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Abstract: The installation of successional heating devices in industrial buildings will result in thermal
corridors. To improve the thermal environment in and around these corridors, buoyancy-driven
ventilation is commonly utilized to dissipate heat, which is based on the natural convection design
for buildings. However, the flow and heat exchange patterns of natural convection related to thermal
corridors have not been clearly clarified, and no relevant correlations have been established to quantify
them. The conducted numerical study aimed to analyze the flow and heat transfer characteristics of
natural convection within thermal corridors in industrial buildings. Experimental data were utilized
to validate a computational fluid dynamics (CFD) model developed for this purpose. The study
considered the influence of various parameters on the results obtained. In the side corridor, the
prevalence of reverse flow dominates much of the channel, while in the middle corridor, reverse
flow near the bottom corner is observed. The ambient air temperature significantly impacts the
temperature distribution in both corridors. Increasing the ambient air temperature at the inlet from
22 to 28 ◦C results in a substantial temperature rise within the corridor, by approximately 6–7 ◦C.
When the outlet size is constant and the inlet size drops by 30%, the air temperature in the corridor
increases by 3 ◦C. Finally, correlations were established based on the simulation data to predict the
surface-averaged Nu of the heated wall and the induced mass flow rate,

.
m, of the natural convection.

The correlations have relative errors of less than 16% when compared to the simulation data.

Keywords: industrial buildings; thermal corridors; buoyancy-driven natural ventilation; natural
convection; CFD simulation

1. Introduction

With the advancement of global industrialization there has been a discernible rise in
the number of industrial facilities with high levels of pollution and heat dissipation [1,2].
During the processing of some special productions of these factories, such as sintering,
calcination, and drying, the heating devices are arranged in succession and set off the floor
to form thermal corridors. The description of thermal corridors is shown in Figure 1; the
heat emitted from heating devices is directly released into the surrounding workspace,
leading to thermal accumulation. The indoor thermal environment is usually unacceptable
in such industrial buildings with high-temperature heat devices [3]. Exposure to such
conditions can result in unhealthy symptoms for workers, leading to decreased produc-
tivity [4]. Therefore, it is necessary to take measurements to remove heat from thermal
corridors in industrial buildings.

For the advantages of zero energy consumption and a large ventilation flow rate,
buoyancy-driven ventilation is frequently used in industrial buildings with high-intensity
heat devices and pollution sources [5]. However, buoyancy-driven ventilation is often
unstable and may affect by the opening shape [6], opening location [7,8], opening size [9],
outdoor conditions [10], geometry of the room [11], and the heat source disturbances [12,13].
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Previous studies [14,15] have mainly concentrated on the buoyancy flow driven by heat
devices placed on the ground. Not all heat sources are set on the floor; the kilns, fur-
naces, and hot-rolled steel plates are usually elevated to different levels. Therefore, some
researchers have studied buoyancy flow in ventilated buildings with heat sources at dif-
ferent heights [16,17]. It was concluded that induced thermal flow and ventilation rate
are markedly impacted by the vertical positioning of the heat source [18]. When the heat
source is elevated, the convective heat gain to an occupied area becomes less significant.
When a location of the heat source is higher, a convective heat gain from the heat source to
the lower level decreases significantly, causing a change in temperature distribution and
ultimately reducing the cooling load in that region [19]. Elevation of the heat source causes
a reduction in waste heat entering the operating zone, thereby improving the temperature
in the upper zone of the workshop [20]. To significantly improve the design and operation
efficiency of buoyancy-driven ventilation, it is necessary to understand natural convection
characteristics. Previous research [21] has shown that when the heat sources are placed
off the ground, the natural convection of the thermal corridor can be described as the
natural convection of a channel formed by vertical parallel plates heated symmetrically or
asymmetrically.
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The buoyancy-driven ventilation design in buildings is usually based on the theory
of natural convection. Among them, the natural convection in channel systems is quite
like that in thermal corridors. Many researchers have employed experimental, analytical,
and numerical methods to analyze the thermal and flow behaviors of natural convection in
such systems. The earliest experimental investigation into buoyancy-driven convection
flow in a vertical channel was conducted by Elenbaas in 1942 [22]. This study presented the
thermal characteristics of cooling by free convection and the prediction of the heat transfer
coefficient of the airflow.

Kihm et al. [23] observed that, when parallel, vertical plates heated symmetrically
with a constant surface temperature; reverse flow near the vertical inlet occurred when the
Rayleigh number exceeded a critical value. Habib et al. [24] noted a high-velocity gradient
at the shear layer close to the hot wall and also reported the reverse flow at the center of
the channel near the channel exit. Similarly, Badr et al. [25] demonstrated that the velocity
gradient at the wall increases with increasing channel width and peak velocity close to
each wall. The Nusselt number was correlated in terms of a modified Rayleigh number
and channel aspect ratio. Lewandowski [26] found that the average Nusselt number was a
function of a dimensionless parameter and the Rayleigh number.

In addition, several researchers have investigated that parallel, vertical plates heated
asymmetrically with a constant surface temperature. In theoretical research conducted
by Aung [27], it was found that velocity profiles in the developing regions can become
considerably distorted in mixed convective flows. Kim et al. [28] reported that when both
side walls are heated, reverse flow does not occur at the outlet since the wall temperatures
were higher than the air temperature. Cherif et al. [29] conducted numerical simulations
and presented boundary layers that developed near the heated and adiabatic surfaces of
the two walls in the channel. They found that with an increase in the channel aspect ratio,
the Nusselt number decreases. Fedorov and Viskanta [30] derived an empirical equation for
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the average Nusselt number utilizing the buoyancy force parameter and proposed scaling
relations for induced mass flow rates and average heat transfer. Yilmaz and Fraser [31]
also derived equations that correlated the average Nusselt and Reynolds numbers using
dimensionless parameters. Their results aligned well with the correlation put forth by
Fedorov and Viskanta [30]. Kim [28] established correlations that connected the Nusselt
number to the Rayleigh number and the induced flow rate to a modified Rayleigh number.

Although a previous study focused on the buoyancy ventilation of thermal corridors,
the internal natural convection mechanism related to thermal corridors is not clarified
clearly, and there are no relevant quantitative correlations to characterize them. In addition,
due to different sizes, structures, locations, and scenarios, the existing research conclusions,
or correlations of the channels on natural convection, cannot be directly applied to the
thermal channels of industrial buildings. The natural convection mechanism of the channel
in industrial buildings is unclear, and there is a lack of theoretical support for the design and
control of buoyancy ventilation. Therefore, in this article, numerical studies were developed
for studying the natural convection phenomena of vertical channels in industrial buildings
under asymmetrical and symmetrical heating conditions. Furthermore, correlations for
heat transfer and flow are presented as a function of the modified Rayleigh number and
dimensionless parameters. The results can provide a reliable basis and a good reference for
the future design and buoyancy ventilation analysis of thermal corridors.

This paper is structured into four sections. Section 2 delves into the experimental
model, CFD simulation domain, grid sensitivity, boundary conditions, setup, and validation.
Following that, Section 3.1 compares the effects of different parameters on corridor heat
transfer and flow performance, both numerically and graphically. Section 3.2 introduces
correlations for predicting heat transfer and flow dynamics. Finally, Section 4 summarizes
the main conclusions drawn from the study.

2. CFD Methodology and Validation
2.1. Scaled Experimental Model for Validation

Compared to conducting full-scale experiments, creating scaled experimental models
can offer a flexible solution and save costs and time. For achieving similarity between the
scaled model and the full-scale building, three aspects need to be considered: geometric,
kinematic, and thermal similarities [32]. Geometric similarity can be easily achieved
by uniformly scaling down the linear dimensions of the full-scale building in all three
dimensions. In this study, a scaled model with a reduced scale of 1:20 has been developed
(as illustrated in Figure 2) based on a naturally ventilated prototype building that was
previously investigated in a thermal corridor workshop [21].

To ensure the validity of the results obtained from the scaled experimental model, a
similarity analysis between the scaled model and the prototype building must be conducted.
According to relevant research [33,34], the Reynolds number (Re) and Archimedes number
(Ar) can be used as the similarity criterion. Indeed, achieving complete identity across
all criteria besides the Prandtl number (Pr) is widely acknowledged as impractical. The
Reynolds and Archimedes numbers are nonquantitative due to the uncertain velocity of
free current [35]. Alternatively, the Grashof number (Gr) is an important scaling parameter
combining these two numbers and characterizing the ratio of buoyancy to viscous forces; it
is commonly used to analyze air flows with non-uniform density [36,37].

Gr =
gβ∆Tl3

ν2 (1)

where ν is the kinematic viscosity, m2·s−1; g is the gravity acceleration, m·s−2; β is the
thermal expansion coefficient, 1·K−1; ∆T is the air temperature difference, K; and l is the
characteristic height, m.
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Figure 2. Diagram of scaled experimental model.

However, in practice, it is almost impossible to achieve an identical Grashof number be-
tween the scaled model and the prototype building [38]. Previous pieces of research [39,40]
have suggested that the Grashof number’s critical value can be assumed to vary between
106 and 109, taking the room height into consideration as the characteristic height. In this
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study, with an experimental model height of 0.5 m and a temperature variation of 15 K
to 95 K, the Grashof number for the scaled model falls within the range of 2.3 × 108 to
8.3 × 108. Therefore, for the buoyancy-driven ventilation model examined in this study the
majority of the flow region can be viewed as Grashof number-independent. As a result,
the turbulent viscosity can be utilized as a substitute for the Grashof number since it is
proportional to both velocity and height [41].

νt ∝ ul (2)

(Gr)t ∝
gβ∆Tl

u2 (3)

According to Lu et al. [35], the corresponding similarity conditions can be further
described as Equation (4):

Πl ·Πθ

Π2
u

= 1 (4)

where Πl , Πθ , and Πu represent the contraction ratios for dimension, temperature, and
velocity between the model and prototype. In most cases, Πθ = 1, implying TR = TF and
∆TR = ∆TF, the relationship simplifies to:

Πl

Π2
u
= 1 (5)

uR
uF

=

(
lR
lF

)1/2
(6)

where R refers to the reduced-scale model and F refers to the full-scale building; the model
was developed with lR/lF = 1/20.

Figure 2 depicts the scaled building, and air is used as the working fluid. The en-
closure structure comprised a metal sandwich plate; the ground was designed to be ap-
proximately adiabatic. The building model had dimensions of 2.5 m × 0.75 m × 0.5 m
(length × width × height). There were two air inlets located at floor level along the façades,
and two air outlets situated at the roof level. All these openings measured 2.5 m × 0.075 m
(length × width). The heating plants were positioned 0.05 m above the floor level. The
geometric conditions are summarized in Table 1.

Table 1. Experimental model geometric parameters.

Name Details

Dimensions of the experiment scaled-model, L × W × H 2.5 m × 0.75 m × 0.5 m
Dimensions of the heating plants, lH × wH × hH 2.5 m × 0.15 m × 0.2 m
Dimensions of the air openings, li × wi/lo × wo 2.5 m × 0.075 m

Width of the side corridor, ws 0.1 m
Width of the middle corridor, wm 0.25 m

Distance from the heating plants bottom to ground, HH 0.05 m
Distance from the inlet opening bottom to ground, Hi 0 m

Centre spacing of the outlet openings, Xo 0.325 m

Temperature measurement of the air was carried out using a K-type thermocouple
and an Agilent 34980 data collector (Agilent Technologies, Santa Clara, CA, USA), with a
measurement accuracy of ±0.5 ◦C and a time interval of 5 min. Nine thermal recorders
were placed along a vertical axis, each positioned in the middle of the corridors, measuring
temperatures within a height range of 0.05 m to 0.25 m, at 0.05 m intervals. The inlet and
outlet opening velocities were determined using a Swema 3000 + SWA03 wind-speed probe,
with a measurement accuracy of ±0.03 m/s and a time interval of 5 min.

Following the CFD validation, a parametric analysis is conducted to understand the
impact of various geometric, heat transfer, and flow parameters on the convective heat
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transfer of the corridor. The variables considered in this paper include heating plant surface
temperature, outdoor air temperature, heating plant sizes, air inlet and outlet sizes, and
Rayleigh number. The simulation range for the variables considered is summarized in
Table 2.

Table 2. Variables examined in the CFD simulation.

Parameter Range

Heating plants surface temperature, Tw 40–120 ◦C
Outdoor air temperature, T∞ 21–31 ◦C
Air inlet/outlet area, Ai, Ao 0.125–0.2625 m2

Width of the heating plant, wH 0.1–0.3 m
Height of the heating plants, hH 0.05–0.175 m

Rayleigh number, Ra 4 × 106, 4 × 107

2.2. Governing Equations

The commercial software ANSYS Fluent (version 17.0) was employed to conduct the
CFD simulation. To simplify the calculation process, the CFD simulation assumes three-
dimensional, constant fluid properties, fully turbulent, incompressible flow, and steady
flow, neglecting viscous dissipation. The equations describing air velocity and temperature
in three dimensions under steady-state conditions, assuming constant thermal properties,
incompressibility, and non-viscous dissipation, can be expressed as follows [42,43].

Continuity equation:
∂(ρui)

∂xi
= 0 (7)

Momentum equation:

∂
(
ρuiuj

)
∂xi

= − ∂ρ

∂xj
+

∂

∂xj

(
µ

(
∂ui
∂xj

+
∂uj

∂xi

)
− ρu′

Iu
′
J

)
+ ρβ(T − T0)gi (8)

Energy equation:

∂(ρuiT)
∂xi

=
1
cp

∂

∂xj

(
λ

∂T
∂xi

)
+

∂

∂xj

(
−ρu′

J T
)

(9)

where T0, β, and u′
J T represent the operation temperature, thermal expansion coefficient,

and turbulent heat flux, respectively. The constant values for various governing equations
can be determined using these expressions [44].

The realizable k-ε model was selected for all sets of simulations in this study for
better simulation results under high-temperature buoyant effects conditions [45]. The air is
treated as incompressible, with density variation effects addressed through the Boussinesq
approximation [46]. Consideration radiation effects, the air was assumed to be transparent
to radiation [47]. The surface-to-surface (S2S) radiation model, which relies on the view
factor affected by size, distance, and orientation [48], was applied in this study to calculate
radiative heat transfer.

2.3. Computational Grids and Boundary Conditions

Figure 3 displays the computational domain, which corresponds to the experimental
model geometry. To precisely depict the natural convection in thermal corridors, an
enhanced wall treatment approach, which merges a two-layer model with enhanced wall
functions, is utilized. For accurate simulation of the near-wall region, it is important to
ensure that the dimensionless wall distance, y+, is close to 1 [49]. To achieve this, a high
cell density is required in the near-wall region. The mesh employed for this study was
generated using ICEM CFD 15.0 software. Structured mesh elements are employed to
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discretize the entire computational domain, as depicted in Figure 4. The grid is refined in
proximity to the heating plants and air openings to capture significant gradients in this area.
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Figure 4. Computational grid.

The grid-independent test is crucial in numerical simulations to ensure that the results
are not sensitive to changes in mesh size. The test is performed based on the dimensionless
axial temperature along the middle corridor by varying grid sizes from 0.42 million to
0.95 million, as shown in Figure 5. The dimensionless temperature is expressed as:

θ =
T − T∞

Tw − T∞
(10)

where T is the measured air temperature of the corridor, ◦C; Tw is the surface temperature
of heating plants, ◦C; and T∞ is the outdoor air temperature, ◦C.



Buildings 2024, 14, 1406 8 of 25

Buildings 2024, 14, x FOR PEER REVIEW 8 of 26 
 

 

 
(c) Global mesh 

Figure 4. Computational grid. 

The grid-independent test is crucial in numerical simulations to ensure that the re-
sults are not sensitive to changes in mesh size. The test is performed based on the dimen-
sionless axial temperature along the middle corridor by varying grid sizes from 0.42 mil-
lion to 0.95 million, as shown in Figure 5. The dimensionless temperature is expressed as: 𝜃 = 𝑇 − 𝑇ஶ𝑇௪ − 𝑇ஶ (10)

where T is the measured air temperature of the corridor, °C; Tw is the surface temperature 
of heating plants, °C; and T∞ is the outdoor air temperature, °C. 

 
Figure 5. Grid-sensitivity test. 

The results demonstrate that as the number of mesh elements increases from 0.42 
million to 0.74 million, there is a significant fluctuation in air temperature. The mesh num-
ber increases from 0.74 million to 0.95 million, and the percentage error is below 5%. As a 
result, a mesh comprising 0.74 million elements was preferred for simulation, which can 
reduce computing time and maintain simulation accuracy. The minimum and maximum 
grid sizes are 0.9 mm and 17 mm, respectively, with a growth rate not exceeding 1.2. In 
the near-wall region, the surface-averaged y+ is around 1 and the maximum value is below 3. 

Table 3 summarizes the boundary conditions of the CFD model used in the simula-
tion. The solid surfaces were assumed to have a no-slip condition, while the floor of the 

Figure 5. Grid-sensitivity test.

The results demonstrate that as the number of mesh elements increases from 0.42 million
to 0.74 million, there is a significant fluctuation in air temperature. The mesh number
increases from 0.74 million to 0.95 million, and the percentage error is below 5%. As a
result, a mesh comprising 0.74 million elements was preferred for simulation, which can
reduce computing time and maintain simulation accuracy. The minimum and maximum
grid sizes are 0.9 mm and 17 mm, respectively, with a growth rate not exceeding 1.2. In the
near-wall region, the surface-averaged y+ is around 1 and the maximum value is below 3.

Table 3 summarizes the boundary conditions of the CFD model used in the simulation.
The solid surfaces were assumed to have a no-slip condition, while the floor of the workshop
and the bottom of the heating plants were set to be adiabatic. As for the workshop’s ceiling
and side walls, the convection boundary type was utilized along with the heat transfer
coefficient and ambient temperature boundary conditions [50]. The overall heat transfer
coefficient is 0.8 W/(m2·K), and the heat transfer coefficient on the outer surface of the
walls is 20.9 W/(m2·K) [51]. A constant wall temperature was applied to the top and side
surfaces of the heating plants. Heat transfer due to radiation was accounted for using a
constant emissivity value of 0.85 [46,52,53]. Initially, the outdoor air temperature was set
at 25 ◦C and the heating plant temperature at 80 ◦C. For modelling the buoyancy-driven
flow within the corridor, all inlet and outlet openings were designated as pressure inlet and
outlet [54], respectively, with their values set at 0 Pa.

Table 3. Boundary conditions.

Description of the Area Type Boundary Conditions

Building walls and roof Wall

Overall heat transfer coefficient: 0.8 W/(m2·K),
heat transfer coefficient in the outer surface of the walls: 20.9 W/(m2·K),

temperature: 25 ◦C,
emissivity: 0.85

Building floor Wall Adiabatic
Heating plant
(top and side) Wall Temperature: 80 ◦C, emissivity: 0.85

Air inlet Pressure inlet Temperature: 25 ◦C, pressure: 0 Pa
Air outlet Pressure outlet Temperature: 25 ◦C, pressure: 0 Pa

2.4. Solver Schemes and Model Validation

Pressure interpolation was achieved using the QUCK scheme, and the SIMPLE algo-
rithm was employed to handle the velocity–pressure coupling [55]. The energy, momentum,
k, and ε equations were all calculated using a second-order upwind scheme [56]. The pres-
sure term was discretized using the Body Force Weighted algorithm. The numerical
solutions were considered to be converged when the relative residual of energy was not
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greater than 10−6 and the relative residual of the two iterations of variables were lower
than 10−3 [57].

Simulation results were compared with the experimental data to validate the numerical
model using dimensionless velocity and dimensionless temperature (Equation (10)). The
dimensionless velocity is expressed as:

U =
ul
α∞

(11)

where u is the measured air velocity, m·s−1; l is the channel height, m; and α∞ is the thermal
diffusivity, m2·s−1.

As illustrated in Figure 6a, increasing the heating plants’ temperature led to an increase
in both inlet and outlet dimensionless velocities. Moreover, the dimensionless velocity
at the outlet was consistently greater than at the inlet. Figure 6b,c shows the vertical
dimensionless temperature of the side corridor fluctuates slightly, with lower temperature
at the bottom and higher temperature in the upper area. The vertical dimensionless
temperature of the middle corridor is more stable and basically constant. In general, the
side corridor temperature is lower than the middle corridor temperature. The maximum
relative errors for dimensionless velocity and dimensionless temperature are 8.1% and 4.5%,
respectively. The discrepancies may stem from experimental errors, particularly in heat
generation [43]. Despite implementing protective measures, thermocouple measurements
can be affected by radiative exchanges with the ambient environment when used in high-
temperature heat sources, with an error of up to 1% within the temperature range from 20
to 200 ◦C [58].
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In our simulation validation, dimensionless velocity and dimensionless temperature
are not directly measured but derived as functions of other directly measured variables.
Each measured variable demonstrates random variability, referred to as “uncertainty”, for
each device. To assess the uncertainty of the calculated data due to error propagation, we
utilized the method introduced by Zhang et al. [59]. The following equation is used to
determine the uncertainty of the calculated parameters:

U2
Y = ∑i

(
∂Y
∂Xi

)2
U2

Xi
(12)

Here, UY is the uncertainty associated with the variable Y and UXi are the uncertainties
associated with each measured variable Xi. Assuming constant thermophysical proper-
ties, the resulting uncertainties associated with dimensionless velocity and dimensionless
temperature measurements were ±4.65% and ±3.96%, respectively. Overall, the variance
between the measured and simulated values in the corridor is not extremely high and could
be deemed acceptable.

3. Results and Discussion
3.1. Temperature and Velocity Distribution Investigations
3.1.1. Side Corridor

To visualize the effect of different parameters on thermal fields, Figure 7 shows
isotherms plotted at various conditions. Given that indoor temperature control targets for
industrial buildings usually do not exceed 35 ◦C, we have set the temperature legend to
this maximum value. Figure 7a–c illustrate the thermal contours inside the corridor for
different surface temperatures of the heating plant. It van be observed that the heating
plant temperature mainly influences the air temperature in the middle-upper area, while
the lower working area remains close to the air inlet. When the surface temperature of
the heating plants is increased from 60 to 100 ◦C, the air temperature in the side corridor
increases by approximately 1 ◦C. In Figure 7a,d,e, the ambient air temperature shows a
significant impact on the temperature distribution of the entire corridor. Increasing the
ambient air temperature of the inlet from 22 to 28 ◦C results in a substantial increase in the
side corridor temperature, by approximately 6 ◦C. Figure 7a,f,g compare the geometry of
the inlet and outlet, showing that the size of the outlet has less effect on the temperature
distribution of the side corridor, with only a 1 ◦C temperature difference. However, when
the outlet size is constant and the inlet size drops by 30%, the air temperature in the
side corridor increases by 3 ◦C. Figure 7a,h–k describe a comparison of the geometry
of the heating plants, demonstrating how the waste heat in the corridor changes with
the size of the heating plants. Additionally, it can be noted that when the height of the
corridor increases, hot air cannot be easily discharged, which can reduce the efficiency of
the buoyancy ventilation system.

The velocity patterns obtained with different parameters are presented in Figure 8.
The velocity at the location of the inlet and near the wall of the heat source is approximately
four times higher than in other locations within the corridor. This indicates localized
areas of higher airflow. Figure 8a–c demonstrate that the temperature of the heat source
mainly affects the inlet velocity of the side corridor and the airflow velocity near the
wall of the heat source. Similarly, the ambient air temperature exhibits a similar trend.
With the decrease of inlet size, the velocity of the main flow in the side corridor increases
significantly. Figure 8a,h–k imply that reducing the heating plant height weakens the total
heat transfer in the corridor, leading to a decrease in flow velocity. As the corridor widens,
the descending flow increases, and the flow can be trapped by a return flow and zone of
depression. The flow pattern of the side corridor, which can be seen as a heated asymmetric
channel, is summarized in Figure 9.
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Figure 7. Distribution of temperature at x = 1/2L of the side corridor. Simulation settings: (a) standard
case: Tw = 80 ◦C, T∞ = 25 ◦C, Ao = 0.1875 m2, Ai = 0.1875 m2, ls = 0.2 m, ws = 0.1 m; (b) Tw = 60 ◦C;
(c) Tw = 100 ◦C; (d) T∞ = 28 ◦C; (e) T∞ = 22 ◦C; (f) Ao = 0.125 m2; (g) Ai = 0.125 m2; (h) ls = 0.1 m;
(i) ls = 0.3 m; (j) ws = 0.05 m; (k) ws = 0.15 m; (l) sketch of the side corridor.
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Figure 8. Distribution of streamlines at x = 1/2L of the side corridor. Simulation settings: (a) standard
case: Tw = 80 ◦C, T∞ = 25 ◦C, Ao = 0.1875 m2, Ai = 0.1875 m2, ls = 0.2 m, ws = 0.1 m; (b) Tw = 60 ◦C;
(c) Tw = 100 ◦C; (d) T∞ = 28 ◦C; (e) T∞ = 22 ◦C; (f) Ao = 0.125 m2; (g) Ai = 0.125 m2; (h) ls = 0.1 m;
(i) ls = 0.3 m; (j) ws = 0.05 m; (k) ws = 0.15 m.
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Figure 9. Reverse flow on the cold wall from a horizontal inlet under asymmetric heating.

The velocity and temperature profiles within the asymmetric corridor are notably
influenced by varying the Rayleigh number (Ra). For this study, two different Rayleigh
numbers were investigated using the numerical model, with Ao/Ai = 1 and ls/ws = 2, at dif-
ferent sections of the side corridor, z/ls = 0%, 25%, 50%, 75%, and 100%. Figures 10 and 11
display the dimensionless temperature and velocity at various y/ws, beginning at y/ws = 0
for the cold wall and ending at y/ws = 1 for the heated wall.

With an increase in Rayleigh number, a fully developed heat transfer flow at the
export is assumed, and the corridor exit temperature reaches its maximum. The lower
Rayleigh number corresponds to lower air temperatures in the side corridor. From the inlet
towards the downstream of the corridor, the peak velocity value increases gradually. In the
central mainstream area of the side corridor (y/ws = 0.2–0.85), apparently the lower Raleigh
number has the faster flow speed; and under the same Ra circumstances the velocity values
decrease with an increase in position height.
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Figure 10. Temperature profiles along the side corridor at x = 1/2L of different sections.
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Figure 11. Velocity profiles along the side corridor at x = 1/2L of different sections.

3.1.2. Middle Corridor

Figure 12 presents the temperature distributions in the middle corridor for various
parameters, such as temperature, air opening size, and heating plants geometry. The air
within the middle corridor exhibits a more stable, elevated temperature relative to that
present in the side corridor. As shown in Figure 12a–c, when the surface temperature of the
heating plants is increased from 60 to 100 ◦C, the air temperature in the middle corridor
increases by approximately 2 ◦C. However, when the ambient air temperature of the inlet is
increased from 22 to 28 ◦C, there is a substantial increase in middle corridor temperature, by
approximately 7 ◦C. When the inlet size is kept constant and the outlet size drops by 30%,
the air temperature in the middle corridor increases slightly. Conversely, when the outlet
size is constant and the inlet size drops by 30%, the air temperature in the middle corridor
increases by 3 ◦C. Comparing the effect of heating plant geometry on corridor temperature,
it can be observed that different sizes of heating plants result in a small variation in corridor
temperature, with changes of no more than 2 ◦C.

Figure 13 provides insight into the streamlines and velocity fields under various
parameters. Notably, the overall velocity difference in the middle corridor appears smaller
compared to that in the side corridors, indicating relatively uniform airflow. The air velocity
in the middle corridor seems primarily influenced by outdoor temperature, with other
parameters having a lesser impact. Theoretically, the temperature and velocity distributions
in the middle corridor should be symmetric under symmetrical parameter arrangements.
However, deviations from this expected outcome can occur, particularly when the outdoor
temperature is lower. This phenomenon is often observed in steady natural convection
flows in a horizontal channel containing isothermal heating rectangular blocks [60–62].
When the Rayleigh number (Ra) changes, the flow regime becomes unsteady, characterized
by sustained periodic oscillations. An increase in Ra to a certain extent can indeed lead to
dissymmetrical flow patterns. Ideally, the flow pattern of the middle corridor, resembling a
heated symmetric channel, is succinctly summarized in Figure 14. In configurations with
symmetric heating plants, the streamlines remain parallel to the wall, suggesting fully
developed flow within the central zone.

The current numerical simulation was conducted for two Raleigh numbers, with
Ao/Ai = 1 and ls/ws = 2 at different sections of the middle corridor, z/ls = 0%, 25%, 50%, 75%,
and 100%. Temperature and velocity profiles are illustrated in Figures 15 and 16. The tem-
perature profiles become mainly horizontal and reach a minimum value at y/wm = 0.4–0.6,
indicating that the working zone should be set up in this area for better thermal comfort
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effect. For high Raleigh numbers, the temperature profiles become more uniform, indicat-
ing that the flow inside the corridor is stable. Figure 16b indicates the peak velocity for
high Raleigh numbers is much higher. The conclusion is consistent with the low Raleigh
number case (Ra = 4 × 106), but at high Raleigh numbers (Ra = 4 × 107) the fluid starts to
become disturbed and disorderly.
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Figure 12. Distribution of temperature at x = 1/2L of the middle corridor. (a) standard case:
Tw = 80 ◦C, T∞ = 25 ◦C, Ao = 0.1875 m2, Ai = 0.1875 m2, ls = 0.2 m, wm = 0.25 m; (b) Tw = 60 ◦C;
(c) Tw = 100 ◦C; (d) T∞ = 28 ◦C; (e) T∞ = 22 ◦C; (f) Ao = 0.125 m2; (g) Ai = 0.125 m2; (h) ls = 0.1 m;
(i) ls = 0.3 m; (j) wm = 0.15 m; (k) wm = 0.35 m; (l) sketch of the middle corridor.
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Figure 14. Reverse flow on the heated walls under symmetric heating.
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Figure 15. Temperature profiles along the middle corridor at x = 1/2L of different sections.
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Figure 16. Velocity profiles along the middle corridor at x = 1/2L of different sections.

3.2. Correlations for Heat Transfer and Flow Prediction
3.2.1. Side Channel

Based on the results of the simulations, the natural convection characteristics of the side
corridor are quite like those of vertical heated channels. As a result, this section presents
the semi-empirical correlations for both the average wall heat transfer, Nus, and induced
mass flow rate,

.
ms, of the side channel. Figure 17 depicts a schematic of the problem.
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Figure 17. Schematic of flow in the side channel.

The side channel was composed of one exterior wall and one isothermal vertical
heating plate, with height, l, spaced at a distance, ws. Several parameters were considered:
the channel size, the inlet vents size, and the characteristic temperature. Since air does
not act as an absorptive or emitting medium for the temperature range, radiation loss was
calculated separately.
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To generate generalizable heat transfer results, the surface-averaged Nusselt number
along the heated wall is defined as follows:

Nus =
hsl
λ

(13)

hs =
qcv,s

Tw − T∞
(14)

where qcv,s is the heat flux of convective heat transfer in the side channel, W·m−2; hs is
the convective heat transfer coefficient, W·m−2·◦C−1; Tw and T∞ are the heated plates
temperature and ambient air temperature, respectively, ◦C.

In free-convection flow, the buoyant potential is balanced by the buoyant potential
expressible as

dP
dx

| buoy =
(

ρ f − ρ∞

)
g = −ρβg

(
Tf − T∞

)
(15)

An energy balance is attained when the heat transferred from the isothermal wall is
equal to that absorbed in the flow, which can be expressed as follows:

.
mscpl

(
Tf − T∞

)
= hs

(
Tw − Tf

)
(16)

where
.

ms is the flow rate in the side channel, kg·(m·s)−1; Tf is the fluid temperature of the
side channel, ◦C.

Previous studies [26,28,30,31,63–65] on natural convective characteristics have clarified
that the surface-averaged Nusselt number can be expressed using the formula ‘Ran’ + dimen-
sionless. Additionally, formulas for the flow rate can be constructed using the formula
‘RaN × PrM’ + dimensionless coefficients, as depicted below:

Nu = c(Ra)n (17)

.
m = C(Ra)N PrM (18)

where Ra = Gr·Pr, Gr = gβ△Tl3

υ2 = gβ(Tw−T∞)l3

υ2 , Pr = v
α .

To evaluate the influence of channel aspect ratio, ws/l, on the results, for the uniform
wall temperature the following Rayleigh number is used:

Ras
∗ = Ras · (ws/l) =

gβ(Tw − T∞)l3(ws/l)
αν

(19)

Thus, the empirically correlation of Nusselt number and induced mass flow rate for
the side channel can be estimated from

Nus = a1

(
Ai
Ao

)b1

(Ra∗s )
c1 (20)

.
ms = a2

(
Ai
Ao

)b2

(Ra∗s )
c2 Prd2 (21)

In these two equations, the values of a1, b1, c1, a2, b2, c2, and d2 can be determined by
fitting the data extracted from simulation results. Following this idea, it can be proposed
for Nus (for 3.6 × 106 ≤ Ras* ≤ 3.4 × 107):

Nus = 0.7627
(

Ai
Ao

)−0.0383

(Ra∗s )
0.25 (22)

For
.

ms, the following correlations can be proposed:
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When Ai/Ao < 1:

.
ms = 0.00356

(
Ai
Ao

)0.3397

(Ra∗s )
0.2Pr0.3 (23)

When Ai/Ao > 1:

.
ms = 0.00158

(
Ai
Ao

)−0.3126

(Ra∗s )
0.25Pr0.3 (24)

When Ai/Ao = 1:
.

ms = 5.2165 × 10−7(Ra∗s )
0.7245Pr0.3 (25)

The application scope of the mentioned correlations (Equations (22)–(25)) is limited
by the followings: 0.5 ≤ Ai/Ao ≤ 4.0, 3.6 × 106 ≤ Ras* ≤ 3.4 × 107. With the same set of
parameters, the surface-averaged Nus and induced flow rate,

.
ms, from correlations together

with the simulation data are compared in Figure 18.
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.

ms, of the side channel between simulations and correlations.

Figure 18 compares the surface-averaged and induced mass flow rate from the semi-
empirical correlations with the simulation data for the side channel. The comparison shows
good agreement, with relative errors from the correlations being less than 5% in most cases
and the maximum relative deviation being less than 10%. The maximum relative deviation
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is 12%. Therefore, these correlations can be reliably used to describe convective exchange
in the side channel under their validity conditions.

3.2.2. Middle Channel

Similarly, the semi-empirical correlations for surface-averaged Num and induced mass
flow rate,

.
mm, of the middle channel are concluded in this section. Figure 19 depicts a

schematic of the problem. The middle channel consists of two isothermal vertical heating
plates with a height l, situated at a distance of wm from each other.
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Referring to the previous work of the side channel, the energy balance can be ex-
pressed as

.
mmcpl

(
Tf − T∞

)
= 2hm

(
Tw − Tf

)
(26)

where
.

mm is the flow rate in the middle channel, kg·(m·s)−1; hm is convective heat transfer
coefficient of middle channel, W·m−2·◦C−1.

Like side channel, the empirical correlation of Nusselt number and induced flow rate
for the middle channel can be estimated from

Num = a3

(
Ai
Ao

)b3

(Ra∗m)
c3 (27)

.
mm = a4

(
Ai
Ao

)b4

(Ra∗m)
c4 Prd4 (28)

where Ra∗m = Ram · (wm/l) = gβ(Tw−T∞)l3(wm/l)
αν .

In these two equations, the values of a3, b3, c3, a4, b4, c4, and d4 can be determined by
fitting the data extracted from simulation results. Following this idea, the following can be
proposed for Num (for 3.6 × 106 ≤ Ram* ≤ 3.4 × 107):

Num = 0.4737
(

Ai
Ao

)0.0056

(Ra∗m)
0.25 (29)

For
.

mm, the following correlations can be proposed:
When Ai/Ao ̸= 1:

.
mm = 0.00344

(
Ai
Ao

)−0.2968

(Ra∗m)
0.245Pr0.3 (30)

When Ai/Ao = 1:
.

mm = 0.3702 × 10−9(Ra∗m)
1.1677Pr0.3 (31)
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The application scope of the mentioned correlations (Equations (29)–(31)) is limited
by the followings: 0.5 ≤ Ai/Ao ≤ 4.0, 3.6 × 106 ≤ Ram* ≤ 3.4 × 107. Using the same set of
parameters, a comparison is conducted between the simulations and correlations.

Figure 20 displays a comparison between the surface-averaged Num and induced
flow rate,

.
mm, obtained from the semi-empirical correlations and numerical simulation

data. The figures demonstrate good agreement between the correlations and the numerical
results. In most cases, the relative errors of Num from semi-empirical correlations are less
than 5% and the maximum relative devotion is less than 10%. Additionally, the relative
errors of

.
mm from semi-empirical correlations are less than 10% and the maximum relative

devotion is less than 16%. It can be seen that when Ai/Ao > 1 is greater than 1, the accuracy
of flow rate prediction may be compromised due to its strong dependence on the inlet area,
particularly when the inlet area significantly exceeds the outlet area. However, over 80% of
the predicted results have an error within 15%, which closely aligns with the fitting results
of relevant studies [66,67] and is considered acceptable. Therefore, within their validity
conditions these correlations can correctly describe the convective exchange in channel.

Buildings 2024, 14, x FOR PEER REVIEW 21 of 26 
 

 

less than 5% and the maximum relative devotion is less than 10%. Additionally, the rela-
tive errors of 𝑚ሶ  from semi-empirical correlations are less than 10% and the maximum 
relative devotion is less than 16%. It can be seen that when Ai/Ao > 1 is greater than 1, the 
accuracy of flow rate prediction may be compromised due to its strong dependence on 
the inlet area, particularly when the inlet area significantly exceeds the outlet area. How-
ever, over 80% of the predicted results have an error within 15%, which closely aligns with 
the fitting results of relevant studies [66,67] and is considered acceptable. Therefore, 
within their validity conditions these correlations can correctly describe the convective 
exchange in channel. 

 
(a) Variations of the Ram* for 𝑁𝑢തതതത(correlation 22) (b) Variations of the Ai/Ao for 𝑁𝑢തതതത(correlation 22) 

 
(c) Variations of the Ram* for 𝑚ሶ (correlation 24) (d) Variations of the Ai/Ao for 𝑚ሶ (correlation 23) 

Figure 20. Comparison of surface-averaged 𝑁𝑢തതതത of the heated vertical plate and induced flow rate, 𝑚ሶ , of the middle channel between simulations and correlations. 

4. Conclusions 
The understanding of flow and heat exchange patterns in natural convection within 

thermal corridors remains unclear. This paper addresses this gap by investigating the nat-
ural convection characteristics of air on vertical plates within industrial building corridors, 
under both symmetric and asymmetric heating conditions. The goal is to improve the 
thermal environment within and around these corridors, thereby aiding in the design of 
industrial buildings equipped with buoyancy-driven ventilation systems. 
(1) In the side corridor, the prevalence of reverse flow dominates much of the channel, 

leading to an uncomfortable thermal environment within the working zone. The am-
bient air temperature significantly influences the temperature distribution through-
out the entire corridor. Increasing the ambient air temperature at the inlet from 22 to 

Figure 20. Comparison of surface-averaged Num of the heated vertical plate and induced flow rate,
.

mm, of the middle channel between simulations and correlations.

4. Conclusions

The understanding of flow and heat exchange patterns in natural convection within
thermal corridors remains unclear. This paper addresses this gap by investigating the natu-
ral convection characteristics of air on vertical plates within industrial building corridors,
under both symmetric and asymmetric heating conditions. The goal is to improve the
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thermal environment within and around these corridors, thereby aiding in the design of
industrial buildings equipped with buoyancy-driven ventilation systems.

(1) In the side corridor, the prevalence of reverse flow dominates much of the channel,
leading to an uncomfortable thermal environment within the working zone. The am-
bient air temperature significantly influences the temperature distribution throughout
the entire corridor. Increasing the ambient air temperature at the inlet from 22 to 28 ◦C
results in a substantial temperature rise in the side corridor, by approximately 6 ◦C.

(2) In the middle corridor, the occurrence of reverse flow near the bottom corner is
noted, while the air within the middle corridor exhibits a more stable yet elevated air
temperature. The ambient air temperature at the inlet plays a significant role in the
middle corridor’s thermal environment, while the surface temperature of the heating
plants has a lesser impact. When the outlet size remains constant and the inlet size
decreases by 30%, the air temperature in the middle corridor increases by 3 ◦C.

(3) The Rayleigh number significantly affects heat transfer and flow. For high Rayleigh
numbers, the steady flows become disturbed and disorderly in the middle corridor.
The peak velocity near the heated walls is substantially enhanced for a higher Rayleigh
number. As the Rayleigh number increases, the peak sharpens and shifts towards the
heated wall, signifying a rapid acceleration of the air in proximity to the heated wall.

(4) Through theoretical analysis and the fitting of simulation results, semi-empirical
correlations have been established to describe the surface-averaged Nu of the heated
wall as a function of the inlet-to-outlet area ratio and modified Rayleigh number and
the induced mass flow rate,

.
ms, of the channel as a function of the inlet-to-outlet area

ratio, modified Rayleigh number, and Prandtl number. These correlations displayed
favorable consistency with simulation results, with maximum relative errors of less
than 16%.

Notwithstanding, our work is still incomplete and requires further refinement. Future
studies will focus on addressing the following: (1) The geometry of the building may
influence convective heat exchange within the corridor. Therefore, further investigations
need to consider the building’s size, such as its width-to-height ratio or length-to-width
ratio. (2) Parameter analysis using a reduced-scale model may yield different results
compared to a full-scale building. Future work will entail conducting a study at a full-scale
to achieve a better thermal environment within the corridor. (3) The correlations of the
air temperature and velocity of the working zone for symmetric or asymmetry heating
plants have not been developed. Further studies should investigate these correlations on
the convective heat transfer and flow of the channel.
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Nomenclature

cp Heat capacity of the air, J·(kg·K)−1

L Workshop length, m
W Workshop width, m
H Workshop height, m



Buildings 2024, 14, 1406 22 of 25

li Inlet length, m
wi Inlet height, m
lo Outlet length, m
wo Outlet width, m
lH Heating plant length, m
wH Heating plant width, mf
hH Heating plant height, m
HH Distance from the bottom of heating plant to the ground, m
Hi Distance from the bottom of inlet to the ground, m
Xo Distance between the center of two outlets, m
ws Side channel width, m
wm Middle channel width, m
l Channel height, m
Ai Inlet area, m2

Ao Outlet area, m2

u Air velocity, m·s−1

T Temperature, ◦C
∆T Temperature difference, ◦C
.

m Mass flow rate, kg·(m·s)−1

h Heat transfer coefficient, W·(m2·K)−1

qcv Heat flux of convective heat exchange, W·m−2;
U Dimensionless velocity, U = ul

α∞

Nu Nusselt number, Nu = hl
λ

Pr Prandtl number, Pr = ν
α

Gr Grashof number, Gr = gβ∆Tl3

ν2

Ra Rayleigh number, Ra =
gβ∆Tl3

αν

Ra* Modified Rayleigh number, Ra∗ =
gβ(Tw−T∞)l3(w/l)

αν
x, y, z Coordinates, m
X, Y, Z Dimensionless coordinates
Greek symbols
β Volume expansion coefficient, 1·K−1

ε Surface emissivity
α Thermal diffusivity, m2·s−1

λ Thermal conductivity, W·(m·K)−1

µ Dynamic viscosity, kg·(m·s)−1

ν Kinematic viscosity, m2·s−1

ρ Air density, kg·m−3

θ Dimensionless temperature, θ = T−T∞
Tw−T∞

Subscripts
m, s Middle/side channel
w Heating plant
∞ Outdoor conditions
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