents time; p represents the pressure of the
fluid; w denotes the dynamic viscosity coefficient of the fluid in-
side the greenhouse; and f represents the external body forces

(such as gravity or electromagnetic forces) acting on the fluid in-
. ou .
side the greenhouse; ™ represents the change rate of the fluid ve-

locity vector over time within the greenhouse, i. e. , accelerated
velocity; uw » V u represents the convective term of the velocity
vector of the fluid inside the greenhouse, describing the influence
of velocity changes on momentum transport; — Vp represents the
effect of the pressure gradient on the fluid motion inside the green-
house; and w V7 u represents the viscous term, describing the

effect of internal friction due to viscosity on the fluid motion inside

the greenhouse.
The Navier-Stokes equation is essentially a set of vector equa-
tions. When expanded into the three coordinate axes (x, y, z) of
the three-dimensional space of the greenhouse, they yield three
component equations. These component equations describe the
conservation of momentum of the fluid inside the greenhouse in the
x, y, and z directions, respectively. The detailed forms of these
three component equations are given below
The Navier-Stokes equation in the x direction is:
u ow o duu u  (Fu Fu Fu
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(3)
The Navier-Stokes equation in the y direction is;
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The Navier-Stokes equation in the z direction is:
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In the equation, p represents the density of the fluid inside
the greenhouse; u, v and w denote the velocity components of the
fluid in the x, y, and z directions, respectively; ¢ represents time;
p is the pressure within the fluid inside the greenhouse; u is the
, f,, and f, are the

components of the external body forces acting on the fluid in the x,

dynamic viscosity coefficient of the fluid; and f,
y, and z directions, respectively.

These component equations describe the momentum changes
of the fluid inside the greenhouse in each direction within the
three-dimensional space, as well as how these changes are influ-
enced by pressure gradients, viscous forces, and external body
forces.

Convection-diffusion equation for exterior space of greenhou-
ses

Since the interior space of a greenhouse is a three-dimension-
al volume, the three-dimensional convection-diffusion equation is
applicable to this scenario. The convection-diffusion equation for
the interior space of a greenhouse is a mathematical model that de-
scribes the transport of fluid components within the greenhouse due
to convection and diffusion. As carbon dioxide release devices are
placed inside the greenhouse, the interaction between the internal
air and the carbon dioxide released by these devices leads to con-
vection and diffusion.

The convection-diffusion equation for the interior space of a
greenhouse can be expressed as:

Evu-ve=pvic (6)

In the equation, C represents the concentration of the sub-
stance; ¢ denotes time; u is the velocity vector of the fluid inside
the greenhouse, composed of three components u, v, and w, cor-
responding to the velocities in the w, y, and z directions, respec-
tively; V is the gradient operator, representing the rate of change

in the interior space of the greenhouse; D is the diffusion
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coefficient, describing the rate at which the fluid components dif-
fuse within the space; and V* is the Laplacian operator, repre-
senting the second-order spatial derivative, used to describe the
diffusion process of the fluid components inside the greenhouse.
Turbulence model for fluid inside greenhouses

The k — & model was used in this study. The k£ — & model is
one of the most widely used turbulence models in the research of
fluid dynamics, primarily employed to describe the turbulent ki-
netic energy k and the turbulent kinetic energy dissipation rate € of
the turbulent flow inside greenhouses. The basic assumption of the
k — & model used in this study was that the turbulent kinetic energy
in the turbulent flow inside greenhouses is the same in all direc-
tions, that is, the turbulence is isotropic, and the dissipation rate of
the turbulent kinetic energy is proportional to the square of the tur-
bulent kinetic energy. The equations of the k& — & model for the inte-
rior fluid of a greenhouse include two main transport equations

(1) The transport equation for turbulent kinetic energy k of

the turbulence in the greenhouse;

J(pku,
a(ph) , dphu) _ 9. ( +&)ik]+pk_p£ (7)
ot &xi &xz (2 C?x]

In the equation, p represents the density of the fluid inside
the greenhouse; u, denotes the velocity component of the fluid in
the ¢ direction; w is the dynamic viscosity of the fluid inside the
greenhouse; u, is the turbulent viscosity of the fluid inside the
greenhouse, typically expressed as a function of k and €; o, is the
Prandtl number corresponding to the turbulent kinetic energy of
the turbulence in the greenhouse; P is the production term of tur-
bulent kinetic energy, usually related to the mean velocity gradient
of the fluid inside the greenhouse and the turbulent viscosity inside
the greenhouse; and € is the dissipation rate of turbulent kinetic
energy inside the greenhouse.

(2) The transport equation for the turbulent kinetic energy
dissipation rate € of the turbulence in the greenhouse:

o) 20) (Y2
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(8)

In the equation, o, is the Prandtl number corresponding to

el

the dissipation rate of turbulent kinetic energy; and C,, and C,
are empirical constants, typically assigned standard values.

For the k — £ model employed in this study, the spatial distri-
butions of turbulent kinetic energy (%) and its dissipation rate (e)
within the greenhouse were calculated by solving these two trans-
port equations. Further, the computation of turbulent viscosity u,
inside the greenhouse was enabled, thereby realizing the simula-
tion of turbulent flow inside the greenhouse.

Heat transfer equation for fluid inside greenhouses

In this study, the heat transfer equation for the fluid inside
greenhouses was mainly used to describe the heat transfer process
between the air in the greenhouses and surrounding structures
(such as walls and roofs). The heat transfer mechanisms within
greenhouses mainly involve three fundamental modes: convection,

radiation, and conduction. These processes are jointly influenced

by both internal environmental parameters (such as temperature,
humidity and air velocity) and external climatic conditions (such
as solar radiation and ambient temperature) .

Considering these factors, the heat transfer equation for the
fluid inside a greenhouse in this study took the following form:
Clpeu VT=V - (KIT) 40,4 00s  (9)

In the equation, p represents the density of the fluid inside

pe,

the greenhouse; ¢, denotes the specific heat capacity for the fluid
inside the greenhouse; T is the temperature of the fluid inside the
greenhouse ; ¢ represents time; u is the velocity vector for the fluid
inside the greenhouse; V T indicates the temperature gradient of
the fluid inside the greenhouse; k is the thermal conductivity coef-
ficient of the fluid inside the greenhouse; ()., represents the heat

source term caused by radiative heat transfer; and ), , is the heat

cond
source term resulting from conductive heat transfer.
The above equation describes the temporal variation of fluid
temperature inside the greenhouse and the heat transfer caused by
convection, radiation, and conduction. The left-hand side of the
equation represents the temperature change over time and the heat
transfer caused by conduction within the greenhouse, while the
right-hand side represents the heat transfer caused by heat conduc-

tion, radiation, and conduction.

Simulation Results of Experimental Data
Experimental greenhouse model

In this study, the effects of different placement positions of
CO, release devices on the flow field constraint law inside green-
houses under specific climatic conditions in Daging City, Hei-
longjiang Province (46° N, 125° E) in April were investigated.
The greenhouses were covered with single-layer polyethylene plas-
tic film and exhibited distinct structural characteristics, specifical-
ly . a span of 10 m in the north-south direction, a height of 4.3 m,
and a length of 110 m in the east-west direction. In particular,
this study focused on analyzing the specific effects of different CO,
release point layouts on the internal flow field data of the green-
houses. The arrangement and operational scenarios of a CO, re-
lease device in an actual greenhouse are illustrated in Fig. 1.
Through in-depth analysis of these data, this study aimed to pro-
vide a scientific basis for optimizing the environment management

inside greenhouses.

Sunlight radiates heat
to the ground

Walls and soil can
also radiate heat,
affecting flow reat
§ and carbon dioxide
distribution

The fluid flow in the
greenhouse is affected

Carbon dioxide releasing device
releases carbon dioxide

B (e b b

Fig. 1 Tlustration of CO, release device in use inside a plastic greenhouse
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To thoroughly explore the optimal placement for CO, release
devices within greenhouses, three distinct placement schemes were
designed meticulously in this study. First, in the initial scheme, a
1 m x1 m CO, release device was positioned 55 m away from the
east wall and 0.5 m away from the gable wall of the greenhouse.
Second, in the second scheme, the release device was positioned
at the same distance of 55 m away from the east wall, but 4.5 m
away from the gable wall. Finally, the third scheme involved pla-
cing a CO, release device of the same size 36 m away from the east
wall and 0.5 m away from the gable wall. This study aimed to re-
veal the specific impact of the placement position of CO, release
devices on the flow field constraint law by comparing the changes
in the velocity field and the CO, concentration within sealed green-
houses under these different schemes. These flow field data were
analyzed in detail and systematically to more accurately evaluate
the effectiveness of each placement scheme and determine the op-
timal configuration. Additionally, for clarity and reference, Fig. 2
provides a three-dimensional diagram of the sealed greenhouse
used in this experiment, showing the structure and dimensions of
the greenhouse as well as the potential placement positions of CO,
release devices. Through these detailed experimental designs and
data analyses, this study aimed to provide scientific theoretical
support and guidance for greenhouse management practice.

0 10 000 20 000 m

I .y

Three-dimensional perspective view of a sealed plastic

Fig. 2
greenhouse

In this study, to thoroughly investigate the impact of the
placement position of CO, release devices on the flow field con-
straint law within greenhouses, the widely-recognized Ansys Flu-
ent software was employed for numerical simulation analysis. To
ensure the accuracy and authenticity of the simulation results, lo-
cal climate and geographical data from Daqing City, Heilongjiang
Province, were incorporated as input parameters, so as to more
accurately reflect the actual local conditions. For a comprehensive
analysis on the impact of CO, release device positions on the flow
field, the SIMPLEC algorithm was selected due to its exceptional
performance in solving pressure-linked equations. Known for its
efficiency and stability, the SIMPLEC algorithm not only signifi-
cantly improved the convergence speed of simulation, but also en-
hanced the accuracy of the results, providing robust support for
the in-depth analysis of the flow field constraint law. To facilitate
subsequent academic discussion and presentation of findings, the
numbering method illustrated in Fig. 3 was adopted to identify dif-
ferent CO, release positions within greenhouses. Specifically,
greenhouse 1 represents the CO, release device positioned 55 m

away from the east wall and 0. 5 m away from the gable wall.
Greenhouse 2 represents the device positioned 55 m away from the
east wall and 4.5 m away from the gable wall. And greenhouse 3
represents the device positioned 36 m away from the east wall and
0.5 m away from the gable wall. Such numbering method not only
aided in clearly describing the positions of the CO, release de-
vices, but also provided a definitive reference for subsequent anal-

ysis on the flow field constraint law.

0\3 D\l

0&2

0 10 20 30 40 m

Fig. 3 Location map of carbon dioxide release devices in closed
plastic greenhouses

Velocity field variation in greenhouses under normal light
conditions

Through a detailed analysis of velocity field for different
placement positions of carbon dioxide release devices, significant
changes in the flow field constraint law were observed. These
changes were not only reflected in the noticeable differences in air-
flow velocity and the variability in flow direction, but also pro-
foundly affected the spatial distribution uniformity of carbon diox-
ide concentration inside greenhouses.

The three images in Fig. 4 visually illustrate the flow field
distribution generated by carbon dioxide release devices placed at
different locations inside the greenhouses under normal light condi-
tions. Firstly, for greenhouse 1 (with the carbon dioxide release
device located 55 m away from the east wall and 0.5 m away from
the gable wall) , the velocity streamline diagram reveals a relative-
ly chaotic flow pattern within the flow field, accompanied by a dis-
tinct red high-speed region near the release device, which indica-
ted that carbon dioxide tended to accumulate in the region, mak-
ing it difficult to diffuse effectively throughout the greenhouse
space, potentially reducing the utilization efficiency of carbon di-
oxide. In contrast, the streamline diagram of greenhouse 2 shows
smoother streamlines and more uniform color distribution, indica-
ting a more reasonable velocity distribution within the greenhouse.
The layout facilitated the even diffusion of carbon dioxide, thereby
improving its utilization efficiency within the greenhouse and posi-
tively impacting plant growth. As for greenhouse 3 (with the car-
bon dioxide release device located 36 m away from the east wall
and 0.5 m away from the gable wall) , its streamline diagram dis-
plays relatively regular streamlines, but it is evident that the ve-
locity is higher near the release device and lower in other areas of
the greenhouse. Such uneven velocity distribution might lead to an
uneven distribution of carbon dioxide within the greenhouse, af-
fecting the photosynthetic efficiency of the plants. In summary,
the placement of the carbon dioxide release device in greenhouse 2
ensured effective diffusion of carbon dioxide while avoiding exces-
sive concentration in localized areas, providing a more ideal

growth environment for the plants inside the greenhouse.
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To more precisely analyze the velocity variation characteris-
tics inside different greenhouses, this study selected three repre-
sentative monitoring points, each located at a specific position
within the greenhouses. These monitoring points were as follows;
the first point located 5 m away from the gable wall and 5 m away
from the east wall, at a height of 1 m above the ground, the sec-
ond point located 5 m away from the gable wall and 55 m away
from the east wall, also at a height of 1 m above the ground, and
the third point located 5 m away from the gable wall and 109 m

Velocity Velocity
Streamline 1 Streamline 1 b
7. 357e-01 8. 180e-01
5. 518-01 6.135e-01 <
3.67%-01 4. 090e-01
1. 839e-01 2. 045e-01

0. 000e+00 0. 000e+00
m/s m/s

away from the east wall, again at a height of 1 m above the
ground. Corresponding velocity variation diagrams were plotted
(Fig. 5 —Fig. 7) by continuously monitoring the velocity changes
at these three points over a period of 3 h. These detailed data and
charts provide profound insights into the velocity variation patterns
inside different greenhouses, facilitating further understanding and
optimizing airflow management and environmental control strate-

gies within greenhouses.

Velocity

Streamline 1
4.939e-01
3.704e-01 4§
2. 470e-01
1. 235¢-01

0. 000e+00
m/s

Fig. 4 Diagrams of velocity streamlines inside greenhouses (a: greenhouse 1, b: greenhouse 2, c¢: greenhouse 3)
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Velocity changes with time in three greenhouses (Y=1 m).

Fig. 5 Changes of velocity at the point 5 m away from the gable

wall of the greenhouse, 5 m from the east wall of the green-

house and 1 m away from the ground
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Velocity changes with time in three greenhouses (Y =55 m).
Fig. 6 Changes of velocity at the point 5 m away from the gable
wall of the greenhouse, 55 m from the east wall of the
greenhouse and 1 m away from the ground
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Velocity changes with time in three greenhouses (Y =109 m).
Fig. 7 Changes of velocity at the point 5 m away from the gable
wall of the greenhouse, 109 m from the east wall of the
greenhouse and 1 m away from the ground

The analysis results indicated that the velocity variation char-
acteristics at the monitoring point located 1 m away from the east
wall of the greenhouse were significant. Due to its proximity to
both the gable wall and the east wall, the airflow inside the green-
house was subject to multiple constraints at this point, resulting in
considerable velocity fluctuations. Particularly when greenhouse
ventilation was restricted or light intensity changed, the velocity
variations at this point were especially pronounced. In contrast,
the monitoring point located 55 m away from the east wall, being
relatively central and maintaining a certain distance from the east,
west, and gable walls, exhibited more stable airflow and more gen-
tle velocity changes. This finding suggests that in more central lo-
cations within greenhouses, airflow is less affected by boundary
effects, thereby facilitating the maintenance of relatively constant
environmental conditions. Finally, at the monitoring point located
1 m away from the west wall (i. e., 109 m away from the east
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wall) , the airflow was significantly obstructed by the west wall,
leading to relatively larger velocity variations. This result further
confirms that the airflow characteristics inside greenhouses are im-
portantly influenced by boundary conditions. In summary, these
findings contribute to optimizing greenhouse design and environ-
mental control strategies to achieve higher plant growth efficiency
and yield.

To delve deeper into the specific impact of carbon dioxide re-
lease on the velocity distribution inside greenhouses, in this study,
an average of 1 000 points on cross-sections located 1, 55, and
109 m away from the east wall at a height of 1 m above the ground
were also selected. The averages, medians and standard deviations
of the velocity values at these points were analyzed, and the resul-
ting data are presented in Table 1.

Table 1 Descriptive statistical data of velocity at 1 m above ground level and 109 m away from the east wall in the three greenhouses

Location of cross-section Greenhouse No. Mean //m/s Median // m/s Standard deviation

1 m away from the the east wall, 1 m above the ground Greenhouse 1 0.058 0 0.054 0 0.026 3
Greenhouse 2 0.0318 0.030 4 0.014 1
Greenhouse 3 0.0355 0.034 1 0.011 8

55 m away from the the east wall, 1 m above the ground Greenhouse 1 0.238 4 0.193 5 0.166 0
Greenhouse 2 0.347 3 0.3100 0.177 3
Greenhouse 3 0.062 8 0.053 0 0.0259

109 m away from the the east wall, 1 m above the ground Greenhouse 1 0.0318 0.0329 0.008 8
Greenhouse 2 0.083 8 0.087 4 0.0369
Greenhouse 3 0.0417 0.044 7 0.012 7

Table 1 reveals that the means, medians, and standard
deviations of wind speed varied across different greenhouses and
cross-sectional positions. The distribution of wind speed within
greenhouses affects the diffusion and mixing of carbon dioxide,
thereby influencing the uniformity of carbon dioxide distribution.
In terms of the mean value, at the three different cross-sectional
positions (1, 55 and 109 m away from the east wall) , greenhouse
2 exhibited the highest average velocity values, indicating that,
under the same conditions, the overall velocity within greenhouse
2 was higher. For carbon dioxide distribution, higher velocities
facilitate gas mixing and distribution, ensuring uniform carbon
dioxide concentration within greenhouses. Regarding the median
value, greenhouse 2 also showed relatively higher medians, con-
sistent with its mean values. In terms of the standard deviation, at
the 1 and 109 m positions, greenhouse 2 had relatively lower
standard deviations, further indicating a more uniform velocity
distribution within greenhouse 2. In summary, the wind speed dis-
tribution in greenhouse 2 was most conducive to the uniform distri-
bution of carbon dioxide. The higher wind speeds and relatively
lower standard deviations meant that carbon dioxide in greenhouse
2 could be mixed and distributed more quickly throughout the
greenhouse, thereby reducing local variations in carbon dioxide
concentration.

To precisely quantify the effects of carbon dioxide release de-
vices on airflow distribution within greenhouses and optimize their
placement positions accordingly, the airflow velocities at specific
cross-sections within the greenhouses were systematically measured
and analyzed in this study. Specifically, three representative
cross-sections located 1, 55 and 109 m away from the east wall
were selected, and detailed velocity data were collected at a height
of 1 m above the ground on each cross-section. To gain deeper in-
sights into the characteristics of these datasets, the cumulative dis-
tribution function ( CDF) was further applied for analysis, as
shown in Fig. 8 to Fig. 10, so as to provide a comprehensive

assessment of the effects of different carbon dioxide release device
placements on airflow distribution.

As shown in Fig. 8 to Fig. 10, the velocity data within the
greenhouses exhibited a significant increasing trend over time, re-
flecting the positive impact of carbon dioxide release on fluid dy-
namics. Further analysis revealed notable differences in the char-
acteristics of fluid velocity changes inside the greenhouses. In par-
ticular, the fluid velocity in greenhouse 2 tended to be stable after
a short decline in the initial stage, and the velocity changes were
no longer significant after a certain distance, indicating that the
environmental conditions within greenhouse 2 were more balanced
and stable and facilitated the uniform diffusion of carbon dioxide.
In contrast, the fluid velocity changed more sharply in greenhouses
1 and 3, which might lead to uneven distribution of fluid compo-
nents, thus affecting the efficiency of plant utilization of carbon di-
oxide. In summary, the variations in fluid velocity inside the
greenhouses were affected not only by carbon dioxide release, but
also by a combination of environmental conditions and fluid dy-
namics characteristics.

Carbon dioxide release in the greenhouses under normal light
conditions

Under normal light conditions, the efficiency of carbon
dioxide release devices placed at different locations within the
greenhouses was investigated thoroughly in this study. The results
showed that the distribution of carbon dioxide within the greenhou-
ses was significantly affected by airflow speed and direction, while
the uniformity of carbon dioxide concentration inside the greenhou-
ses was also a critical consideration factor. This finding is crucial
for understanding the mechanisms of greenhouse environmental
control and optimizing carbon dioxide release strategies, and
provides valuable references for subsequent research. Fig. 11
shows the mass fraction distribution of carbon dioxide 3 h after its
release by the carbon dioxide release devices under normal light

conditions.
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Fig. 11 Diagrams of carbon dioxide mass fraction inside the greenhouses (a: greenhouse 1, b: greenhouse 2, c¢: greenhouse 3)

Through the analysis of carbon dioxide mass fraction diagrams
with different placement positions, it could be concluded that in
greenhouse 1, the carbon dioxide mass fraction near the carbon di-
oxide release device was significantly higher, but the distribution
of carbon dioxide was uneven during airflow diffusion. The con-
centration of carbon dioxide was higher in regions close to the ga-
ble wall and lower in regions farther from the gable wall. This un-
evenness might be due to the blocking effect of the gable wall on
the internal airflow, making it difficult for carbon dioxide to dif-
fuse uniformly throughout the greenhouse space. In contrast, the
distribution of carbon dioxide in greenhouse 2 was more uniform.
It was because the carbon dioxide release device was located far-
ther from the gable wall, and reduced the blocking effect of the
wall on airflow, thereby promoting uniform diffusion of carbon di-
oxide within the greenhouse. In greenhouse 3, the distribution of
carbon dioxide showed a clear gradient. The concentration was
high near the carbon dioxide release device and lower in regions
farther from the device. The gradient might be due to the proximi-
ty of the release device to the east wall, which affected the inter-
nal airflow and limits the diffusion range of carbon dioxide. In
summary, the uniform diffusion of carbon dioxide was closely re-
lated to the placement positions of carbon dioxide release devices.
A reasonable placement strategy can significantly improve the uni-
formity of carbon dioxide distribution within greenhouses, thereby
enhancing the photosynthetic efficiency and yield of plants.

The placement positions of carbon dioxide release devices have
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The mass fraction of carbon dioxide
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Time
Fig. 12 Variation of carbon dioxide mass fraction at the point 5 m a-
way from the gable wall, 5 m away from the east wall and 1
m above the ground (Y =1 m)

a significant impact on the uniformity of carbon dioxide distribution
within greenhouses. To achieve more uniform carbon dioxide distri-
bution, release devices should be placed away from the walls of
greenhouses to reduce the blocking effect of the walls on airflow.
Based on the airflow characteristics within greenhouses and the
growth requirements of crops, it is recommended to place the carbon
dioxide release devices in the center or slightly off center of the
greenhouses to ensure that carbon dioxide can diffuse uniformly

throughout the greenhouse spaces. In this regard, the placement

0.35
. greeghhouse %
——Greenhouse
-'E 0.30 f Greenhouse 3
o
<
S 025}
3
—
8 0.20
Gy
= ‘
E 0.15 M
: 0
E 010} h s i
a ﬁ Wl -
g 0.05 W k |
[}
H) ke
0

20 40 60 80 100 120 140 160 180
Time
Fig. 13 Variation of carbon dioxide mass fraction at the point 5 m
away from the gable wall, 55 m away from the east wall
and 1 m above the ground (Y =55 m)
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Fig. 14 Variation of carbon dioxide mass fraction at the point 5 m
away from the gable wall, 109 m away from the east wall
and 1 m above the ground (Y =109 m)
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strategy of greenhouse 2 was particularly suitable, as it achieved a
high degree of uniform carbon dioxide diffusion, providing an ef-
fective reference for greenhouse environmental regulation.

To study the dynamic changes of carbon dioxide components
inside greenhouses in detail, in this study, three representative
points were selected and continuously monitored for the mass frac-
tion of carbon dioxide over a three-hour period. One of the points
was located at 5 m away from the gable wall, 5 m away from the east
wall, and 1 m above the ground. Another one was located at 5 m a-
way from the gable wall, 55 m away from the east wall, and 1 m a-
bove the ground. The last one was located at 5 m away from the ga-
ble wall, 109 m away from the east wall, and 1 m above the ground.
Through analysis on the monitoring data from these points, the
trends of carbon dioxide concentration changes over time at different
locations were revealed, as shown in Fig. 12 to Fig. 14.

Fig. 12 to Fig. 14 show that although the carbon dioxide mass
fraction fluctuated over time, it generally exhibited an increasing
trend, indicating that certain constraints within the greenhouses
caused local accumulation of carbon dioxide. Comparing green-
houses 1 and 3, despite both being close to the gable wall, the
trends in carbon dioxide mass fraction changes were similar, sug-
gesting that the position of the east wall had a smaller impact on
carbon dioxide diffusion, while the distance from the gable wall
was a key influencing factor. In contrast, the carbon dioxide mass
fraction in greenhouse 2 showed smaller and more stable changes,
indicating that when the release device was farther from the gable
wall, the diffusion of carbon dioxide was more uniform and less
constrained. Therefore, the placement position of release devices
is crucial for improving the distribution of carbon dioxide, and po-
sitions farther from the gable wall help achieve more uniform car-
bon dioxide distribution.

To thoroughly investigate the distribution characteristics of
carbon dioxide within greenhouses, in this study, two horizontal
planes at distances X =4 and X =7 from the gable wall were se-
lected for in-depth analysis. The analysis results are shown in Fig.
15 and Fig. 16, respectively.

Through comparison on the contour maps of carbon dioxide
mass fractions at different locations, it was found that the place-
ment positions of carbon dioxide release devices significantly af-
fected the distribution of carbon dioxide inside the greenhouses in
this study. Specifically, when the release device was located 55 m
away from the east wall and 0.5 m away from the gable wall, car-
bon dioxide primarily flowed toward the center and northern parts
of the greenhouse, with a relatively uniform distribution. Howev-
er, premature deposition of carbon dioxide near the gable wall was
observed, which might adversely affect plant growth. In contrast,
when the distance between the release device and the gable wall
was increased to 4.5 m, the flow of carbon dioxide became more
extensive, covering almost the entire greenhouse, and the deposi-
tion near the gable wall was significantly reduced, indicating im-
proved uniformity in carbon dioxide distribution. Further observa-
tion of the carbon dioxide distribution when the release device was
located 36 m away from the east wall and 0.5 m away from the ga-
ble wall showed that, despite the reduced distance from the east

wall, significant deposition near the gable wall was still remarkable.

It further underscored the importance of the distance between car-
bon dioxide release devices and the gable wall for achieving
uniform carbon dioxide distribution. In summary, the placement
positions of carbon dioxide release devices in the greenhouses sig-
nificantly influenced the flow field constraint law. To improve car-
bon dioxide distribution, it is recommended to appropriately in-
crease the distance between carbon dioxide release devices and the
gable wall and consider the overall structure and ventilation condi-
tions of greenhouses to ensure that carbon dioxide can diffuse uni-
formly throughout the greenhouses, providing an optimal growth
environment for crops.

To comprehensively reveal the dynamic changes in carbon di-
oxide mass fraction inside the greenhouses and visually demon-
strate the impact of carbon dioxide release devices’ position on the
uniformity of carbon dioxide distribution, this study introduced the
concept of carbon dioxide uniformity. The standard deviation and
average of these concentrations were calculated by measuring car-
bon dioxide concentration at multiple locations and different time
within the greenhouses, and then, a percentage was obtained by
dividing the standard deviation by the average, deriving a specific
numerical value. The smaller the value, the more uniform the car-
bon dioxide distribution, and the more favorable the carbon diox-
ide environment within the greenhouse for crop growth. In this
study, the data of changes in carbon dioxide concentration were
randomly collected from 15 points at or below 1 m above the
ground, and the carbon dioxide uniformity within the greenhouses
were calculated based on this algorithm, as shown in Table 2.

Table 2 Carbon dioxide uniformity in the three greenhouses at different
time

Position of cross-section 1 h 2 h 3h

93.885291%  82.821 832%  98.595 678%
72.202 113%  95.276 774%  96.422 438%
84.481 383%  83.018 953%  86.693 898%

Greenhouse 1
Greenhouse 2

Greenhouse 3

Based on the content in Table 2, it can be observed that
when carbon dioxide was released for 1 h, the carbon dioxide uni-
formity in greenhouse 2 was 72.202 113%. Although this value
was the lowest among the three greenhouses, it was not too low
considering that the carbon dioxide concentration was not as high
as possible, but needed to be kept in a suitable range to promote
plant growth. Over the next 2 h, the carbon dioxide uniformity in
greenhouse 2 significantly increased to 95.276 774% , a value that
not only exceeded those of greenhouses 1 and 3 at the same time
point but also demonstrated the excellent uniformity of carbon di-
oxide distribution in greenhouse 2. To the point of 3 h, the carbon
dioxide uniformity in greenhouse 2 remained at a high level of
96. 422 438% , further proving the rationality of the placement po-
sition of its carbon dioxide release device. In contrast, the carbon
dioxide uniformity in greenhouse 1 was the highest within 1 h but
significantly decreased over the next 2 h, indicating unstable car-
bon dioxide distribution. Meanwhile, the carbon dioxide uniformi-
ty in greenhouse 3 was relatively consistent across the three time
points but did not reach the high level of uniformity observed in
greenhouse 2.
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Fig. 16 Cloud maps of carbon dioxide mass fraction at 7 m away from the gable wall in the greenhouses (a: greenhouse 1, b: greenhouse 2, c:
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To more accurately assess the uniformity of carbon dioxide

distribution inside the greenhouses, three representative points at

different locations were further selected within the three greenhou-

ses in this study (point 1 : 1 m away from the east wall, 1 m away

from the gable wall, and 0.5 m above the ground; point 2; 45 m

away from the east wall, 7 m away from the gable wall, and 1 m

above the ground; point 3; 108 m away from the east wall, 8§ m

away from the gable wall, and 0.7 m above the ground) , and the

carbon dioxide uniformity at these points were observed and ana-

lyzed, as shown in Fig. 17 to Fig. 19.

0.10
0.90
0.80

070 e L e

0.60 &

——(reenhouse 1
—=—(Greenhouse 2 1
—— Greenhouse 3

0.40
0.30
0.20 |
0.10

0

€0, uniformity Il %

0.50 / 1

Fig. 17

2 3
Time Il h
Variation in carbon dioxide uniformity at the point 1 m a-
way from the east wall, 1 m away from the gable wall and

0.5 m above the ground in the three greenhouses

. 10
90
80
70
60
50
40
30
20

(0, uniformity %

S oo o oo o0 o9

reenhouse 2 b
reenhouse 3

1 2 3
Time /| h

Fig. 18 Variation in carbon dioxide uniformity at the point 45 m a-

10

50

(0, uniformity Il %

EAE AN A

90 |
80 |
70
60 £

40 |
30
20
10

way from the east wall, 7 m away from the gable wall and
1 m above the ground in the three greenhouses

reenhouse 1
reenhouse 2
reenhouse 3

1 2 3

Time /| h

Fig. 19 Variation in carbon dioxide uniformity at the point 108 m

away from the east wall, 8 m away from the gable wall
and 0.7 m above the ground in the three greenhouses



Binnan WANG et al. Study on Optimal Layout of CO, Release Devices from the Perspective of Flow Field Dynamics in Greenhouses 79

From the three images above, it can be observed that the uni-
formity of carbon dioxide concentration in greenhouse 1 fluctuated
significantly over the 3 h period, with a noticeable decline in car-
bon dioxide uniformity during the final stage of carbon dioxide re-
lease. It indicated that the placement of the carbon dioxide release
device in greenhouse 1 was less than ideal, as it could not consist-
ently and stably provide the required carbon dioxide concentration.
In contrast, greenhouse 3 performed well in the first 2 h of carbon
dioxide release, but over time, the carbon dioxide concentration
gradually decreased, with a relatively large drop. Greenhouse 2
showed the best stability in carbon dioxide concentration. Through-
out the 3 h monitoring period, the carbon dioxide concentration in
greenhouse 2 remained at a relatively high level with minimal fluc-
tuations. It suggested that the placement of the carbon dioxide re-
lease device in greenhouse 2 was the most optimal, as it ensured
both uniform distribution of carbon dioxide and a consistent supply
of the required carbon dioxide concentration for plant growth. Con-
sequently, the placement position of the carbon dioxide release de-
vice in greenhouse 2 was determined to be the best. This location
not only guaranteed uniform carbon dioxide distribution but also
consistently and stably provided the necessary carbon dioxide con-
centration for plants throughout the monitoring period, thereby fa-
cilitating plant growth and development.

Conclusions and Discussion

In this study, the effects of the placement position of carbon
dioxide release devices within greenhouses on airflow distribution
and carbon dioxide utilization efficiency were deeply explored,
providing a scientific basis for the sustainable development of facil-
ity agriculture. Through Ansys Fluent simulation, the internal air-
flow distribution of the greenhouses under different release posi-
tions was analyzed in detail. The results indicated that the place-
ment position of carbon dioxide release devices significantly influ-
enced the internal flow field within the greenhouses, thereby af-
fecting the diffusion and distribution characteristics of carbon diox-
ide, as well as the uniformity and stability of the greenhouse envi-
ronment. To determine the optimal position for carbon dioxide re-
lease devices, factors such as greenhouse structure, ventilation
methods and crop layout were comprehensively considered in this
study. Through comparison and analysis on the airflow distribution
and carbon dioxide utilization efficiency at different positions, it
was found that at the optimal position, the carbon dioxide release
device could maximize its effectiveness, improve carbon dioxide
utilization efficiency, and create more favorable environmental
conditions for crop growth. This finding is of significant guiding
importance for environmental regulation and crop growth manage-
ment in facility agriculture.

In summary, following conclusions were drawn in this study;

(1) Through simulation and theoretical analysis, it was found
that the airflow velocity inside greenhouses directly determined the
diffusion and distribution of carbon dioxide. Specifically, when the
airflow velocity was higher, carbon dioxide could diffuse more uni-
formly throughout the greenhouse space, effectively increasing the
internal carbon dioxide concentration and providing an ample

carbon source for plant photosynthesis. Conversely, when the air-
flow velocity was lower, the diffusion of carbon dioxide was re-
stricted, leading to excessively high or low carbon dioxide concen-
tration in local areas, thereby affecting photosynthetic efficiency
and crop growth.

To optimize the distribution of carbon dioxide within green-
houses, the effects of placing carbon dioxide release devices at dif-
ferent positions on carbon dioxide uniformity was compared in this
study. Through precise data collection and processing, it was
found that the placement position of carbon dioxide release devices
significantly influenced the internal airflow distribution and carbon
dioxide concentration distribution. Specifically, placing carbon di-
oxide release devices at a location where laminar flow gathered in-
side greenhouses could effectively promote airflow circulation and
uniform carbon dioxide distribution. In contrast, placing release
devices at the lower part or corners of greenhouses tended to cause
carbon dioxide accumulation in local areas, reducing carbon diox-
ide utilization efficiency.

In future academic research, the optimization and improve-
ment of the design and application strategies for carbon dioxide re-
lease devices should become a core focus. Precise experiments and
simulation analyses are needed to determine the optimal layout and
configuration of carbon dioxide release devices within greenhouses
to maximize their positive impact on plant growth and yield. Fur-
thermore, with the rapid development of information technology,
integrating advanced technologies such as the Internet of Things
(ToT) and big data into the environmental management of facility
agriculture is particularly necessary. Real-time and accurate per-
ception of the greenhouse environment can be achieved by deplo-
ying intelligent sensor networks, and data analysis can guide the
formulation of environmental regulation strategies. Such intelligent
management approach not only improves resource utilization effi-
ciency and reduces waste, but also provides strong support for the
sustainable development of facility agriculture.
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Water quality index levels

The water quality index ( WQI) was calculated for various
monitoring sites in different months using a multi-parameter weigh-
ting method. The WQI values were classified into five grades; ex-
cellent water quality (WQI <50), good water quality (50<WQI
<100), poor water quality (100<WQI <200), very poor water
quality (200 <WQI <300), and water unsuitable for drinking
(WQI=300). Fig. 2 shows the heatmap for monthly WQI distri-
bution at various sampling points throughout the year.

The overall distribution results indicated generally good water
quality conditions in the study area. Statistical analysis revealed
that 90. 77% of samples fell into the " excellent water quality"
category, demonstrating that the vast majority of sampling points
maintained safe water quality indexes in different seasons. Sam-
ples classified as " good water quality" accounted for 6. 15% and
were primarily concentrated at local monitoring points such as W2
and W3, reflecting the local time periods of pollution interference.

" poor water quality" or

Notably, no samples were categorized as
worse, indicating that the underground river system maintains
strong environmental carrying capacity under current climatic and
land-use conditions. Additionally, the data missing ratio was
3.08% , primarily caused by sampling vacancies due to equipment
failures at individual sampling points or extreme rainfall/drought
conditions, which did not significantly affect the representative-
ness of the assessment results.

The figure further reveals that monitoring points W2 and W3
represented high-value zones, frequently exhibiting WQI values >
50 (classified as " good water quality" ). Notably, some monthly
values approached or exceeded 90 (e. g. , W3 in January, May,
and November; W2 in November). These elevated values might
be correlated with point-source pollution from domestic wastewater
discharge, transportation hubs, or high-density tourist areas up-
stream. Point W5 also showed a mild water quality decline (WQI
=53.7) in November, suggesting certain organic matter accumu-
lation or non-point source scouring residue during the post-flood
season.

Temporally, some monitoring points showed slightly elevated
WOQI values during the rainy season ( May-October ), suggesting
that stormwater runoff or surface flow may enhance pollutant trans-
port into the underground river system. Particularly during August
— November, significant water quality fluctuations at W2 and W3
indicated potential risks arising from combined effects of rainfall
and land-use changes. In contrast, other monitoring points (W11-
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W13) in hydrologically stable mid-downstream areas maintained
excellent water quality throughout the year, with WQI consistently
below 30.

Conclusions and Discussion

The results of single-factor pollution index demonstrated that
TP, NH, -N, NO, -N and NO, -N maintained clean levels over-
all, while COD,;, exhibited certain organic pollution characteris-
tics. The Nemerow index analysis revealed that the upstream pol-
lution was greater than the downstream pollution. In upstream are-
as, the water quality ranged from clean to severely polluted, with
lightly polluted samples predominating (50.9% ), and the down-
stream samples were mainly within clean to lightly polluted levels,
indicating overall better water quality and limited upstream pollu-
tion impacts on downstream areas.

The multi-index evaluation involving WQI demonstrated gen-
erally favorable water quality conditions in river basin, with over
90% of samples classified as " excellent water quality". Local wa-
ter quality deterioration was observed only at upstream monitoring
points including W2 and W3 during late rainy seasons or low-water
periods, revealing vulnerabilities driven by land use and precipita-
tion in specific areas.

In summary, the Huanghou Underground River Basin maintained
overall water quality within the "slightly polluted to good" range, and
the pollution was primarily concentrated in upstream areas.
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