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A B S T R A C T   

This paper investigates the ventilation and heat dissipation performance of a 110 kV indoor 
substation under natural ventilation conditions using computational fluid dynamics (CFD). The 
objectives are to evaluate the influences of air inlet design parameters including location and size, 
and transformer load, on the airflow distribution, temperature field, and cooling efficiency. The 
study finds that staggered opposite inlets optimize cooling uniformity without airflow attenua-
tion. Compared to a single inlet, the maximum transformer temperature is reduced by 1.3 ◦C and 
energy utilization increases by 9.1 % with staggered inlets. Increasing the inlet length ratio 
initially improves cooling until an optimal point (The length ratio is 1.10), while reducing the 
inlet height ratio decreases airflow and efficiency. With load increasing, the intake airflow rises 
but at a reduced rate, and the temperature difference can exceed 15 ◦C under high loads. In 
summary, optimizing inlet design enhances natural ventilation performance in indoor sub-
stations, but limitations exist at high loads, indicating supplemental mechanical ventilation may 
be required.   

1. Introduction 

With rising electricity demand from residential and commercial sectors, indoor substations are increasingly being constructed in 
urban areas due to land constraints. However, the heat dissipated from transformers and other equipment in these indoor substations 
can lead to excessive temperature build-up. Natural ventilation systems are often preferred for indoor substations because of lower 
operating costs compared to mechanical ventilation. Additionally, the lack of fans results in lower noise, making natural ventilation 
more suitable for indoor sites. Therefore, there is a critical need to optimize the natural ventilation configurations for indoor sub-
stations to maximize heat removal while minimizing land usage. 

The indoor substation with natural ventilation relies on the temperature difference between indoor and outdoor for ventilation. The 
flow and heat transfer in the main transformer room are complicated, and the physical property parameters of the air change with the 
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temperature, so this kind of problem is a complicated nonlinear problem. They are often solved by numerical method. Finite element 
method [1–3] and finite volume method are two commonly used methods to obtain numerical solutions. CFD software based on these 
two methods came into being. In the research of indoor substations, due to its large space, it is difficult to use experimental methods to 
conduct detailed research on its internal flow and temperature field, and most of the research uses CFD software for numerical 
simulation. Xie et al. [4] analysed the influences of ventilation quantity, location, and size of the inlet and outlet on ventilation and 
heat dissipation. Liu et al. [5] developed a new ventilation optimisation method based on the variational method to solve ventilation 
and heat transfer problems. Kanaan M and Chahine K [6] studied 7 different ventilation schemes of a main transformer chamber with 
multi-zone transformers. Xu and Zou [7] proposed a fast computational fluid dynamics (FFD) method to establish a substation model 
which can effectively represent the flow and heat dissipation characteristics of the substation. Liu et al. [8] studied the influence of the 
installation positions of fans on the heat dissipation effect of the transformer. Yang et al. [9] conducted simulation research on six 
different ventilation schemes of the main transformer chamber. Cheng et al. [10] analysed the influence of the box-in structure on the 
temperature rise of the transformer and its surrounding environment under different ambient wind speeds. Wei et al. [11] studied the 
influence of critical natural ventilation temperature, mechanical ventilation rate, and size and location of the inlet on split-type indoor 
transformers. Wei et al. [12] proposed a simulation device suitable for the experiment of a split cooling device. Ramos et al. [13] 
conducted a numerical simulation of natural ventilation in two underground substations and obtained the functional relationship 
between air flow rate and transformer heat dissipation. A. Bidarmaghz et al. [14] proposed a cooling method using heat pump to 
absorb heat in substation and release it into tunnel through heat exchanger. Wang et al. [15] combined solar photovoltaic power 
generation system, air source heat pump system and natural ventilation to achieve energy saving and carbon reduction in the 
substation. 

Some scholars have studied ventilation and heat dissipation in other buildings. S. Wiriyasart and P. Naphon [16] analysed the 
effects of unilateral and central air inlets on air and temperature distribution in a multi-heat source workshop. Zheng et al. [17] studied 
the performance of an air conditioning system with two air supply modes for a simplified office chamber. S.-J. Mei et al. [18] found that 
adding auxiliary mechanical ventilation on the basis of natural ventilation could reduce air temperature and improve air exchange 
efficiency. Ang et al. [19] implemented natural ventilation in the classroom and improved natural ventilation performance by opti-
mizing the angle of shutters and introducing wind traps. Yue et al. [20] investigated the effects of different solar radiation intensities, 
heat flow density and location of indoor heat sources and wind speed on the natural ventilation performance of solar chimneys. Yang 
[21] studied the influence of heat source height and opening area on natural ventilation. Tao et al. [22] studied the ventilation 
performance of a naturally ventilated double-skin. Chen et al. [23] conducted an experimental study on the influence of natural 
ventilation on residential thermal environment and thermal comfort in rural areas. Tantasavasdi et al. [24] aims to explore the ef-
ficiency of natural ventilation in the bedrooms of typical two-storeyed row houses with cross ventilation. Li et al. [25] used a com-
bination of natural ventilation, external shading and cool roof to improve the indoor thermal environment. The problems of natural 
convection and radiation heat transfer are also indispensable in the study of substation. The problems of natural convection and ra-
diation heat transfer in confined space have been studied. R. Hidki et al. [26] numerically studied the mixed convection coupled with 
surface radiation in a ventilated horizontal channel. M. Foruzan Nia et al. [27] investigated the problems of natural convection and 
radiative heat transfer in electronic devices and used the DOM method to solve the radiative transfer equation. R. Hidki et al. [28] 
focused on the cooling by natural convection and surface radiation of two electronic components generating two different and uniform 
volumetric powers. 

Natural ventilated buildings (including substations) are ventilated by either indoor or outdoor wind or thermal pressure. Venti-
lation volume is one of the key factors affecting buildings with natural ventilation. Changing the inlet area is a common method for 
changing the intake air volume. While ventilation performance in indoor substations has been studied, there remains a lack of research 
on how the design of air inlets and load rate affects parameters like airflow rate, temperature distribution, and heat dissipation 
performance under natural ventilation conditions specifically. This study addresses this gap by modelling an indoor substation with 

Fig. 1. Model of the main transformer chamber.  
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different inlet configurations and quantitatively evaluating the resulting heat dissipation performance through velocity profiles, 
temperature measurements, and energy utilization coefficients. This research aims to numerically evaluate the efficacy of different air 
inlet designs and transformer operating loads on the ventilation and heat dissipation performance through STAR CCM + software 
based on finite volume method. The findings empower infrastructure planners and substation designers to create tailored, high- 
performance ventilation schemes that maximize reliability. Strategic inlet configurations are vital to extract rising heat loads, espe-
cially as electricity demands grow. 

2. Physical model 

The model of an indoor substation was constructed according to the common type of natural ventilation. The model is simplified as 
follows: (1) the main transformer is simplified into a cuboid of the same size; (2) the radiator is simplified into cuboid slices. Fig. 1 
shows the original model of the main transformer chamber consisting of the main transformer, radiators, and oil tank. The transformer 
is located in the middle of the chamber. The height between the bottom of the transformer and the ground of the chamber is 0.48 m. 
Sixteen sets of radiators are on both sides of the main transformer. The width of the radiators and transformer is 4.95 m. Table 1 shows 
the sizes of these components. For convenient description, the ventilation scheme represented by this model is called Scheme 1. 

3. The numerical method 

The following assumptions are adopted in this paper.  

(1) The fluid flow in this study is characterized as three-dimension model, steady state and incompressible flow. 
(2) Only natural ventilation driven by indoor and outdoor temperature differences is considered. The influence of external envi-

ronmental changes (wind speed and direction) is ignored.  
(3) The change of air density due to the change of temperature adopts the Boussinesq hypothesis. 

3.1. Governing equations 

A three-dimensional model is used to analyse the temperature and flow fields in the main transformer chamber. Although the 
process of airflow and heat transfer in the chamber is complicated, it satisfies the continuity [29], momentum and energy equations 
[13]. These governing equations are shown in equations (1)–(3): 
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where ρ is density, kg⋅m− 3; ui
→ is velocity vector, m⋅s− 1; xi is directional component, m; p is pressure, Pa; μ is dynamic molecular 

viscosity, m2⋅s− 1; μT is turbulent eddy viscosity, m2⋅s− 1; gi is acceleration of gravity, m⋅s− 2; cp is specific heat capacity, J⋅kg− 1⋅K− 1; λ is 
thermal molecular conductivity, W⋅m− 1⋅K− 1; λT is turbulent thermal conductivity, W⋅m− 1⋅K− 1; T is temperature, K. ∇⋅ qr

→ is the ra-
diation source term. Since the gas medium participates in radiation heat transfer, its volumetric effect is considered in the conservation 
of energy as a source term [26]. The expression of the radiation source term is as follows [26]: 
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where σa is the absorption coefficient, and Ib is the black body intensity, W⋅m− 3. I( r→, s→) is the radiation intensity at the position r→ and 
in direction s→. 

Because the steady-state problem is studied in this paper, the time term is not considered in the above governing equations. When 
studying natural ventilation, the density change caused by temperature change cannot be ignored; therefore, the buoyancy lift term is 
added to the right side of the momentum equation (Equation (2)). gi is the acceleration of gravity in some direction. ρ0 is the reference 

Table 1 
Size of major components in the main transformer chamber.  

Name Size 

Main transformer chamber(x × y × z) 10 m × 10 m × 12 m 
Main transformer(x × y × z) 5.5 m × 1.9 m × 2.3 m 
Radiator(x × y × z) 0.52 m × 2 m × 0.01 m 
Oil tank(x × y × z) 3.24 m × 0.95 m × 1.1 m 
Air nlet(x × z) 6 m × 1 m  
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temperature. In the simulation process, to simplify the calculation, the Boussinesq hypothesis is often used. 
In this paper, the turbulence problem of airflow in the main transformer chamber is solved by the Realizable k-ε model. The 

governing equations of turbulent kinetic energy k and dissipation rate ε are shown in equations (5) and (6) [14]. Equation (7) further 
defines factor μT of the previous equations. 
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where: 

μT = ρcμ
κ2

ε (7)  

where μ is dynamic molecular viscosity, m2⋅s− 1; μT is turbulent eddy viscosity, m2⋅s− 1. The values of the model constants c1, c2, cμ, σκ 
and σε are derived from basic turbulence experiments and have the following default values: c1 is 1.44; c2 is 1.92; cμ is 0.09; σκ is 1.0; σε 
is 1.3 [30,31]. 

In this paper, considering the radiation between the transformer, radiators, and wall, the discrete coordinate method (DOM) is used 
to solve the radiation transfer equation in STAR CCM + [32]. The radiation transfer equation (RTE) is as follows: 
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where Iλ is radiation intensity at wavelength λ, W⋅m− 3; Ibλ is blackbody intensity at wavelength λ, W⋅m− 3; s is the distance in the 
direction, m; kaλ and ksλ are absorption coefficient and scattering coefficient; kpaλ and kpsλ are particle absorption coefficient and 
particle scattering coefficient, respectively. Ω is the solid angle, sr. 

3.2. Boundary conditions 

The acceleration of gravity in the z direction is − 9.81 m⋅s− 2. The thermophysical properties of air at 30 ◦C are shown in Table 2. The 
material of the main transformer and radiator is aluminium. The physical properties of aluminium are shown in Table 3. The main 
transformer model selects the 110 kV three-phase on-load oil-immersed self-cooling power transformer, which is the most widely used 
at present. Detailed parameters are shown in Table 4. In the process of transformer operation, the transformer is affected by no-load 
loss and load loss and generates heat [8]. The calculation formula for the heating power is as follows: 

Q=P0 + β2Pk (9)  

where Q is heating power, kW; P0 is no-load loss, kW; β is load rate, and Pk is load-loss, kW. 
The boundary conditions are as follows:  

(1) For natural ventilation, the air inlet adopts pressure inlet and the gauge pressure is set to 0 Pa. The air outlet adopts pressure 
outlet [33–35]. The outlet backflow temperature is 30 ◦C.  

(2) The upper surface of the main transformer is set to a fixed heat flux boundary. The value is 12759.51 W⋅m− 2.  
(3) The environment temperature is 30 ◦C.  
(4) The interfaces between the solid and fluid domains are set as the coupling surface, and the wall of the main transformer chamber 

is adiabatic. 

3.3. Grid independence 

To reduce the number of grids and improve computing efficiency, the cutting body mesh model is selected when the mesh is 
divided, and the radiator area grid is locally encrypted. Fig. 2 shows that the maximum temperature of the main transformer varies 
with the number of grids. With the gradual increase in the number of grids, the maximum temperature of the main transformer first 
increases and then tends to stabilise. Therefore, a grid of 3.8 million is used to conduct the following simulation calculations. 

Table 2 
Thermophysical properties of air at 30 ◦C.  

Physical property parameter Value 

Density 1.165 kg⋅m− 3 

Thermal conductivity 0.0267 W⋅m− 1⋅K− 1 

Specific heat capacity 1005 J⋅kg− 1⋅K− 1 

Dynamic viscosity 1.86 × 10− 5 kg⋅m− 1⋅s− 1 

Coefficient of thermal expansion 3.3 × 10− 3 K− 1  
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4. Model verification 

To verify the accuracy of the model, the temperature and air velocity of a 110 kV substation in a field site are evaluated in this 
paper. The detailed test methods are as follows: 

Table 3 
Physical properties of aluminium.  

Physical property parameter Value 

Density 2702 kg⋅m− 3 

Thermal conductivity 237 W⋅m− 1⋅K− 1 

Specific heat capacity 903 J⋅kg− 1⋅K− 1  

Table 4 
Parameters of the main transformer.  

Parameter Value 

Rated capacity 50000 kVA 
Rated voltage (110 ± 8 × 1.25 %)/10.5 kV 
Rated current 262.432 kA 
No-load loss 24.85 kW 
Load loss 180.94 kW 
Cooling mode ONAN  

Fig. 2. Grid independence.  

Fig. 3. Location of the test points.  
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One test point is placed at the inlet in each of the four corners of the main transformer chamber. The test points are located at the 
geometric centre of the inlet, and the distance from the inlet plane is 0.2 m. Six test points are arranged around the main transformer. 
When the height of the points is 1 m and 2 m all the test points are 1 m away from the main transformer surface and radiator surface, as 
shown in Fig. 3. Fig. 4 shows pictures of spot test points. 

According to the above numerical method and boundary test data, a numerical simulation of this transformer chamber is con-
ducted. The error analysis between the test and simulation values is shown in Figs. 4 and 5. Figs. 4 and 5 demonstrate that the error of 
most measuring points can be maintained within the error range of ±15 %. Therefore, the above calculation method can be applied to 
this study. 

5. Results and discussion 

5.1. Analysis of the Baseline Scheme 1 

In order to understand the velocity distribution in the main transformer chamber, some cross-sections of the chamber and velocity 
curve on characteristic lines are selected for analysis, as shown in Fig. 6. From Fig. 6 (a), it can be observed that the velocity distri-
bution at different heights is symmetric about the Y-axis within the range of the inlet height. The indoor and outdoor thermal pressure 
difference causes chilly air from outside to enter the main transformer chamber. The length of the air inlet is greater than the length of 
the main transformer, so when the chilly air meets the transformer and is affected by the transformer edge, it leans against the two sides 
of the transformer, creating a region of low velocity and strong disturbance. This portion of chilly air collects in the area opposite the 
air inlet and flows into the radiators on the opposite side of the inlet. Due to the small spacing between the radiators, there is a large 
airflow resistance, resulting in a lower wind speed between the radiators on both sides. After the air is heat exchanged with the ra-
diators, the air temperature rises and the density decreases. The air flows above the main transformer chamber under the action of 
floating lift. It can be observed from Fig. 6 (b) that the wind speed between the radiators closer to the inlet is higher than that between 
the radiators on the opposite side of the inlet. In the radiator gap where Line 1 is located, the air velocity is evenly distributed, while in 
the radiator gap where Line 2 is located, the airflow velocity is higher in the middle and lower on both sides. This indicates the non- 
uniformity of air volume on both sides. 

In order to understand the temperature distribution in the main transformer chamber, some cross-sections of the chamber, tem-
perature curve on characteristic lines and average surface temperature of each group of radiators are selected for analysis, as shown in 
Fig. 7. From Fig. 7 (a) and (b), a salient thermal stratification exists whereby lower temperatures concentrate below the radiator level, 
while higher temperatures amass above. Temperatures along the Lines 1 and 2 remain lower than their distal counterparts (Lines 3 and 
4). This disparity arises as the radiator area adjoining the air inlet receives greater airflow. Moreover, local temperatures first escalate 
then moderate above the radiators. The chamber’s mean temperatures continually rise with height. For elevations below 4 m, sharp 
thermal gradients manifest, smoothing out thereafter for Z ≥ 4 m. At peak heights, the proximal and distal lines convergence towards 
the mean temperature profile but sustain subtly elevated values. Additionally, Fig. 7 (c) furnishes the mean radiator temperatures 
across groups 1–8. Proximal radiators exhibit hotter exterior facets amid cooler central regions. This trend owes to significant low- 
temperature airflow channeling through the midline before heating by thermal exchange. Conversely, groups at the periphery un-
dergo air shunting effects, hampering their cooling efficiency. For distant radiator sets, lateral aspects registrar lower temperatures, 
whereas central patches peak. Sizeable air disturbances at the lateral edges augment heat transfer to these radiator sections. However, 
attenuated low-temperature streams reaching the midline compel heightened temperatures here. Furthermore, encompassing tem-
peratures remain higher for the distal radiator groups with their dampened influx volumes. Thus, proximity confers clear cooling 
advantages with greater air perturbations at the nearby edges forcibly enhancing heat dissipation. Hence, the single-sided inlet 
configuration induces conspicuous thermal imbalances between the transformer sides. 

In summary, according to the velocity and temperature distribution and the curve of changes in local zones, the higher velocity 
observed at the radiator near the inlet implies greater airflow disturbance in that region, causing enhanced heat transfer and lower 
temperatures. The trends suggest the single-sided inlet configuration causes imbalanced cooling on both transformer sides. This is not 
conducive to the heat dissipation of the transformer, and the ventilation performance of the entire main transformer chamber is poor. 

Fig. 4. Temperature error representation of the test and simulation.  

H. Zhang et al.                                                                                                                                                                                                         



Case Studies in Thermal Engineering 59 (2024) 104408

7

5.2. Impact of inlet structure parameters 

5.2.1. The location of the air inlet affects the temperature field distribution and ventilation 
The above section is found that the position of the air inlet has an impact on the distribution of temperature and the flow of air in the 

main transformer chamber. To further investigate this influence, two different air inlet position schemes were designed based on the 
relationship between the air inlet and the plane where the radiators are located. The total ventilation area of the inlet was kept constant 
at 6 m2. The details of these two schemes are provided in Table 5, which includes information about the position of the inlet. Numerical 
simulations were conducted for both schemes to study how the location of the inlet affects the ventilation and heat dissipation 
characteristics in the main transformer chamber. 

Table 6 shows the velocity distribution of different cross-sections in the main transformer chamber under three different air inlet 
arrangement schemes. As can be seen from Table 6 and in Baseline Scheme 1, as analysed in section 5.1, the area near the inlet has 
higher wind speed, while the area away from the inlet has lower wind speed. In Scheme 2, the air intake is located at the central bottom 
of the wall of the main transformer chamber and is perpendicular to the plane where the radiators are located. This arrangement allows 
outdoor air to flow evenly into the bottom of the radiators on both sides of the transformer. As the air flows through the radiators, it 
exchanges heat with them, causing its temperature to increase and its density to decrease. Eventually, the air flows above the main 
transformer chamber. This arrangement causes the air velocity distribution at the bottom of the radiators to gradually contract and the 
air velocity distribution above the radiators to be inclined. While this arrangement solves the problem of uneven air volume in the 
radiators on both sides of the transformer, it also leads to a decrease in air speed along the direction of airflow, resulting in uneven 
cooling of the radiators. In Scheme 3, the air intake is located at the central bottom of the two opposite walls of the main transformer 
chamber and is perpendicular to the plane where the radiators are located. This arrangement allows outdoor air to flow into the main 
transformer chamber from the two air intakes simultaneously. Due to the relative flow of the two parts of the air, some of the air 
impacts the middle of the radiators, causing a small portion of the air to skew to the outside of the radiators. However, this disturbance 
at the bottom of the radiators enhances the heat exchange between the air and the surface of the radiators. Compared to Baseline 
Scheme 1 and Scheme 2, this air intake arrangement like Scheme 3 solves the problem of uneven air volume distribution on both sides 
of the transformer. Additionally, it also solves the problem of air attenuation towards the airflow and ensures the cooling uniformity of 
the radiators to the greatest extent. 

Fig. 8 contains the temperature distribution of cross sections at different inlet locations and average surface temperature of each 

Fig. 5. Air velocity error representation of the test and simulation.  

Fig. 6. The velocity distribution in the main transformer chamber.  
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group of radiators at different inlet locations. 
As shown in Fig. 8 (a), (b) and (c), the overall temperature distribution trend in the chamber is such that the indoor air temperature 

increases with an increase in height. From a local perspective, the high-temperature zone is concentrated above the radiators, which 
are the heat dissipation components in the chamber. Under the condition of natural ventilation, the high-temperature air diffuses in the 
main transformer chamber and mixes with the low-temperature air. As a result, the temperature at the exhaust outlet is lower than that 
above the radiators. It can be seen in combination with Table 6 that areas with hot temperatures and high velocities correspond to each 
other. This is because higher air temperature and lower air density result in higher air velocity driven by the floating lift phenomenon. 
In Baseline Scheme 1(Fig. 8 (a)), as analysed in section 5.1, the air temperature above the radiators closer to the inlet is lower, and the 
surface temperature of the radiators is also lower. In Scheme 2 (Fig. 8 (b)), it can be seen from Fig. 8 (d) that the surface temperature of 
the radiators gradually increases along the direction of airflow, and the surface temperature changes on both sides of the transformer 
are the same. This is because the air temperature is low, and the flow rate is high when the distance from the inlet is close. As the air 
volume decreases with distance from the inlet, the air temperature in contact with the radiator increases. In Scheme 3(Fig. 8 (c)), due 
to the air inlet on both sides, the air inlet volume of the unilateral air inlet is halved. As shown in Fig. 8 (d), the radiator surface 

Fig. 7. Temperature distribution in the main transformer chamber.  

Table 5 
Natural air inlet location design schemes.  

Scheme 2 3 

Picture 

Description Perpendicular to the radiators, the middle of the bottom of 
the wall 

Perpendicular to the radiators, the middle of the bottom of two 
opposite walls 

Size of inlet (L × H ×
number) 

6 m × 1 m × 1 6 m × 0.5 m × 2  
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temperature in this air intake configuration is lower than that in Baseline Scheme 1. As the air volume of each inlet decreases, the 
surface temperature of radiators in groups 1–3, 9–11 is higher than that in Scheme 2. Compared to Baseline Scheme 1, both Scheme 2 
and Scheme 3 result in lower surface temperatures of the radiators, and the temperature distribution on both sides of the transformer is 
more uniform. 

In this paper, the energy utilization coefficient [36–39] is introduced to evaluate the ventilation and heat dissipation effects of 
indoor substations. The calculation formula is as follows: 

η=Tout − Tint

Ta − Tint
(10)  

where Tint is the inlet temperature, K; Tout is the outlet temperature, K; Ta is the average air temperature in the main transformer 
chamber, K. A larger energy utilization coefficient indicates better ventilation and heat dissipation performance. 

Fig. 9 is a graphical representation that illustrates the impact of various positions of the air inlet on different parameters related to 
ventilation and heat dissipation in the indoor substation. 

In Scheme 3, the air inlet of the main transformer chamber is positioned at the bottom of two opposite walls and is perpendicular to 
the plane where the radiators are located. This arrangement allows for efficient airflow organization, ensuring that the radiators 
receive an even distribution of cooling air and effectively utilize the cooling capacity of the air. As a result, the maximum temperature 
of the transformer is the lowest at 67.1 ◦C, indicating effective heat dissipation and the energy utilization coefficient is the highest at 
0.96, indicating efficient utilization of energy. Therefore, Scheme 3 is considered the optimal design scheme for the ventilation and 
heat dissipation in the indoor substation. 

The air inlet arrangement method in Scheme 3 can reduce the maximum temperature of the main transformer by 1.3 ◦C and in-
crease the energy utilization coefficient by 9.1 % compared with that in Scheme 1. This indicates that the air inlet arrangement in 
Scheme 3 is more effective in cooling the transformer and utilizing energy efficiently than in Scheme 1. 

The total inlet area of all three designs (Scheme 1, Scheme 2, and Scheme 3) is the same. However, due to the change in the inlet 
position, the mass flow rate of air entering the substation will vary slightly. In Scheme 3, the air volume is larger compared to the other 

Table 6 
Velocity distribution of different cross-sections in the main transformer chamber under three different air inlet arrangement schemes.  

Cross-section Z = 0.5 m, Y = 2 m Z = 0.5 m, Y = − 2m 

Baseline Scheme 1 

Scheme 2 

Scheme 3 
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designs, indicating that more air is entering the substation through the air inlet. 
When the air inlet is positioned according to Scheme 3, it results in an increased thermal pressure difference between the indoor 

and outdoor environments. This means that there is a greater pressure difference driving the airflow inside the substation, facilitating 
better ventilation and heat dissipation. Additionally, the airflow resistance within the chamber is reduced, allowing for smoother 
airflow and improved ventilation performance. The variation in the temperature difference between the inlet and outlet is opposite to 
the variation in the air volume, and both are less than 15 ◦C, which meets the substation design specification [40]. 

5.2.2. The length of inlet and its impact on ventilation and heat dissipation 
Taking the optimal inlet location model (Scheme 3) in 5.2.1 as the reference model, the influence of the inlet length on the 

ventilation and heat dissipation of the main transformer chamber is explored. In this paper, the length ratio is defined as the ratio of the 
length of the inlet (L) to the total width of the main transformer and radiators on both sides (Lr) (Fig. 10). The total area of the inlet is 
fixed at 6 m2, and based on this, the length and height of the air inlet can be determined. Six different length ratio models are designed, 

Fig. 8. Temperature distribution and average surface temperature of each group of radiators at different inlet locations.  

Fig. 9. The impact of different air inlet positions. (Tmax of transformer—maximum temperature of the transformer, η – energy utilization coefficient, qm – mass flow 
rate, ΔT – temperature difference of inlet and outlet). 
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as shown in Table 7. 
Fig. 11 shows the numerical simulation results provide information about the air distribution in the main transformer chamber with 

six different scenarios based on the length ratio of the air inlet. 
When the length ratio is small (Fig. 11(e) and (f)), the length of the air inlet is shorter than the width of the radiators on both sides. 

This causes the air to be influenced by the transformer and deviate towards the outside of the radiators, creating a cooling air short 
circuit. As a result, the air entering the bottom of the radiators is reduced, which is not beneficial for heat dissipation. However, as the 
length ratio increases (Fig. 11(c) and (d)), the length of the air inlet becomes closer to the width of the radiators on both sides. This 
allows the air to cover the area where the radiators are located, resulting in even cooling of the radiators. Comparing Fig. 11(c) and (d), 
when the air inlet is slightly longer than the width of the radiators on both sides, the airflow deviation is minimal, and a larger amount 
of air flows into the radiators. Moreover, the flow rate above the radiators increases, facilitating the rapid discharge of warm air from 
the main transformer chamber. However, when the length of the air intake is significantly greater than the width of the radiators on 
both sides (Fig. 11(a) and (b)), some of the air does not flow into the bottom of the radiators but meets on the outside of the radiators. 
This creates eddy currents near the wall, reducing the utilization rate of the cooling wind. 

Fig. 12 shows the temperature distribution of specific cross-sections in the main transformer chamber under different length ratios. 
As can be seen from Fig. 12, in the horizontal section, because of the formation of eddy currents at various positions, the air disturbance 
is enhanced. In the horizontal section of the transformer chamber, the airflow experiences turbulence due to the formation of eddy 
currents. Eddy currents are swirling motions of air caused by the interaction of different airflows. These eddy currents create dis-
turbances in the airflow, leading to changes in the temperature distribution. The enhanced air disturbance caused by the eddy currents 
leads to a more effective mixing of hot and chilly air in the transformer chamber. This mixing results in an increase in the air tem-
perature in the specific areas where the eddy currents are formed. However, because it is not near the radiators, it does not strengthen 
the heat dissipation of the radiators. Although the temperature rises in the areas affected by the eddy currents, these areas are not in 
close proximity to the radiators. The radiators are the components responsible for dissipating heat from the transformer. Therefore, the 
increased air temperature caused by the eddy currents does not directly contribute to the heat dissipation of the radiators. As the length 
ratio increases, the length of the air inlet becomes closer to the width of the radiators. This closer proximity allows the air to cover a 
larger area where the radiators are located. As a result, the radiators experience more effective cooling, leading to a decrease in the air 
temperature above them. 

Fig. 13 is a graphical representation that illustrates the impact of the length ratio on various parameters related to heat dissipation 
in the main transformer chamber. 

The graph shows that as the length ratio increases, the maximum temperature of the main transformer and the temperature dif-
ference between the inlet and outlet initially decrease and then increase. The energy utilization coefficient and mass flow rate initially 
increase and then decrease with an increase in the length ratio. The analysis reveals that when the length ratio is 1.10, which means the 

Fig. 10. The length of the inlet (L) and the total width of the main transformer and radiators on both sides (Lr).  
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length of the air inlet is 5.45 m and the height is 0.55 m, the main transformer chamber achieves the lowest maximum temperature of 
67.4 ◦C. Additionally, this configuration results in the highest energy utilization coefficient of 0.969, indicating efficient heat dissi-
pation. When compared to the reference model (Scheme 3), this optimal configuration reduces the maximum temperature by 0.4 ◦C 
and increases the energy utilization coefficient by 2.2 %. 

The explanation highlights an important consideration when adjusting the length of the air inlet in the main transformer chamber. 
If the length of the inlet is reduced while the total ventilation area is kept unchanged, the height of the inlet needs to be increased to 
compensate. However, it is important to note that in this scenario, the change in length has a greater impact on the heat dissipation 
performance compared to the change in height. 

5.2.3. The height of inlet and its impact on ventilation and heat dissipation 
The model with a length ratio of 1.10 was used as the reference model, and the height of the air inlet was 0.55 m. In this paper, the 

height ratio is calculated by dividing the height of the air inlet by the height of the reference model. By varying the height ratio while 
keeping the length of the air inlet constant (L = 5.45 m), the effect of different air inlet heights on the ventilation and heat dissipation 
characteristics is studied. The air inlet height design schemes are shown in Table 8. 

According to the numerical simulation results of the above model, the velocity distribution of the main transformer chamber is 
obtained as shown in Fig. 14. As can be seen from Fig. 14, because the length of the air inlet is unchanged, the area of the air inlet 
increases with an increase in the height of the air inlet. The simulation results indicate that as the height ratio increases, the wind speed 
at the inlet slightly increases, resulting in an increase in the total intake air volume. When the height ratio is small, the indoor air 
volume is also small, and the air in the main transformer chamber easily diffuses, leading to a less concentrated high-velocity area. 
However, as the height ratio increases, the high-velocity area becomes more concentrated. Additionally, when the indoor air volume is 
small, the warm air flowing to the exhaust outlet may not be enough to fill the entire outlet, causing chilly air from the outside to flow 
back into the main transformer chamber. This phenomenon becomes more pronounced as the height ratio decreases. 

Fig. 15 shows the temperature distribution of specific cross-sections in the main transformer chamber under different height ratios. 
As can be seen from Fig. 15, with the increase in the height of the air inlet, the height of thermal stratification also increases. The air 

Table 7 
Length design schemes of the inlet.  

Length ratio (L/Lr) 1.52 1.21 1.10 0.95 0.75 0.58 

L (m) 7.50 6.00 5.45 4.68 3.60 2.88  

Fig. 11. Velocity distribution of specific cross sections in the main transformer at different length ratios.  
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temperature above the radiators decreases. This is because the height of the inlet and the ventilation area increase, and the amount of 
air exchanging heat with the radiators increases, resulting in a decrease in the air temperature rise. Because the ambient temperature is 
lower than the indoor air temperature, the outside air density is high, and it will flow to the bottom of the main transformer chamber 
under the action of gravity. When the inlet air volume is small, the indoor warm air is not sufficient to occupy the entire exhaust outlet, 
resulting in the outdoor chilly air flowing into the chamber from the exhaust outlet. With an increase in the height ratio, the phe-
nomenon of chilly air backflow is weakened. 

Fig. 16 is a graphical representation that illustrates the relationship between the height ratio and various parameters in the study. In 
Fig. 16 (a), with an increase in the height ratio, the maximum temperature of the main transformer decreases, indicating better heat 
dissipation. Additionally, the energy utilization coefficient increases, suggesting that more energy is being effectively utilized in the 

Fig. 12. Temperature distribution of specific cross sections in the main transformer at different length ratios.  

Fig. 13. The impact of different length ratios.  

Table 8 
Height design schemes of the inlet.  

Height ratio (H/0.55) 1.0 0.9 0.8 0.7 0.6 

H (m) 0.55 0.5 0.44 0.39 0.33  
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system. In Fig. 16 (b), under the condition that the length of the inlet is fixed, demonstrated that as the height ratio increases, the 
resistance of external cooling air entering the main transformer chamber decreases. This implies that the airflow can enter the chamber 
more easily, leading to an increase in the air inlet volume of the main transformer chamber. The increase in air inlet volume allows for 
better ventilation and heat dissipation within the chamber. When the length ratio is greater than 0.8, the inlet and outlet temperature 
difference of the main transformer chamber is lower than 15 ◦C, which meets the ventilation and heat dissipation design specifications 
of the main transformer chamber [40]. 

In summary, the simulation results suggest that the height ratio of the air inlet plays a significant role in the ventilation and heat 
dissipation performance of the main transformer chamber. A smaller height ratio, indicating a lower height of the air inlet, leads to 
decreased air volume and energy utilization coefficient, as well as increased maximum temperature of the transformer and temper-
ature difference between the inlet and outlet. On the other hand, a larger height ratio, indicating a higher height of the air inlet, results 
in a more concentrated high-velocity area and improved ventilation and heat dissipation performance. 

5.3. The impact of the operating load 

The study also examined the impact of the load rate of the transformer on ventilation and heat dissipation in the main transformer 
chamber. The load rate refers to the ratio of the actual load on the transformer to its rated load. The ambient temperature is maintained 
at 30 ◦C during the study, and five different load rates are selected, each corresponding to a specific heating power (which can be 
calculated according to equation (9) and Table 4), as shown in Table 9. 

Fig. 17 includes The of velocity distribution and the change of ventilation volume under different load rates in the main transformer 
chamber. The load rate is varied to observe its impact on the wind speed. The graph in Fig. 17 (a) shows that as the load rate, which 
refers to the amount of power being consumed by the transformer, increases, the wind speed within the main transformer chamber also 
increases. This means that as more power is being consumed by the transformer, more heat is being generated, resulting in a higher 
temperature difference between the indoor and outdoor areas. When the load rate of the transformer increases, it means that more 
power is being consumed, resulting in a higher heat output from the transformer. This increase in heat output leads to a larger 
temperature difference between the indoor and outdoor areas of the main transformer chamber. The larger temperature difference 
causes more air to be drawn into the chamber, resulting in an increase in the intake air volume. However, as can be seen from Fig. 17 
(b) the relationship between the load rate and the intake air volume is not a simple linear relationship. This means that the increase in 
the intake air volume is not directly proportional to the increase in the load rate. Instead, the rate at which the intake air volume 
increases gradually decreases as the load rate increases. As the load rate of the transformer increases, the rate at which the intake air 
volume increases start to decrease. This means that the sensitivity of the air intake to the load rate decreases as the load rate becomes 

Fig. 14. Velocity distribution of specific cross sections in the main transformer at different height ratios.  
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higher. In other words, when the load rate is already high, further increases in the load rate have a smaller impact on the intake air 
volume. 

Figs. 18 and 19 are graphical representations that provide information about the temperature distribution and the influence of load 
rates on various parameters in the main transformer chamber of the indoor substation. As can be seen from Fig. 18, the temperature of 
the indoor air in the main transformer chamber increases as the load rate increases. This indicates that the heating power of the 
transformer also increases with the load rate, leading to higher air temperatures in the chamber. Even though the ventilation volume 

Fig. 15. Temperature distribution of specific cross sections in the main transformer at different height ratios.  

Fig. 16. The impact of different height ratios.  

Table 9 
Transformer heating power at different load rates.  

Load rate 0.2 0.4 0.6 0.8 1 

Heating power/kW 32.09 53.80 89.99 140.65 205.79  
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increases with the load rate, the heating power of the transformer also increases simultaneously. This results in higher air temperatures 
in the main transformer chamber and causes the temperature of the main transformer to increase with the load rate. The load rate does 
not have a significant impact on how the air temperature changes with height in the main transformer chamber, as shown in Fig. 19 (b). 
However, as the load rate increases, the temperature gradient, or the rate at which the temperature changes with respect to height, 
increases below 3 m. As the load rate increases, the temperature difference between the inlet and outlet of the main transformer 
chamber also increases in Fig. 19 (a). This suggests that the increase in transformer heat due to the higher load rate is greater than the 
increase in the volume of air entering the chamber through the inlet. Note that in the case of a large load rate, the inlet and exhaust air 
temperature difference exceed 15 ◦C. In this case, this indicates that only relying on natural ventilation cannot meet indoor heat 
dissipation needs, and other cooling measures need to be taken in further research. 

6. Conclusions 

This numerical study aims to evaluate the efficacy of different air inlet designs and operating conditions on natural ventilation 
performance. The objectives are to analyse the impact of inlet location, dimensions, and transformer load on airflow distribution, 
temperature field, and cooling efficiency. Through this research, the following conclusions are obtained.  

(1) Compared to a single inlet configuration, staggered opposite inlets allow for a more even distribution of air on both sides of the 
transformer with no airflow attenuation. This configuration reduces the maximum transformer temperature by 1.3 ◦C and 
increase energy utilization by 9.1 %, indicating more effective heat removal.  

(2) Increasing the inlet length ratio, up to an optimal point, helps improve cooling. A length ratio of 1.1 led to a 0.4 ◦C lower 
maximum temperature and 2.2 % higher energy utilization versus the baseline design. The study reveals an optimal inlet length 
ratio of 1.1 that lowers transformer temperatures and increases energy utilization versus other ratios.  

(3) With the air inlet length unchanged, reducing inlet height was found to decrease airflow rates and cooling efficiency due to 
higher airflow resistance. Height ratios above 0.8 met the recommended design criteria for the substation ventilation system. 
With the increase of length ratio, the transformer temperature and energy utilization coefficient are increased.  

(4) The study also revealed limitations in relying solely on natural ventilation under high transformer load conditions. While intake 
air volumes increased with load, the rate of increase declined at higher loads. The inlet-outlet temperature difference exceeded 
15 ◦C at high loads, indicating supplemental mechanical ventilation may be needed in these cases. 
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Nomenclature  

symbols 
Q Heating power of the main transformer (kW) 
P0 No-load loss of the main transformer (kW) 
β Load rate of the main transformer 
Pk Load-loss of the main transformer (kW) 
ρ Density (kg⋅m− 3) 
ui
→ Velocity vector (m⋅s− 1) 
xi Directional component (m) 
p Pressure (Pa) 
μ Dynamic molecular viscosity (m2⋅s− 1) 
μT Turbulent eddy viscosity (m2⋅s− 1) 
δij Kronecker delta 
gi Acceleration of gravity (m⋅s− 2) 
cp Specific heat capacity (J⋅kg− 1⋅K− 1) 
λ Thermal molecular conductivity (W⋅m− 1⋅K− 1) 
λT Turbulent thermal conductivity (W⋅m− 1⋅K− 1) 
T Temperature (K) 
∇ ⋅ qr

→ Radiation source term (W⋅m− 2) 
Ib Blackbody intensity (W⋅m− 3) 
σa Absorption coefficient 
I Radiation intensity (W⋅m− 3) 
r→ Position vector (m) 
s→ Direction vector(m) 
k Turbulent kinetic energy (m2⋅s− 2) 
ε Turbulent kinetic energy dissipation rate (m2⋅s− 3) 
Iλ Radiation intensity at wavelength λ (W⋅m− 3) 
Ibλ Blackbody intensity at wavelength λ(W⋅m− 3) 
kaλ Absorption coefficient 
ksλ Scattering coefficient 
kpaλ Particle absorption coefficient 
kpsλ Particle scattering coefficient 
s Distance in the direction (m) 

Fig. 19. The impact of different load rates.  
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Ω Solid angle (sr) 
η Energy utilization coefficient 
qm Mass flow rate (kg⋅s− 1) 
ΔT Temperature difference of inlet and outlet (◦C)  

Abbreviations 
out Outlet of the main transformer chamber 
int Inlet of the main transformer chamber 
a Volume average 
max Maximum value 
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