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Abstract: Corridors play an important role in the mechanized production of fruits and vegetables
in solar greenhouse clusters. A corridor structure that is suitable for the automated production of
solar greenhouse clusters is designed in this paper. To increase the corridor’s ventilation efficiency
and enhance the temperature environment, the computational fluid dynamics method is applied
to analyze the effects of corridor structure, ventilation mode, wind speed, and direction on internal
temperature and humidity. Studies have indicated that an erroneous layout of the corridor structure
may result in the formation of accumulated temperature and heat concentration inside, and ventilation
within the corridor is essential. The corridor’s ideal dimensions are 3.2 m high by 5 m wide, and it has
an internal wind speed and cooling rate that are superior to other structural factors. The ventilation
method adopts a combination of top and bottom ventilation, and when the bottom window opening
is 70%, there is a good ventilation effect inside the corridor. The corridor has an excellent ventilation
effect when the wind speed is 2 m/s and the wind direction is east or west. This study supports the
intensive and sustainable growth of greenhouse vegetable production by providing guidance for the
planning and corridor design of solar greenhouse clusters.

Keywords: solar greenhouse cluster; mechanized corridor; combined ventilation; accumulated
temperature; flow field

1. Introduction

In modern architecture, a corridor is an overhead connection that meets both functional
and aesthetic requirements for two or more high-rise buildings. Corridors are also used in
agricultural production. Crops cannot be grown in open fields in northern China due to the
harsh winters. In these areas, annual fruit and vegetable production is possible thanks to
solar greenhouses [1]. Chinese solar greenhouses typically include a transparent front roof,
a back roof, a back wall, and two side walls. The transparent front roof can generate the
greenhouse effect, while the back wall can store excess energy during the day and release
it at night. Through these principles, Chinese solar greenhouses greatly reduce energy
input. However, the cold weather greatly reduces the connectivity of greenhouses. The
issue of poor greenhouse connectivity can be effectively resolved and the integration of
production, transportation, and management of solar greenhouse clusters can be facilitated
using corridors to connect multiple solar greenhouses in series [2]. Typically, corridors use
transparent glass or plastic film as the covering material, which results in concentrated and
uneven temperature under sunlight [3], which is not conducive to the work of production
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personnel. Therefore, it is essential to appropriately plan the corridor’s structure and
enhance its ventilation capabilities for the intended use [4–6].

Since most existing solar greenhouses are standalone structures, it is impossible to
load or unload fruits or seedlings when it is raining or snowing outside. At the same
time, summer and winter temperature extremes negatively impact the quality of fruits
and seedlings [7–9]. The corridor design of the solar greenhouse cluster can not only
solve the above problems but also facilitate small mechanical cross-shed operations such
as tillage, spraying, picking, transportation, etc. Additionally, the corridor can act as
a plastic greenhouse for drying and other agricultural product processing [10–13]. The
solar greenhouse industry benefits from the corridor as well. To improve the production
process’s characteristics related to the service industry, crop displays can be arranged like a
conventional urban health facility [14]. By showing a variety of plant species on both sides of
the corridor, people will be better able to comprehend the kinds of plants grown in greenhouses
and the conditions under which they thrive, giving the greenhouse an educational purpose [15].
Mechanized corridors, which connect greenhouses, crop displays, rest, and communication
areas, are a crucial component of modern solar greenhouse clusters. They facilitate efficient and
convenient operation and management of greenhouse clusters.

Due to the similarity in principle and form between corridors and plastic greenhouses,
ventilation must be fully considered in the design. However, as an innovative green-
house facility, the corridor still lacks extensive discussion among scholars. Numerous
academics have studied greenhouse ventilation techniques, concentrating on ways to in-
crease greenhouse ventilation effectiveness. He et al. [16] employed computational fluid
dynamics (CFDs) numerical simulations to investigate the impact of various vent sizes on
the thermal environment of greenhouses, and a ventilation strategy for detachable north
walls was proposed. This technique lowered the greenhouse’s maximum temperature by
approximately 5.8 ◦C and its average temperature by about 1.7 ◦C when compared to a
con-venational brick wall solar greenhouse. The effects of environmental factors on the
thermal environment of strawberry greenhouses with natural ventilation, including the air
inlet size, outside temperature, and ambient wind speed, were examined and summarized
by Fu and You [17]. Zhang et al. [18] examined the connection between ventilation and
humidity in Chinese solar greenhouses (CSGs) using a combination of the energy balance
model and the CFDs model. It was discovered that while the temperature and humidity
of CSGs decrease and exhibit a non-linear change process, the natural ventilation volume
increases as ventilation openings increase. Through experiments and numerical simula-
tions, Li et al. [19] designed a ventilation scheme for a circular arched solar greenhouse and
investigated the greenhouse’s cooling and ventilation effects. Three ventilation structures
were compared in terms of performance by Zhang et al. [20]: front bottom + top (FT), front
bot-tom + back roof (FB), and front bottom + top + back roof (FTB). Upon comparing FTB to
FT and FB, the cooling rate increased by 24.84% and 5.52%, respectively, while the average
temperature dropped by 13.81% and 3.65%, respectively.

Corridor structures cannot, however, be directly affected by the findings of research
on the ventilation in solar greenhouses. The way a corridor is built affects the entire
greenhouse cluster and cannot be compared to the variations in humidity and temperature
in a single solar greenhouse. As a result, studies on corridors should be conducted on a
larger scale, comparable to that of building clusters in the construction sector, and cover
the entire park [21]. Both the external wind field size of the 3D model [22] and the choice
of research variables to simplify the model [23] are areas of extensive and well-developed
experience. Moreover, corridors play an important role in the intensive production of
greenhouses. Attempting to construct low-cost corridors and adopting natural ventilation
can serve as a more sustainable and resource-saving method for promoting greenhouse
vegetable cultivation [24].

To sum up, corridors are an essential component of solar greenhouse cluster modern-
ization. However, research on the use of corridors for facility agriculture production is
scarce, as are studies on the most effective methods for maximizing corridor ventilation.
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Consequently, a mechanized corridor structure for solar greenhouse clusters is developed
in this paper, and the temperature concentration phenomenon caused by the corridor
structure is quantitatively explained. Then, in order to maximize the ventilation effect of
the corridor, the effects of various factors are examined separately, including the corridor
structure parameters, ventilation techniques, wind direction, and speed. This study can
provide theoretical guidance for the corridor design of solar greenhouse clusters.

2. Numerical Simulation
2.1. Geometric Model

As seen in Figure 1, the solar greenhouse cluster was made up of eight identical energy-
saving solar greenhouses. The dimensions of every solar greenhouse were 12 m in width,
60 m in length, and 6 m in height. The greenhouse’s ventilation system was a combination
of bottom and top ventilation, with two 60 m by 1 m ventilation openings. The greenhouses
were joined by the mechanized corridor. The separation between neighboring greenhouses
was 15 m in the east and 9 m in the south. The corridor was 72.5 m long in the north–south
direction, with a height of h (3.2, 3.7, 4.2, 4.7, 5.2 m) and a width of w (4, 5, 6, 7 m). The
two ways the corridor was ventilated were the top and bottom ventilation. The top window
had a width of 0.5 m and a length of 72.5 m. The bottom window had various bottom
ventilation openings η (10%, 30%, 50%, 70%, and 90%) set, and it measured 1 m wide by
72.5 m long from the ground.
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Figure 1. Geometric models of the greenhouse cluster and corridor: (a) Front view; (b) Side view;
(c) Overall picture.

The greenhouse and corridor’s mesh details are displayed in Figure 2a. The accuracy of
the simulation results varies depending on the mesh quantity [25]. Temperature was used to
confirm the convergence of simulations with various mesh quantities. The results remained
stable when the mesh quantity reached 2.45 × 104 (Figure 2b). The grid quality is shown
in Figure 2c. To ensure the accuracy of simulation calculations, this study selected a mesh
model of this size. Using three different time steps of 1 s, 5 s, and 10 s, the temperatures
were almost the same. A maximum acceptable time step of 10 s was selected, considering
the computational cost. The hexahedral mesh was used to divide the model, and local
meshes were refined to increase the computational accuracy so that the mesh distortion
was less than 0.7 [26].
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2.2. Mathematical Model

The air flow in solar greenhouses and corridor follows the conservation equations of
mass, momentum, and energy [27]. The finite element discretization method was primarily
used in conjunction with them to analyze the fluid flow. Simplifying the analyzed model
and reducing the calculation steps allowed for an effective analysis of air flow field.
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where Sm represents the mass added to the continuous phase, kg;
→
v represents the speed,

m/s; t is time, s; and ρ represents the density, kg/m3.
→
F is the volume force, Pa; µ is

the viscosity, Pa·s; P is the pressure, Pa;
→
g is the gravitational acceleration, m/s2; S is

the momentum source term; T is the temperature, ◦C; τ is the heat transfer coefficient,
W/(m2·◦C); c is the specific heat capacity, J/(kg·◦C); and ST is the viscous dissipation term.

Due to the constant presence of turbulence in the corridor, different turbulence models
have entirely different effects on the simulated temperature and flow fields. After com-
paring various turbulence models (RNG k-ε, Standard k-ε, and Realizable k-ε), this study’s
simulation calculations used the Realizable k-ε model [28].

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk − ρε (4)

∂(ρε)

∂t
+

∂(ρεui)

∂xi
=

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
Gk − C2ε

ρε2

k
(5)

where k is the turbulence kinetic energy, m2/s2; ε is the dissipation rate; ui is the speed vec-
tor, m/s; µt is the eddy viscosity, Pa·s; σk and σε is the Turbulent Prandtl numbers; C1ε and
C2ε are the model courants; and Gk is the generation of k due to mean velocity gradients.

2.3. Assumptions and Boundary Conditions

In this study, these assumptions were made to simplify the calculations: (1) air, both
indoor and outdoor, was an ideal, incompressible gas; (2) air was thought of as a two-phase
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mixture consisting of dry air and water vapor; (3) the weather outside was favorable; and
(4) the wind direction was constant over the whole simulation range.

Furthermore, the simulation model’s accuracy was somewhat impacted by the choice
of experimental materials. The enclosure structure’s thickness, density, specific heat, and
thermal conductivity were what determined how well the greenhouse and corridor are
insulated. The greenhouse effect intensity was directly influenced by the rate at which each
surface absorbs radiation. The material parameters of the model in numerical calculations
are shown in Table 1. The solar radiation value is calculated using Fluent’s built-in solar
calculator, with the geographical location set to 123.41◦ N, 41.3◦ E, and a time zone of
GMT + 8. The coefficient of sunny days is 0.9.

Table 1. Material parameters in the simulation model.

Materials Thickness,
mm

Density,
kg/m3

Specific Heat
Capacity,
J/(kg·◦C)

Thermal
Conductivity,

W/(m·◦C)

Solar Radiation
Absorption

Rate, %
Solar Radiation

Transmittance, %

Brick wall 370 1350 1062 0.58 0.9 —
Polystyrene board 110 30 1368 0.042 — —

Wooden board 370 500 2520 0.29 0.7 —
Soil — 1800 828 1.16 0.86 —

PO film 0.2 970 750 0.34 0.1 0.8
Heat preservation

quilt 40 300 1275 0.11 0.01 —

2.4. Correctness Verification

The simulation model was validated by our research team in other studies [29,30].
The model selection, boundary conditions, material parameters, and solver settings of this
model have not changed. Here, it was not reiterated.

3. Results and Discussion

The temperature distribution across the greenhouse and corridor surfaces is depicted
in Figure 3. The solar greenhouse cluster’s corridors have an unequal distribution of heat,
which negatively affects the greenhouse’s internal temperature distribution. To effectively
control the temperature and humidity distribution in the corridor, this study simulated the
structural parameters, ventilation techniques, wind speed, and direction of the corridor.
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3.1. Effect of Corridor Structure on Ventilation Effect
3.1.1. Corridor Height

Figure 4a shows the internal temperature and humidity distribution of the corridor
at different h. At this time, the width of the corridor is w = 5 m, and a combination of
top and bottom ventilation is used. The corridor with h = 3.2 m has a lower temperature.
The temperature rises gradually as h increases because the heated area in the corridor also
increases significantly. The heated area’s size is the primary indicator of how h affects
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temperature. There are comparatively fewer heating zones and colder temperatures in the
corridors at lower heights. Additionally, the location within the corridor has an impact on
the temperature distribution. The southern end of the corridor and the second horizontal
intersection on the south side of the corridor are the two positions where the temperature is
higher. In addition, the temperature distribution inside the corridor is completely different
from that on the surface. The high temperature on the surface of the corridor is concentrated
on the north side of the corridor, and the high temperature inside is concentrated on the
south side of the corridor. The humidity distribution in the corridors with various h is
depicted in Figure 4b. At h = 3.2 m and h = 3.7 m, respectively, the humidity levels inside
the corridor are the lowest and highest. Significant differences in humidity regulation are
observed between corridors of varying heights. On the south windward side, there is a
localized high humidity condition, and the quantity of air exchange in the corridor affects
the water vapor content. Water vapor cannot be swiftly released due to the obstruction of
the airflow on the south-windward side.
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The average temperature values of corridors with various h are displayed in Figure 4c.
At h = 3.7 m, the corridor’s temperature is noticeably higher than it is at other heights.
Figure 4d shows that the corridor temperature increases more quickly after 15 s and then
steadily stabilizes after 30 s at h = 3.7 m. In comparison to other corridor heights, the
temperature rises most slowly and steadily at h = 5.2 m after 15 s. As a result, corridors with
lower heights are more vulnerable to the greenhouse effect, which causes temperatures
to rise more quickly between 15 and 25 s. When h = 5.2 m, the corridor height is close to
the greenhouse height, and the temperature rise is slower. This phenomenon is caused
by the fact that the optical thickness of the corridor decreases with height, increasing the
amount of short-wave radiation absorbed by the walls and ground, which has a higher
absorption rate. Both experience a faster rise in temperature, which results in more long-
wave radiation being emitted and absorbed by greenhouse air. Convective heat transfer
allows for a larger temperature differential between the air and its surface, which facilitates
the easier extraction of energy. On the contrary, the rate of temperature rise is relatively
small. But when h = 3.2 m, the final corridor temperature is lower, which is the goal pursued
by corridor ventilation. It is worth noting that the average body temperature (Figure 4d) is
higher than the average temperature obtained by sampling (Figure 4c). This is caused by
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the discrete radiation model’s high temperature on the corridor’s semi-transparent surface,
so a thorough examination of both is needed.

3.1.2. Corridor Width

At a height of h = 4.2 m, Figure 5a displays the temperature distribution of corridors
with varying widths. A combination of top and bottom ventilation is used. The temperature
is generally higher and varies greatly when w = 4 m. For the 5 and 6 m wide corridors,
there are variations in the quantity of anomalous data points as well as in the stability of
temperature data. The overall uniformity and temperature distribution are better in the 7 m
corridor. From Figure 5b, during 0~10 s, the influence of corridor width on the temperature
field is essentially the same. At different times, the influence of w on the temperature field
exhibits distinct patterns. Corridors with varying widths may affect the temperature field
similarly in short times, but certain widths of corridors may see minor or large temperature
increases in particular times. A corridor of w = 5 m is the most appropriate, considering
both the ventilation impact and construction cost.
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3.2. Effect of Corridor Window Openings on the Ventilation Effect
3.2.1. Distribution of Ventilation Openings

Figure 6 illustrates the impact of various window distributions on the corridor’s
temperature at h = 4.2 m and w = 5 m. It goes without saying that opening the top window
alone has much less of a cooling effect than opening the bottom window alone and opening
the top and bottom windows at the same time. Furthermore, the temperature drop rate is
noticeably faster when the top and bottom windows are opened at the same time.
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The corridor temperature and its variations over time under various ventilation meth-
ods are displayed in Figures 7a and 7b, respectively, to further compare their cooling effects.
The average temperature determined at various points during a 40 s corridor ventilation
period is displayed in Figure 7a. The corridor with only the top window open currently has
the lowest and most consistent temperature. This may be because the hot air is effectively
expelled from the corridor at this time. However, since this is an immediate effect, it does
not follow that simply opening the top window for ventilation is preferable. The average
temperature is highest but the temperature distribution within the corridor is more uniform
when only the bottom window is open. Extremely low temperatures occur when the
bottom and top windows are open at the same time, creating the most uneven temperature
distribution in the corridor. This represents that the airflow inside the corridor is the most
intense under this ventilation method.
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Figure 7b shows the trend of the average body temperature of the corridor over
time under different ventilation methods. Compared to the other two methods, the top
ventilation method has the slowest cooling rate. The ventilation effect of only opening the
top window is poor and cannot effectively reduce the corridor temperature. Within the
first 15 s, the cooling rate of combined ventilation is faster than that of bottom ventilation.
When the bottom and top windows are opened simultaneously, it can lower the corridor
temperature faster. However, combined ventilation may lead to temperature rise, while
bottom ventilation may have a better cooling effect throughout the entire process. Therefore,
when designing and managing corridors, it is necessary to comprehensively consider the
characteristics of different window opening methods and choose appropriate ventilation
strategies to achieve the best temperature regulation effect.

3.2.2. Thermal Ventilation and Chimney Effect

A reduction in indoor pressure results from the easier expulsion of hot air from the
top ventilation window when both the top and bottom windows are open. However, it
cannot be ensured that outdoor air will always enter the room through the bottom window
because of the large scale of the corridor. Figure 8 illustrates the analysis of the airflow
direction at the window for this purpose. The air in the bottom window primarily flows
into the corridor, while the air in the top window primarily flows out of the corridor,
according to the proportionate distribution of air flow velocity. This indicates that thermal
ventilation and chimney effect are important influencing factors that cannot be ignored in
the ventilation form where the top and bottom windows are opened simultaneously.
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3.2.3. Bottom Window Opening Ratio

As Figure 9a illustrates, the corridor temperature is also affected by the bottom window
opening ratio η. The corridor’s high-temperature zone and overall temperature are at their
highest when η = 10%. In contrast, when η = 30%, 50% and 90%, the high-temperature area
of the corridor decreases, and the highest temperature area usually occurs on the south
side of the corridor. Therefore, a modest opening of the bottom window can lessen the
area that experiences high temperatures, thereby lowering the corridor’s temperature and
increasing comfort. In general, the corridor’s high-temperature region is the smallest and
the temperature distribution is the most consistent when η = 70%. The impact of bottom
window opening on corridor humidity is depicted in Figure 9b. The highest humidity is at
η = 10%. There is little difference in humidity when η is 30%, 50%, 70%, and 90%. Figure 9c
shows that, following 40 s of ventilation, the temperature is lower as the bottom window
opening η is 10% and 90%. The temperature stabilizes and the data are most concentrated
when η = 70%.
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As can be observed from Figure 9d, the temperature is high, the cooling threshold is at
its smallest, and the fluctuations are significant when η = 10%. After 10 s of cooling, the
temperature stops dropping when η = 90% and progressively gets closer to a steady state.
This suggests that the temperature will not drop to its absolute minimum with excessive
ventilation. When η = 30%, 50%, and 70%, the indoor temperature rebounds within 10 s to
30 s. After 30 s, the temperature tends to stabilize, with a lower temperature at η = 70%,
indicating the best ventilation effect.

3.3. Effect of Wind Speed and Direction on the Ventilation Effect
3.3.1. Wind Speed

After determining the optimal parameters of the corridor structure (h = 3.2 m, w = 5 m)
and the ventilation method (top ventilation + bottom ventilation, with η = 70%), this section
analyzes the influence of wind speed and direction on the corridor’s ventilation effect.

Figure 10 illustrates the temperature variations in the corridor under various wind
speed conditions (1.5 m/s, 2 m/s, 2.5 m/s, 3 m/s, and 3.5 m/s) when the solar greenhouse
cluster is exposed to a south wind. Lower wind speeds often achieve better cooling effects,
with lower turbulence intensity at ventilation openings and more stable airflow. Higher
wind speeds increase the flow speed of air, causing heat in the air to be carried away faster.
But currently, the turbulence intensity of the airflow is high, and the indoor air flow is
chaotic, which also easily leads to obstruction of air discharge. Overall, at low wind speeds,
it is still possible to effectively reduce temperature through air flow and achieve good
cooling effects.
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3.3.2. Wind Direction

Figure 11a illustrates how the temperature inside the corridor exhibits a specific trend
as the wind direction gradually varies from the east to the south. When the east and
west winds are blowing downward, the temperature inside the corridor is lower and the
data distribution is more concentrated. The optimal ventilation effect is achieved at this
point because the airflow is perpendicular to the corridor opening and passes straight
through it. When the south wind is blowing downward, the temperature is the highest.
The airflow is parallel to the corridor’s windows, making it difficult for air to enter the
corridor. It is evident from Figure 11b that the trend of temperature variations varies with
wind direction. The trends of the west and east directions almost overlap, suggesting that
these two directions influence temperature regulation in a comparable way. After 10 s, the
decline stops and experiences a brief rebound before continuing to decline again, gradually
increasing after 40 s. The wind direction has a symmetrical effect on corridor ventilation.
The greater the velocity component of the airflow perpendicular to the window, the more
beneficial the ventilation is [31].
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4. Conclusions

(1) A mechanized corridor is beneficial for improving the efficiency of solar greenhouse
clusters, but there may be a phenomenon of concentrated heat distribution. Following
a thorough analysis for ventilation, 3.2 m in height and 5 m in width is the optimal
structure for the corridor;

(2) Bottom + top ventilation, with a 70% bottom window opening ratio, is the optimal
ventilation strategy for the modern solar greenhouse corridor. The combined ventila-
tion method achieves more efficient airflow in the corridor and effectively reduces the
corridor temperature;

(3) The optimal wind speed for the external corridor of a modern solar greenhouse cluster
is 2 m/s, and the optimal wind directions are east and west. The ventilation effect is
significantly enhanced by this wind speed and direction.
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