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Abstract It is one of the important research contents to understand the fluid velocity 
and temperature variation characteristics of the boundary layer on the transformer 
wall in order to analyze the heat dissipation characteristics of the transformer. In this 
paper, a simplified analysis model of the boundary layer on the transformer wall is 
established, and the effects of flow velocity, temperature, ambient temperature and 
ambient convection heat transfer coefficient on the distribution of the fluid tempera-
ture boundary layer and velocity boundary layer on the transformer wall are simulated 
and analyzed. The simulation results show that the main influencing factors of the 
velocity boundary layer are the inflow temperature and velocity, and the tempera-
ture boundary layer is affected by the inflow temperature and velocity as well as the 
external environment. Given the external ambient temperature and convective heat 
transfer conditions, as well as the transformer load rate, the temperature and flow 
velocity of the near wall streamline point can be derived from the transformer shell 
temperature by combining the results of multiple physical field calculations. 

Keywords Oil immersed transformer · Temperature fluid field · Boundary layer ·
Streamline temperature 

1 Introduction 

Transformer is one of the important equipment that constitutes the transmission and 
distribution network of the power system [1]. Transformers play an important role 
in voltage transformation, energy distribution, and transfer in the system, and their
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safe and stable operation is of great significance for ensuring the reliability of power 
supply [2]. In order to accurately obtain the internal temperature field distribution of 
transformers and provide guidance for the structural optimization of transformers, 
many scholars and production units have gradually applied numerical calculation 
methods to the calculation of transformer temperature fluid fields [3–5]. It is one of the 
important research contents to understand the fluid velocity and temperature variation 
characteristics of the boundary layer on the transformer wall in order to analyze the 
heat dissipation characteristics of the transformer. In this paper, a simplified analysis 
model of the boundary layer on the transformer wall is established, and the effects 
of flow velocity, temperature, ambient temperature and ambient convection heat 
transfer coefficient on the distribution of the fluid temperature boundary layer and 
velocity boundary layer on the transformer wall are simulated and analyzed. The 
research results of this article can provide a certain reference for the multi physical 
field inversion detection of transformer winding hot spot temperature. 

2 Simplified Analysis Model of Boundary Layer 
on Transformer Wall 

2.1 Simplified Analysis Model 

The established boundary layer analysis model for the velocity and temperature of 
the transformer wall is shown in Fig. 1. The wall flow solid interface is a smooth flat 
plate, and the fluid inlet velocity is evenly distributed in the vertical inlet direction. 

Fig. 1 Analytical model of 
transformer wall boundary 
layer of velocity and 
temperature
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2.2 Temperature Fluid Field Control Equation 

The mathematical model for the flow and heat transfer of heat dissipating media in 
a fluid field is established on the basis of the law of conservation of mass, Newton’s 
second law (law of conservation of momentum), and the first law of thermodynamics 
(law of conservation of energy). The equation expressions for these three laws are 
as follows [6–8]: 

∇ ·  v = 0 (1)  

∂(ρv) 
∂t 

+ ρv · ∇v = ρ f − ∇  p + μ∇2 v (2) 

∂(ρe) 
∂t

+ ∇  ·  (ρev) = ρq + ∇(k∇T ) − p∇v + S (3) 

where, ρ is the fluid density; v is the fluid velocity; f stands for the fluid volume force; 
p represents the pressure; μ is the dynamic viscosity; k is the thermal conductivity; q 
indicates the heat source per volume inside the transformer; e is the internal energy 
of the fluid; T represents the temperature; S represents the part of fluid mechanical 
energy converted into heat energy under the action of fluid viscous and internal heat 
source of fluid. 

2.3 Boundary Conditions 

Inlet boundary conditions: At the inlet of the fluid field, given boundary conditions 
such as inlet velocity, pressure, and temperature, which are usually set as constants, 
can be expressed as [9, 10]: 

v|in  = C or P |in  = C or T |in  = C (4) 

where, C is a known constant. 
In this article, the set inlet boundary condition is that the inlet flow velocity and 

temperature are constants. 
Outlet boundary conditions: At the outlet of the fluid field, given boundary condi-

tions such as outlet velocity, pressure, and outlet conditions, usually constant or 
vector gradient of velocity and temperature is zero, which can be expressed as: 

v|out = C or P |out = C or T |out = C (5) 

∂v 

∂n

∣
∣
∣
∣
out 

= 0, 
∂T 

∂n

∣
∣
∣
∣
out 

= 0 (6)
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In this article, the set outlet boundary condition is that the outlet pressure is 
constant, which is equal to atmospheric pressure. 

The boundary condition of the wall flow solid interface: no slip wall, i.e. the fluid 
velocity at the interface is 0; 

Boundary conditions of the external interface of the wall: specify the ambient 
temperature and external heat transfer convective coefficient; 

Boundary conditions outside the fluid domain: free slip wall boundary conditions, 
with no heat exchange with the outside world. 

2.4 Material Parameters 

Transformer oil is the main cooling medium inside the transformer. Its thermo-
dynamic parameters include density, specific heat capacity, thermal conductivity, 
viscosity, etc. 

The density and specific heat capacity determine the ability to store heat, and 
the thermal conductivity represents the ability of transformer oil to transfer heat. 
The viscosity is generated by the internal friction of transformer oil, so when the 
fluid flows, the viscosity will produce a certain mechanical energy loss, which will 
interfere with the shape and flow rate of the fluid, so the viscosity has a great impact 
on the cooling effect of transformer oil. These thermodynamic parameters are greatly 
affected by temperature, so in order to more accurately describe the parameters of 
transformer oil, this paper selects the fitting formula that introduces temperature T 
as a variable. 

The thermodynamic parameters of transformer oil are shown in Table 1. T in the 
table is the temperature of transformer oil, in °C. 

The relationship between viscosity of transformer oil and temperature is as follows 
[11]: 

μ(T ) = exp(B)T −A (7) 

In the equation, A = 9.55 ± 0.23, B = 50.24 ± 1.33, µ Is the dynamic viscosity 
of transformer kg/ms, T is the temperature of transformer oil, and the unit is K. 

The wall material of transformer oil tank is cold-rolled steel plate, and relevant 
material parameters are shown in Table 2:

Table 1 Thermodynamic 
parameters of transformer oil Parameters Value 

Density (kg•m−3) 880 

Specific heat capacity (J•kg−1•K−1) 1433 + 5.233 T 
Thermal conductivity (W•m−1•K−1) 0.105 
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Table 2 Thermodynamic parameters of transformer wall 

Thermal conductivity/ 
(W•m−1•K−1) 

Density/(kg•m−3) Thermal conductivity/(J•kg−1•K−1) 

60.5 7854 485 

3 Distribution of Temperature and Fluid Field in Boundary 
Layer of Transformer Wall 

3.1 Classification of Fluid Boundary Layer 

The fluid boundary layer can be further divided into velocity boundary layer and 
temperature boundary layer. The flow boundary layer is defined as the thin layer of 
fluid whose velocity changes significantly in the direction perpendicular to the wall. 
When a fluid flows through a solid wall, due to the non-slip characteristics of fluid 
molecules in the wall layer, the flow velocity of the near wall fluid will gradually 
change from zero velocity at the wall to flow velocity in the direction perpendicular 
to the wall under the action of fluid viscous force. The fluid outside of u = 0.99u ∞ 
can be considered unaffected by fluid viscosity and is called the mainstream region. 
The region within u = 0.99u ∞ has obvious velocity gradient, which is called the 
boundary layer region. 

When the fluid flows through the flat plate and the temperature tw of the flat plate 
is not equal to the temperature t ∞ of the inlet fluid, a thin layer with significantly 
changed temperature can also be formed above the wall, which is often called the 
thermal boundary layer. When the temperature difference between the wall and the 
fluid reaches 0.99 times of the temperature difference between the wall and the 
inlet fluid, that is (tw − t)/(tw − t∞) = 0.99, this position is the outer edge of the 
boundary layer, and the distance from this point to the wall is the thickness of the 
thermal boundary layer, recorded as δt (x). 

3.2 Impact of Inlet Flow Velocity 

The ambient temperature is 20 °C, the heat transfer convective coefficient is 20 W/ 
(m2K), the fluid inlet temperature is 50 °C, and the wall boundary layer thickness 
and wall temperature difference at different inlet speeds (0.01m/s, 0.02 m/s, 0.04 m/ 
s, 0.1 m/s, 0.2 m/s, 0.5 m/s, 1 m/s) are shown in Fig. 2.
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Fig. 2 Impact of inlet flow velocity 

Fig. 3 Impact of inlet flow temperature 

3.3 Impact of Inlet Flow Temperature 

The ambient temperature is 20 °C, the heat transfer convective coefficient is 20 W/ 
(m2K), and the inflow velocity is 0.04 m/s. The wall boundary layer thickness and 
wall temperature difference under different inflow temperatures (40, 50, 60 °C) are 
shown in the Fig. 3. 

3.4 Impact of External Ambient Temperature 

The convection heat transfer coefficient of the external environment is 20 W/(m2K), 
the inlet temperature is 50 °C, and the inlet speed is 0.04 m/s. The wall boundary 
layer thickness and wall temperature difference under different ambient temperatures 
(10, 15, 20, 25, 40 °C) are shown in Fig. 4.
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Fig. 4 Impact of external ambient temperature 

3.5 Impact of External Heat Transfer Convective Coefficient 

The ambient temperature is 20 °C, the inlet velocity is 0.04 m/s, the inlet temperature 
is 50 °C, and the wall boundary layer thickness and wall temperature difference 
under different heat transfer convective coefficients (10W/(m2K), 20W/(m2K), 40W/ 
(m2K)) are shown in Fig. 5. 

The temperature and velocity distribution of the model boundary layer under 
the conditions of 50 °C fluid temperature, 0.04 m/s fluid velocity, 25 °C ambient 
temperature, and 20 W/(m2K) ambient heat transfer convective coefficient are shown 
in Figs. 6 and 7.

Fig. 5 Impact of external heat transfer convective coefficient 
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Fig. 6 Cloud chart of wall temperature distribution 

Fig. 7 Cloud chart of wall velocity distribution 

4 Conclusion 

The main conclusions can be drawn as follows: 

(1) The thickness of the wall velocity boundary layer is related to the fluid inlet 
velocity and temperature. The higher the velocity, the thinner the velocity 
boundary layer, the higher the inlet temperature, and the thinner the velocity 
boundary layer; The thickness of velocity boundary layer is less affected by 
ambient temperature and external convection heat transfer coefficient; 

(2) The thickness of the wall temperature boundary layer is greatly affected by 
the inlet flow velocity, and the greater the velocity, the thinner the temperature 
boundary layer; The thickness of temperature boundary layer is less affected
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by the inflow temperature, ambient temperature and external convection heat 
transfer coefficient; 

(3) The higher the inflow velocity, the smaller the temperature difference on the 
boundary layer wall, the higher the inflow temperature, the larger the temper-
ature difference on the boundary layer wall, the higher the external ambient 
temperature, the smaller the temperature difference on the boundary layer wall, 
the higher the external convection heat transfer coefficient, and the larger the 
temperature difference on the boundary layer wall; 

(4) Based on the above analysis, the velocity boundary layer is mainly affected by 
the inlet temperature and velocity, and the temperature boundary layer is affected 
by the inlet temperature and velocity as well as the external environment; 

(5) Given the external ambient temperature and convective heat transfer conditions, 
as well as the transformer load rate, the temperature and flow velocity of the near 
wall streamline point can be derived from the transformer shell temperature by 
combining the results of multiple physical field calculations. 
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