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In order to augment cooling performance of transformer panel-type radiators 
under natural-convection, the fluid-flow and heat transfer for a novel panel-type 
radiator and its surrounding air are numerically studied in this paper. The novel 
radiator is equipped with wind deflectors on both lateral sides and a chimney cap 
on the top. Then the effects of the height and channel number of the chimney cap 
on the cooling performance of the radiator are simulated. The results show that 
wind deflectors can form several enclosed air channels with radiator fins. The air-
flow can be accelerated under the chimney effect generated in these channels, and 
the cooling capacity of the radiator can be increased by 12.75%. The addition of 
a chimney cap can further extend the chimney channels and increase its cooling 
capacity by 15.74%. Furthermore, with the increase of the height and channel 
number, the total cooling capacity of the panel-type radiator increases first and 
then decreases. In this study, when the chimney cap has five channels and a height 
of 700 mm, the novel radiator can obtain the best cooling performance, where its 
cooling capacity and overall heat transfer coefficient can be increased by 26.54% 
and 28.21%, respectively, as compared with traditional panel-type radiators, and 
the temperature difference between the inlet and outlet insulating oil is 7.1 ℃. 
Key words: transformer panel-type radiator, chimney effect, natural-convection, 

cooling performance augmentation, numerical simulation

Introduction

Transformers are the key equipment in power systems, which are quite important to 
the economic transmission, flexible distribution and safe use of electric energy [1]. When trans-
formers are working, due to the existence of resistance and magnetoresistance, they will cause 
core losses and copper loss [2]. The consumed electric energy will eventually be converted into 
thermal energy, which will increase the winding’s temperature. With the increase of transformer 
capacity, transformer overheating problem aggravates. If transformers are overheated for a long 
time, not only the power system transmission loss will increase, the output capacity will be far 
below the rated capacity, but will also cause performance degradation of insulating material, ac-
celerate aging of insulating material, and shorten the service life of transformer [3]. Therefore, 
it is essential to upgrade the current cooling system for the transformer [4].
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Currently, most of the transformers in service are oil-immersed transformers and the 
matching radiators are usually panel-type radiators. The cooling modes of the radiator mainly 
include oil natural air natural (ONAN), oil natural-air forced (ONAF), oil forced-air natural 
(OFAN), oil forced-air forced (OFAF) and oil directed-air forced (ODAF). Research on the 
cooling performance of power transformer radiators under different cooling modes was pop-
ular in the past years. Some scholars improve the overall heat dissipation performance of the 
transformer by changing the structure of the oil side flow channel. For example, Cha et al. [5] 
numerically investigated the influence of the thermal head effect on improving the heat dissipa-
tion characteristics of the panel-type radiator. They found that increasing the height difference 
between the center of the panel-type radiator and the center of the transformer could signifi-
cantly increase the flow rate of insulating oil and reduce the size and cost of the radiator. Talu 
and Talu [6] numerically optimized the design of the power transformer radiator and studied the 
influence of the inclination angle of the upper manifold on the temperature distribution of the 
insulating oil in the radiator at different ambient temperatures. The results showed that the ra-
diator achieved the best cooling performance when the inclination angle of the upper manifold 
was about 20°. Kim et al. [7] numerically investigated the effect of oil-side and air-side thermal 
resistance on the total heat transfer coefficient of a panel-type radiator under OFAN mode. They 
confirmed that the air-side thermal resistance was about 92-95% of the total thermal resistance, 
the oil-side thermal resistance was about 5-7% of the total thermal resistance, and the thermal 
resistance of the radiator fin was only 0.02%. In addition, they compared the cooling perfor-
mance under eight new oil channel structures and found that there was only ±3% difference for 
outlet oil temperature under different configurations.

On the other hand, to enhance the heat transfer on the air-side of the radiator, Min  
et al. [8] numerically analyzed the flow and heat transfer performance of rectangular winglet 
pairs set on the surface of an ONAN panel-type radiator. The results showed that the heat trans-
fer coefficients of the radiator were increased by 23.6-32.0%. Fdhila et al. [9] simplified the 
numerical modelling of a panel-type radiator in air using an anisotropic porous media approach 
and presented the effects of the size and number of fans on the cooling performance of the pan-
el-type radiator. The results showed that the cooling performance of multiple small-sized fans 
was better than a single large-sized fan for the same air-flow. Paramane et al. [10] studied the air 
cooling system for a 25 MVA power transformer under ONAF mode and showed that horizontal 
fans had higher cooling efficiency than vertical fans. Subsequently, they conducted an experi-
ment [11] to visualize the air-flow on the surface of a panel-type radiator using thin strands of 
cotton and get the temperature distribution using thermography. Kim et al. [12] numerically 
evaluated the effect of the relative positions of two cooling fans fixed at the bottom and right 
surfaces of a panel-type radiator, respectively. The results showed that, when the cooling fans 
were located at the center of the bottom surface and bottom of the right surface, it could lead 
to the best cooling performance, because of the positive interaction between the vertical and 
horizontal air-flow induced by fans. Garelli et al. [13] numerically investigated the enhanced 
heat transfer performance of delta-wing vortex generators in a panel-type radiator under ONAN 
mode. It was found that the overall heat transfer performance of the radiator could be improved 
by 12% with optimum vortex generator geometric parameters. Li et al. [14] compared the top-
oil temperature and hot-spot temperature of the transformer under forced air-cooling and falling 
film cooling conditions. They found that falling film cooling was more effective for higher heat 
dissipation demand of the transformer.

The existing research for the air-side heat transfer of transformer radiators is mainly 
focused on the influence of fan arrangement on the cooling performance of the radiator, and 
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less research is performed on the heat transfer enhancement of radiator under air natural mode. 
Natural-convection heat dissipation is considered as a stable and reliable heat dissipation method 
without noise and energy consumption [15]. Kim et al. [7] and Rodriguez et al. [16] pointed out 
that poor air-side natural-convection heat dissipation performance under air natural mode is the 
main reason limiting the cooling performance of the panel-type radiator. Natural-convection heat 
transfer can often be enhanced by increasing the surface area of the radiator fin, but this can also 
result in bigger sizes and higher costs. Natural-convection is a phenomenon of buoyancy-driven 
flow due to the density differences in the fluid caused by temperature differences and gravity. 
The lack of sufficient driving force to overcome the viscous frictional resistance during natu-
ral-convection is the main reason for its poor heat transfer performance [17]. This means that new 
thermal designs are needed to increase air density difference and then increase the driving force of 
the air-flow. For natural-convection, a chimney structure can create a pressure difference between 
the chimney inlet and the surroundings to promote air-flow entrainment and increase air-flow rate 
[15], which is known as the chimney effect. The chimney effect has been widely used in building 
ventilation and solar power generation [18, 19], but it was relatively less applied in heat transfer 
enhancement. Haaland and Sparrow [20] first showed that the chimney effect could accelerate flu-
id-flow in a vertical channel, and numerically solved the natural-convection problem for a vertical 
channel with both a horizontal line source and a uniformly distributed surface source at the inlet. 
Auletta et al. [21] experimentally studied the effect of adding an adiabatic chimney extension 
a vertical isoflux symmetric heating channel. The average wall Nusselt number of the heating 
channel increased by 10-20% for different extension channels. Moon et al. [22] investigated the 
natural-convection heat transfer for a finned plate in a chimney channel used for a reactor cavity 
cooling system. They found that the height and width of the chimney had an important influence 
on the generation and strength of the chimney effect. Recently, Abbas et al. [23] studied the 
flow and heat transfer characteristics of an upward horizontal rectangular heat sink with a plastic 
chimney on the top using experimental and numerical methods. It was confirmed that the low 
thermal conductivity chimney could create an effective pressure difference at its edge and center 
to accelerate air-flow. Schwurack et al. [24] utilized the chimney effect to improve the thermal 
performance of a thermoelectric generator (TEG). The results showed that the output power of the 
TEG with a cooling chimney channel was increased by 46.2%. Fulpagare et al. [25] optimized the 
flow path of a fully enclosed cabinet by introducing radiators and baffles to form dual chimneys, 
which can facilitate air-flow circulation inside and outside the cabinet. It can be concluded that the 
chimney effect could help to create a big temperature gradient in natural-convection, which could 
increase the fluid velocity and ultimately enhance heat transfer.

A panel-type radiator can be regarded as an equipment with sustained heat source 
during the cooling process, and it has the characteristics of gradually decreasing temperature 
distribution from top to bottom. Thus, its thermal performance has the potential to be augment-
ed through the chimney effect. In the work of Tian et al. [26], a first step was given in this 
direction. A numerical study of using the chimney effect to optimize a panel-type radiator was 
performed and 19.22% increasement in the cooling capacity was obtained.

In this paper, the flow and heat transfer of a novel panel-type radiator under ONAN 
mode are numerically investigated by adding non-intrusive components. The wind deflectors 
were added on both lateral sides of a traditional panel-type radiator to form a chimney struc-
ture and a chimney cap was added at the top of the radiator to extend the chimney channel and 
further augment the chimney effect. Especially, the effects of the main geometrical parameters, 
including the channel numbers and chimney cap height of the chimney channel on the flow and 
heat transfer characteristics of panel-type radiator were firstly investigated. 
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Figure 1. Schematic of the physical model, computational domain and  
its boundary conditions for a panel-type radiator (PC1200-14/520);  
(a) full model, (b) side view, and (c) back view

Physical model and computational method

Physical model

The schematic diagram [27] of a 3-D panel-type radiator (PC1200-14/520) is pre-
sented in fig. 1(a). The radiator is made of 1 mm-thick carbon steel and it consists of two 80 
mm diameter, D, manifolds and 14 fins, N. These fins are equally spaced with d = 45 mm, and 
their height, H, is 1200 mm and width, W, is 520 mm. To simplify the model, the oil passage 
of the radiator is simplified to a rectangular channel with a thickness of 6 mm [12]. The top of 
the panel-type radiator is equipped with a chimney cap, whose channel number is N′, and the 
length, width and height are L′ × W′ × H′, respectively. The wind deflectors are installed on both 
lateral sides of the radiator. The thickness of the chimney cap and wind deflectors is both 5 mm 
and their material is acrylic with low thermal conductivity. To simplify the calculation, half of 
the computational domain is used by introducing the symmetry option. According to literature 
[28], the natural-convection air domain should contain at least three times of the characteristic 
length in the flow direction, and other directions should contain at least half of the characteristic 

Table 1. Boundary conditions used for the physical model
Boundary Condition Settings

Oil inlet Mass-flow inlet qm = 0.1335 kg/s [31] T = 343.05 K [31]
Oil outlet Pressure outlet p = 0 Pa T = 298 K
Air inlet Pressure inlet p = 0 Pa T = 298 K
Air outlet Pressure outlet p = 0 Pa T = 298 K
Ground Temperature T = 303 K –
Chimney cap Coupled wall – –
Wind deflector Coupled wall – –
Extended segment Adiabatic wall – –
Radiator fin Coupled wall Shell conduction, 1 mm –
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length. This conclusion was also confirmed by Zhang et al. [29]. The computational domain 
and boundaries are shown in figs. 1(b) and 1(c), where the height, H, of the radiator fin is se-
lected as the characteristic length of the air-flow. A more detailed summary of the boundary 
conditions is given in tab. 1. In order to make the model closer to the real conditions, the two 
manifolds of the panel-type radiator are extended by 10 times of the pipe diameter, so the oil-
flow inside panel-type radiator can be regarded as fully developed flow. Since this paper mainly 
focuses on the flow and heat transfer improvement with the chimney effect, the radiation heat 
transfer is not considered, which is similar to the study of literature [30].

Computational method

A 3-D, steady-state, incompressible turbulent flow and heat transfer model was adopted 
to formulate natural-convection heat transfer for the air in the radiator. Its governing equations 
can be expressed as in eqs. (1)-(3), respectively. For turbulence flow, the SST k-ω was used [32]:

( ) = 0i
i

u
x

ρ∂
∂

(1)

( )0
2( ) = + + + g ( )
3

ji
i j i j i j

i i i j i i

uupu u T T u u
x x x x x x

ρ µ δ ρ β ρ
  ∂∂∂ ∂ ∂ ∂ ′ ′− − − −   ∂ ∂ ∂ ∂ ∂ ∂   

(2)

( )( ) = i p i
i i i i

Tu c T u T
x x x x

ρ λ ρ
 ∂ ∂ ∂ ∂ ′ ′− ∂ ∂ ∂ ∂ 

(3)

where ui and uj [ms–1] are the partial velocities in different directions, i and j – the tensor no-
tation, p [Pa] – the pressure, T [K] – the temperature, xi [m] – the direction of co-ordinates,  
ρ [kg m–3] – the density of fluid, μ [kgm–1s–1] – the dynamic viscosity, δij – the Kronecker delta,  
β [K–1] – the thermal expansion coefficient, T0 [K] – the reference temperature of air, λ [W–1K–1] – the 
thermal conductivity, and cp [Jkg–1K–1] – the specific heat at constant pressure.

Kim et al. [33] pointed out that, due to the low flow rate of insulating oil inside the 
panel-type radiator, the oil-flow pattern can be considered as laminar flow. Therefore, the mo-
mentum and energy equations for the oil flow could be formulated:
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The heat conduction equation for the solid part of the radiator can be expressed:
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(6)

Equations (1)-(6) are solved using FVM implemented in ANSYS FLUENT. The con-
vective terms in the momentum and energy equations are discretized with the second-order up-
wind scheme. A 3-D, steady-state and segregated solver was used with a COUPLED algorithm 
for the coupling between velocity and pressure. The convergence criterion is set to below 10–5. 
The Boussinesq assumption was used in the air domain to characterize the effect of buoyancy 
forces induced by the temperature difference. The air reference temperature, T0, was set as 298 K  
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and the thermal expansion coefficient, β, was 0.0033 1/K [13]. Other typical thermal parameters 
of the materials used in the simulation are shown in tab. 2.

Table 2. Typical thermal parameters in the simulation [1, 25]
ρ [kgm–3] λ [Wm–1K–1] cp [Jkg–1K–1] μ [kgm–1s–1]

Steel 7850 88 455 \
Oil 1067.75 – 0.6376T 0.15217 – 7.16⋅10–5T 821.19 + 3.563T 0.08467 – 4⋅10–4T + 5⋅10–7T2

Air 1.170 0.262 1007 1.86⋅10–5

Acrylic 1180 0.2 1549 –

Grid independence test and model validations

The mesh as shown in fig. 2(a) is the Polyhedra mesh generated by using FLUENT 
meshing. There are 3-layer boundary-layer mesh with a growth rate of 1.1 on both sides of the 
wall. A thin prism mesh with thickness of 0.15 mm near the wall was used for the boundary-lay-
er, which can meet the requirements of the SST k-ω turbulence model for the wall mesh (= 0.29) 
[34]. To improve simulation accuracy, a region-refined meshing technique was used. Different 
mesh set-ups were obtained by increasing the boundary-layer grids and changing the local mesh 
dimensions. Figure 2(b) shows the variation of cooling capacity, Q, and outlet oil temperature 
of the panel-type radiator for different grids. When the number of grids reaches 2.24⋅107, fur-
ther grid refinement produces only 0.66% and 0.01% differences in cooling capacity and outlet 
oil temperature, respectively. Therefore, it can be judged that the numerical results should be 
independent of the grid when its number reaches 2.24⋅107. 

Figure 2. Computational mesh and grid-independent test; (a) computational mesh and  
(b) variations of cooling capacity and outlet oil temperature with different grids

Furthermore, in order to verify the numerical method, a validation of the study by Kim 
et al. [12] was carried out. A panel-type radiator with dimensions of 520 mm × 2500 mm × 30 
(W × H × N) in ONAN mode was simulated. The model parameters are shown in tab. 3. The 
inlet oil temperature and mass-flow rate are 348.15 K and 44.4 Lpm, respectively. The ambient 
temperature is 293.15 K.

Table 3. Geometrical parameters for model validation

Parameter Diameter of 
two manifolds

Length of two 
manifolds

Diameter of the 
radiator fins

Distance of 
each fin Thickness of fins

Value [mm] 76.2 2500 10 35 1
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The overall heat transfer coefficient and cooling capacity of a panel-type radiator in 
literature [12] and present simulation were compared. The overall heat transfer coefficient can 
be expressed:

oil,avg( )
Qh

S T T∞

=
− (7)

where S [m2] is the surface area of the traditional radiator, T∞ [K] – the ambient air temperature, 
and Toil,avg [K] – the volume-averaged oil temperature, which can be expressed:

oil

oil,avg oil
oil

1 d
V

T T V
V

= ∫ (8)

where Voil [m3] is the oil volume.
As shown in tab. 4, The cooling capacity of the panel-type radiator for the present 

simulation is 17154.9 W, and the overall heat transfer coefficient, h̄ , is 4.8 W/m2 K. Compared 
with the numerical simulation results of Kim et al. [12], the deviation of the cooling capacity is 
6%, and the deviation of the overall heat transfer coefficient is 10.34%. As compared with their 
experimental results [12], the deviation of cooling capacity is 12.35%.

     Table 4. Model validation results
Present 

simulation
Simulation 

results in [12] Deviation Experiment 
results in [12] Deviation

Cool 
capacity [W] 17154.9 18250.0 6% 19571.9 12.35%

 h̄  [Wm–2K–1] 4.80 5.35 10.34% – –

Results and discussion

Effect of wind deflectors and chimney cap

The temperature along the panel-type radiator gradually decreases from top to bottom 
and the mass-flow rate of air is constant in enclosed channels. According to the principle of the 
chimney effect, as the air temperature rises, its density decreases, and its volume flow rate con-
sequentially rises. Therefore, in this study, the first consideration is to enclose both lateral sides 
of the panel-type radiator so that the air domain between the fins can form enclosed channels 
with deflectors. Then, the impact of adding a chimney cap at the top of the radiator to extend 
the length of the chimney channel is also discussed. The specific settings of aforementioned 
cases are shown in tab. 5.

Table 5. Settings for different cases
Case Settings

1 Without wind deflectors and chimney cap
2 With wind deflectors
3 With wind deflectors and chimney cap (N′ = 1, H′ = 300 mm )

Figure 3 shows the temperature distributions at the center cross-section (x = 0 mm) 
of the panel-type radiator for the cases in tab 5. In fig. 3(a), it can be clearly observed that 
the thermal boundary-layer on the surface of the radiator fins in Case 1 gradually becomes 
thicker along the negative direction of the z-axis, which is similar to the flat-plate flow and 
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suggests that there exists air-flowing from both lateral sides of the panel-type radiator into the 
inter-channel. As shown in fig. 3(b), when two wind deflectors are added at the z-axis direction 
of the radiator, the temperature field in the air domain changes obviously, and the thickness of 
the thermal boundary-layer on the fin surface becomes thinner. Since the lateral sides of the 
radiator are enclosed and air-flow cannot flow into the channel from lateral sides, the thermal 
boundary-layer becomes relatively thick on the surface of the wind deflectors. In fig. 3(c), it 
can be found that the temperature field at the middle plane of the radiator (x = 0 mm) does 
not change obviously after additioning the chimney cap at the top of the radiator as compared 
with Case 2. Figures 4(a)-4(c) show the velocity and streamline distributions of air between 
the 7th and 8th radiator fins (y = –295.5 mm). In fig. 4(a), the air side-suction phenomenon is 
quite obvious at both lateral sides of the panel-type radiator without wind deflectors, which is 
consistent with that presented in fig. 3(a). This phenomenon is due to the fact that the ambient 
temperature around the radiator is lower than the air temperature in the channel between the 
fins. As air-flows from the bottom and lateral sides of the radiator at the same time under the 
thermal pressure difference, the air-flow at different directions will influence with each other. 
As shown in fig. 4(b), when wind deflectors are added, the side suction of air is completely 
blocked, and the air-flow velocity between radiator fins is obviously increased. Meanwhile, it 
can also be observed that the air-flow distribution between radiator fins becomes more uniform, 
and the air and insulating oil inside the radiator will form a counter-current flow with higher 
heat transfer efficiency. In addition, it also shows that part of the air at the lateral side of the 
radiator flows into the bottom of the radiator under the thermal pressure difference and forms a 
small re-circulation zone at the inlet of the channel. As shown in fig. 4(c), when a chimney cap 
is added at the top of the radiator, the area of the high speed air zone at the top of the radiator 
increases, and the air at this zone is less affected by the horizontal air-flow.

For the chimney effect, the air-flow is accelerated due to the thermal pressure differ-
ence. Figures 4(d)-4(f) show the pressure distributions of air between radiator fins for different 
cases. For the conventional panel-type radiator in fig. 4(d), the air pressure between radiator 
fins is almost equal to the atmospheric pressure, and a local negative pressure zone is observed 
only near the top of the upper manifold, which is similar to the flow around a circular cylinder. 

Figure 3. Temperature distributions  
at the yz plane (x = 0 mm) in the panel-
type radiator for different cases; 
(a) Case 1, (b) Case 2, and (c) Case 3
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When the wind deflectors are added, as shown in fig. 4(e), a large negative pressure zone is 
formed in the air domain between the radiator fins, and the air pressure in the lower half of the 
radiator is lower than that in the upper half of the radiator. Since the radiator is enclosed, the air 
at the bottom of the radiator can produce greater driving force, which will drive more cold air-
flow into the bottom of the radiator. Finally, as shown in fig. 4(f), by adding a top chimney cap 
at the top of the radiator, the negative pressure zone of the air in the channel is extended, the av-
erage pressure between the radiator fins is further reduced, and the chimney effect is enhanced.

According to the study of Bacharoudis et al. [35], the static pressure reduction at the 
chimney inlet can be expressed:

2
dra in

1
2

p p p Vρ∞= − = − (9)

where pdra [Pa] is the static pressure reduction at the chimney inlet, pin [Pa] – air static pressure 
at the inlet, p∞ [Pa] – the static pressure of the environment, and V [ms–1] – the average velocity 
of air.

The static pressure reduction at the chimney inlet, also known as the chimney draft 
pressure, depends on the chimney height and density difference between the ambient air and air 
at the chimney inlet (without taking into account chimney wall friction) [23]:

dra in( )g( )p H Hρ ρ∞ ′= − + (10)
where ρ∞ [m3] is the density of the ambient air, and ρin  – the density of the inlet air at the bottom 
of the chimney. Equations (9) and (10) are obtained based on Bernoulli’s equation, which can 
be used to predict the chimney draft pressure and reveal the reason for air-flow acceleration in 
the chimney channel. It is noticed from figs. 4(b) and 4(c) that, the direction of air-flow enter-
ing the bottom of the radiator is perpendicular to the height direction of the chimney, which 
will generate oblique air-flow acceleration and form vortices at the inlet of the channels. This 
will further reduce the local static pressure at the corner of the chimney inlet and form air-flow 
re-circulation zones. According to the study of literature [23], such sharp edges can increase the 
pressure difference, which is favorable for increasing air-flow rate and enhancing heat transfer.

Figure 5(a) shows the variations of total air-flow rate, bottom air-flow rate and side 
air-flow rate between radiator fins for different cases. It shows that, the total air-flow rate in 
a conventional panel-type radiator (Case 1) is less than that in other two cases, while the side 
air-flow rate in this case accounts for 72.8% of the total air-flow rate. In Case 1, the side air-

Figure 4. Velocity and pressure distributions at xz plane (y = –295.5 mm) in  
the panel-type radiator for different cases; (a-d) Case 1, (b-e) Case 2, (c-f) Case 3
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flow and bottom air-flow interfere with each other, which will reduce the total air-flow rate and 
heat dissipation as well. When the wind deflectors are added at the lateral sides of the radiator 
(Case 2), the side air suction is completely blocked, and it is observed that, the total air-flow 
rate is increased by 11.35% and the cooling capacity is improved by 12.57%. When the top 
chimney cap is added at the top of the radiator (Case 3), the chimney effect is further enhanced, 
the total air-flow rate is increased by 18.29% and the cooling capacity is improved by 15.74%. 
Figure 5(b) shows the distributions of insulating oil mass-flow rate in different radiator fins 
for different cases. For the conventional radiator (Case 1), the flow distribution tends to be 
large on both sides and small in the middle, which is consistent with the findings in [3]. This 
phenomenon is due to the fact that end fins of the radiator are directly exposed to ambient air 
with better heat dissipation performance, which makes the oil temperature in the fins lower 
and produces stronger thermosiphon, thus increasing the oil flow rate [29]. When the oil flows 
from the upper manifold, the pressure loss increases gradually as the flow path grows, thus 
the fins at the two ends of the radiator have different oil mass-flow rates. With addition of the 
wind deflectors (Case 2), the oil mass-flow rate distribution in the radiator is more uniform. In 
addition, a sudden drop in the oil flow rate in the secondary end fins of the radiator (the 2nd and 
13th fins) is observed. This is because the chimney effect created by the inter-fin channels has 
an aggregation effect on the air with the addition of wind deflectors. This will result in slower 
air-flow, thicker flow boundary-layer, and weaker heat transfer in the channels at both ends of 
the radiator. Similar phenomenon can also be observed in fig. 3(b). Due to the presented air-
flow characteristics in the end channels, the cooling capacity and oil mass-flow rate of the two 
fins at both ends of the radiator decrease. Finally, in Case 3, the addition of the top chimney cap 
resulted in a further improvement in the uniformity of oil flow distribution in the radiator, but 
its overall distribution trend was similar to the Case 2.

Figure 5. Performance comparison for panel-type radiator under different cases;  
(a) variations of air volume flow rate and heat dissipation of radiator under different  
operating conditions and (b) insulating oil mass-flow rate distributions in different radiator fins

Effect of chimney cap structural parameters

In this section, the effect of top chimney cap height (H′ = 300 mm, 500 mm, and  
700 mm) and the number of chimney cap channels (N′ = 1, 3, 5, 15) on the cooling performance 
of the novel panel-type radiator is analyzed. Figures 6 and 7 show the velocity and pressure 
distributions of the panel-type radiator at the xy plane (z = 0 mm) for different chimney cap con-
figurations, respectively. Figure 8 shows the performance variation of the panel-type radiator 
for different chimney cap configuration parameters. 
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From figs. 6(a)-6(l), it shows that, the area of the high speed flow zone at the top of 
the radiator becomes larger and more uniform as N’ increases, which indicates the air velocity 
and flow uniformity enhances gradually. In addition, it is found that obvious re-circulation flow 
is formed at the medium channels of the chimney cap. From figs. 7(a)-7(l), it shows that, this 
re-circulation flow phenomenon is caused by the air as it sweeps over the upper manifold and a 
negative pressure zone is produced at the top of the upper manifold. However, since the bottom 
of the lateral channels of the chimney cap is connected to the ambient environment, the negative 
pressure gradient is relatively small, and the re-circulation flow is not formed at the bottom of 
lateral channels of the chimney cap.

Figure 6. Velocity distributions at xy plane (z = 0 mm) in the panel-type radiator with  
different chimney cap configurations; (a)  N′ = 1 and H′ = 300 mm, (b) N′ = 3 and H′ = 300 mm,  
(c) N′ = 5 and H′ = 300 mm, (d) N′ = 15 and H′ = 300 mm, (e) N′ = 1 and H′ = 500 mm,  
(f) N′ = 3 and H′ = 500 mm, (g) N′ = 5 and H′ = 500 mm, (h) N′ = 15 and H′ = 500 mm, 
(i) N′ = 1 and H′ = 700 mm, (j) N′ =3 and H′ = 700 mm, (k) N′ =5 and H′ =700 mm, and  
(l) N′ =15 and H′ = 700 mm

From fig. 8(b), it shows that, as H′ increases from 300-500 mm, the cooling capacity 
of the radiator is enhanced by 2.54%, 3.34%, 3.37%, and 2.63% at N′ = 1, 3, 5 and 15, respec-
tively, and the is enhanced by 3.02%, 4.00%, 4.01% and 3.11%, respectively. As H′ further 
increases to 700 mm, the cooling capacity of the radiator is increased by 2.94%, 6.18%, 7.26% 
and 4.75%, respectively, as compared with those at H′ = 300 mm, and the is enhanced by 
3.48%, 7.56%, 8.35%, and 5.65%, respectively. Therefore, increasing the height of the chim-
ney cap can enhance the cooling performance of the panel-type radiator in this study. As can 
be seen in fig. 7, when the H′ increases, the area of the negative air pressure zone between the 



Si, W., et al.: Numerical Study of Cooling Performance Augmentation for ... 
3024 THERMAL SCIENCE: Year 2024, Vol. 28, No. 4A, pp. 3013-3028

radiator fins increases gradually, and the negative pressure zone inside the chimney cap extends 
upward. Therefore, the air-flow path formed by the panel-type radiator together with the wind 
deflectors and top chimney cap can create a larger pressure difference between the air inside 
and the atmosphere, namely the chimney draft pressure, pdra. From eqs. (9) and (10), it can be 
supposed that the air volume flow rate in the flow channel become larger as chimney channel 
extends, which can also be confirmed by fig. 8(a). Furthermore, In fig. 8, it is noticed that when  
N′ = 1, increasing H′ from 500-700 mm, changes in the volume flow rate of air and cooling 
capacity of the radiator are relatively small. Figures 6(e) and 6(i) show the velocity distributions 
under aforementioned two conditions, respectively. In fig. 6(e), it can be observed that the air-
flow at the top of the radiator tilts toward the positive direction of y-axis. When H′ increases to 
700 mm, as shown in fig. 6(i), the air-flow tilts much more. Correspondingly in figs. 7(e) and 
7(i), the aforementioned phenomenon is reflected in an asymmetric distribution of negative air 
pressure zones at the top of the radiator, which results in a larger negative air pressure zone in 
the left half of the chimney cap. That is because, when N′ = 1, as H′ increases, the total heat 
dissipated from the 8th to 14th radiator fins is larger than that from 1st to 7th radiator fins. This 
means, the air exchanges more heat with the second half of the radiator, which causes the air-
flow tilt to the right at the top of the radiator. As the air-flow tilts more, an obvious cold inflow 
[36] is observed in fig. 6(i). This phenomenon is created by the density difference between the 

Figure 7. Pressure distributions at xy plane (z = 0 mm) in the panel-type radiator with different 
chimney cap configurations;  (a)  N′ = 1 and H′ = 300 mm, (b) N′ = 3 and H′ = 300 mm,  
(c) N′ = 5 and H′ = 300 mm, (d) N′ = 15 and H′ = 300 mm, (e) N′ = 1 and H′ = 500 mm,  
(f) N′ = 3 and H′ = 500 mm, (g) N′ = 5 and H′ = 500 mm, (h) N′ = 15 and H′ = 500 mm, 
(i) N′ =1 and H′ = 700 mm, (j) N′ =3 and H′ = 700 mm, (k) N′ = 5 and H′ = 700 mm, and  
(l) N′ = 15 and H′ = 700 mm
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hot air in the chimney channel and cold ambient air at the top of the radiator, which typically 
occurs near the unheated wall of the asymmetrically heated vertical channels [37]. Cold inflow 
can hinder the mainstream air-flow and decrease the air-flow rate, which is not conducive to 
the heat transfer enhancement. In addition, from fig. 8(b), it is found that, when N′ ≤ 5, the 
cooling capacity of the panel-type radiator increases gradually as N′ increases. As shown in  
figs. 6(a)-6(c), 6(e)-6(g), and 6(i)-6(k), it is noticed that, the area of the high velocity air-flow 
region at the top of the radiator increases as N′ increases, and the uniformity of the air-flow is 
also improved. Correspondingly in figs. 7(a)-(c), 7(e)-7(g), and 7(i)-7(k), the area of the neg-
ative air pressure zone between radiator fins increases as N’ increases, and the chimney draft 
pressure also increases. Therefore, from fig. 8(a), it can be found that the volume flow rate of 
air at the top of the radiator increases with the increase of N’, which can enhance the convective 
heat transfer between radiator fins. When N′ is further increased to 15, it is shown in figs. 6(d), 
6(h), and 6(l) that, the air-flow uniformity is further enhanced. While from fig. 8(a), it can be 
found that when H′ is relatively small (H′ = 300 mm), increasing H′ to 15 can increase air-flow 
rate and enhance heat dissipation of the radiator. However, when H’ increases to 500 mm or 
700 mm, increasing H′ to 15 will decrease the flow rate of air and reduce the cooling capacity 
of the radiator instead. This is because, as the chimney cap height increases, the uniformity of 
the air-flow increases, but the frictional resistance created by the channel wall also increases. 

The purpose of heat transfer performance enhancement of the panel-type radiator is to 
reduce its outlet oil temperature, which in turn reduces the operating temperature of the trans-
former. Therefore, the outlet oil temperature of the panel-type radiator for different cases are 
also compared in fig. 8(c). It is obvious that, the tendency of outlet oil temperature for different 
case are opposite to that of the cooling capacity. As cooling capacity increases, the outlet oil 

Figure 8. Performance variations of  
panel-type radiators with different 
chimney cap structural parameters;  
(a) variations of air volume flow rate at 
the top of the radiator, (b) variations of 
cooling capacity and overall heat transfer 
coefficient, and (c) variations of outlet oil 
temperature
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temperature decreases and vice versa. When H′ = 700 mm and N′ = 5, the outlet oil temperature 
reaches a minimum value of 335.95 K. 

In this study, the best cooling capability of the panel-type radiator is obtained when 
the chimney cap height is H′ = 700 mm and the number of chimney cap channels is N′ = 5. As 
compared with the traditional panel-type radiator, the cooling capacity and overall heat transfer 
coefficient of the novel radiator under this condition can be increased by 26.54% and 28.21%, 
respectively, and the temperature difference between the inlet and outlet insulating oil is 7.1 ℃.

Conclusions

In this paper, the panel-type radiator for the transformer under ONAN mode was 
improved based on the chimney effect, and its flow and heat transfer characteristics were nu-
merically investigated. Firstly, the effect of adding wind deflectors on both lateral sides and a 
chimney cap on the top of the radiator on its thermal performance was investigated. Secondly, 
the effect of the chimney cap structural parameters (height, and number of channels) on the 
thermal performance of the panel-type radiator was analyzed. The main conclusions are 

Firstly, since the air can be sucked from the top and both lateral sides of traditional 
panel-type radiator simultaneously, the air inflow at different directions will influence with 
each other, which will result in thicker thermal boundary-layer near the wall of radiator fins, 
and the cooling performance is poor. The wind deflectors can form enclosed air channels with 
the radiator fins. Influenced by the chimney effect, a large negative air pressure area is created 
in the channel and an upward suction effect is generated, which will accelerate the air-flow. As 
the side air-flow is completely blocked, the air and the insulting oil in the radiator can form a 
counter-current heat transfer, which ultimately improves the cooling capacity of the radiator 
by 12.75%. In addition, adding a chimney cap to the top of the radiator can further extend the 
length of the chimney channel, and the radiator’s cooling capacity is increased by 15.74%.

Secondly, increasing the height of the chimney cap, H′, will increase the area of the 
negative air pressure zone between radiator fins and increase the chimney draft pressure. Mean-
while, increasing the number of chimney cap channels, N′, can enhance the uniformity of the 
air-flow, but both of aforementioned methods will produce larger frictional resistance. When 
N′ and H′ are relatively large, further increases in N′ and H′ will reduce air-flow rate in the 
radiator and reduce its thermal performance. In this study, the best thermal performance of the 
panel-type radiator is obtained at H′ = 700 mm and N′ = 5. As compared with the traditional 
radiator, the cooling capacity and overall heat transfer coefficient of the novel radiator are in-
creased by 26.54% and 28.21%, respectively, and the temperature difference between the inlet 
and outlet insulating oil is 7.1 ℃.
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Nomenclature

cp – specific heat at constant pressure, [Jkg–1K–1]
D – manifolds diameter, [mm]
d – radiator fin spacing, [mm]
g – gravity acceleration, [ms–2]
H – radiator fin height, [mm]
H′ – chimney cap height, [mm]
h̄ – overall heat transfer coefficient, [Wm–2K–1]

L′ – chimney cap length, [mm]
N – radiator fin number
N′ – number of chimney cap channels
p – pressure, [Pa]
Q – cooling capacity, [W]
qm – mass-flow rate of transformer oil, [kgs–1]
S – surface area of traditional radiator, [m2]
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