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INTRODUCTION

The braking system is a critical component in 
road transport, ensuring vehicle safety by convert-
ing kinetic energy into thermal energy through 
friction between the brake pads and the disc [1–3]. 
During repeated or high-intensity braking, a sig-
nificant amount of heat is generated at the braking 
interface, leading to a temperature increase that 
can compromise braking effectiveness, acceler-
ate material wear, and, in extreme cases, cause 
brake failure [4–6]. Furthermore, the heat gen-
erated during severe braking may increase the 

brake fluid temperature, adversely affecting its 
hydraulic performance and increasing the risk of 
brake fade or vapor lock [7,8]. Therefore, effec-
tive thermal management of brake discs is essen-
tial to maintain performance and reliability under 
various operating conditions.

To mitigate excessive temperature increases, 
several cooling strategies have been developed, 
including ventilated brake discs, improved mate-
rial designs, and the use of forced convection via 
airflow [9,10]. Among these, the implementa-
tion of air ducts to direct external airflow toward 
the brake assembly has become established as a 

Numerical study of the influence of duct cross-section 
geometry on flow characteristics and brake cooling 
performance in a heavy-duty bus

Edinson Bryan Velasquez Quispe1, Ahsly Britney Wagner Laguna1,
Juan Carlos Valdez Loaiza1 , José Canazas1*

1	 Universidad Nacional de San Agustín de Arequipa, Arequipa 04000, Perú
* Corresponding author’s e-mail: jcanazas@unsa.edu.pe

ABSTRACT
Efficient heat dissipation during braking is crucial for maintaining the performance and reliability of brake systems 
in heavy-duty vehicles. Although CFD has been widely applied to brake thermal analysis, the isolated influence 
of brake cooling duct cross-sectional geometry on airflow characteristics and convective cooling performance has 
received limited attention. This study numerically evaluated the influence of duct cross-sectional geometry on the 
flow characteristics and cooling performance of a heavy-duty bus brake system using two consecutive computa-
tional fluid dynamics (CFD) models implemented in ANSYS CFX. First, circular and square cross-section ducts 
were analyzed for vehicle speeds of 60, 90, and 120 km/h to determine the outlet flow conditions. Subsequently, 
these flow conditions were used as inlet boundary conditions for the thermal analysis of a brake disc subjected 
to surface temperatures of 600, 700, and 800 K. The numerical reliability of the simulations was verified through 
mesh independence analyses, where successive mesh refinements produced variations below 0.5% in the moni-
tored variables. The results showed that the circular duct generated higher exit velocities than the square duct under 
all analyzed conditions, reaching 51.88 m/s and 39.52 m/s, respectively, at 90 km/h. Although this improvement 
was accompanied by greater pressure losses, the circular configuration increased the brake disc heat dissipation 
by approximately 51% at a surface temperature of 600 K. These findings demonstrate that duct geometry plays a 
decisive role in brake cooling performance and provide useful engineering guidelines for designing more efficient 
brake cooling systems for heavy-duty buses operating under severe thermal conditions.

Keywords: brake cooling, heavy-duty bus, cooling duct geometry, computational fluid dynamics, convective 
heat transfer.

https://orcid.org/0000-0002-4122-2027
https://orcid.org/0000-0003-2236-7869


281

Advances in Science and Technology Research Journal 2026, 20(11), 280–292

practical and cost-effective solution, especially 
in high-performance and heavy-duty vehicles 
[11,12]. However, the effectiveness of these sys-
tems depends heavily on the duct’s geometric 
configuration, which governs the airflow distribu-
tion, velocity profiles, and ultimately, convective 
heat transfer across the disc surface [13,14].

In recent years, numerical methods based on 
computational fluid dynamics (CFD) have been 
widely used to investigate the thermofluid behav-
ior of braking systems. Several studies have ana-
lyzed heat dissipation and convective heat trans-
fer in brake discs under transient operating condi-
tions, highlighting the ability of coupled models to 
predict the thermal evolution of the system during 
braking cycles, as presented in Chaudhary et al. 
[15]. Likewise, recent research has addressed the 
aerothermal analysis of the braking system con-
sidering complete vehicle geometries and realis-
tic flow conditions, demonstrating the significant 
influence of external aerodynamics on heat dis-
sipation mechanisms [16]. Other studies have 
delved deeper into the evaluation of heat transfer 
and flow patterns using CFD simulations applied 
to specific thermal configurations, providing rel-
evant information on convective coefficients and 
temperature distribution in air-cooled systems 
[17]. Other studies have incorporated multi-
physics approaches that consider fluid-structure 
interaction and dynamic effects during braking 
maneuvers, expanding the understanding of sys-
tem behavior under complex operating conditions 
[18,19]. More recently, advanced CFD models 
have been developed to analyze complete brak-
ing systems, including the interaction between 
multiple components and heat dissipation in the 
presence of multiphase flows, allowing for a more 
realistic representation of the physical phenom-
enon [20]. Despite these advances, most studies 
have focused on disc analysis or global system 
configurations, while the specific influence of air 
duct geometry on flow distribution and heat trans-
fer remains limited in the recent literature.

The findings reported in previous CFD inves-
tigations indicate that geometric optimization is 
one of the most effective strategies for improv-
ing brake cooling performance. For instance, 
García-León et al. [10] demonstrated that an 
appropriate airflow guidance system can signifi-
cantly increase the convective heat transfer over 
the brake disc by promoting a more efficient air 
distribution. Similarly, Stauch et al. [12] showed 
that optimizing the cooling duct geometry 

reduces aerodynamic losses while increasing 
the amount of cooling air reaching the braking 
system. These studies suggest that brake cooling 
efficiency depends not only on the airflow rate 
but also on how effectively the duct geometry 
controls flow development and pressure losses, 
highlighting the importance of geometric optimi-
zation in brake cooling system design.

Another fundamental parameter governing the 
thermo-fluid behavior of brake cooling systems is 
the Reynolds number, since it determines the flow 
regime and directly influences convective heat 
transfer. Li et al. [9], in a comprehensive review 
of ventilated brake discs, identified the Reynolds 
number as one of the dominant parameters control-
ling the cooling effectiveness of internal flow pas-
sages. Furthermore, Wang et al. [14] experimental-
ly demonstrated that increasing the airflow through 
ventilated brake discs substantially enhances the 
convective heat transfer coefficient. Nevertheless, 
these studies also indicate that the influence of the 
Reynolds number cannot be analyzed independent-
ly because the duct geometry modifies flow accel-
eration, turbulence generation, and pressure losses, 
ultimately affecting the cooling performance.

These thermo-fluid mechanisms become 
particularly important in heavy-duty vehicles, 
where greater vehicle mass and prolonged brak-
ing events produce considerably higher thermal 
loads than those encountered in passenger cars. 
Yevtushenko et al. [4] demonstrated that repeated 
braking can lead to severe temperature accumu-
lation, emphasizing the importance of efficient 
heat dissipation under demanding operating con-
ditions. More recently, Orlandi et al. [20] devel-
oped an advanced CFD model for complete brak-
ing systems under transient conditions, provid-
ing valuable insight into brake thermal behavior. 
However, their study primarily focused on the 
overall braking system response rather than the 
isolated influence of brake cooling duct geometry. 
Consequently, the optimization of duct cross-sec-
tional geometry for heavy-duty vehicles remains 
insufficiently addressed in the current literature.

Although previous studies have significantly 
improved the understanding of brake cooling 
systems, recent CFD investigations by Orlandi 
et al. [1] and Cravero and Marsano [16] have pri-
marily focused on the thermal behavior of brake 
discs and complete braking system aerodynam-
ics under realistic operating conditions. How-
ever, the isolated influence of brake cooling duct 
cross-sectional geometry on airflow distribution, 
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pressure losses, and the resulting convective heat 
transfer has received comparatively limited atten-
tion, particularly for heavy-duty bus applications. 
This knowledge gap limits the development of 
optimized duct designs capable of maximizing 
cooling performance while minimizing aerody-
namic losses. Therefore, the present study aims to 
numerically evaluate the influence of circular and 
square duct cross-sections on the flow characteris-
tics and thermal performance of a heavy-duty bus 
brake cooling system operating under straight-line 
braking conditions. Airflow behavior is first ana-
lyzed in terms of velocity distribution, flow pat-
terns, and pressure losses for vehicle speeds of 
60, 90, and 120 km/h. Subsequently, the resulting 
flow conditions are used to evaluate the convec-
tive cooling performance of a brake disc subjected 
to prescribed surface temperatures of 600, 700, 
and 800 K. The findings provide further insight 
into the relationship between duct geometry, air-
flow management, pressure losses, and heat dissi-
pation, contributing to the design of more efficient 
brake cooling systems for heavy-duty vehicles.

METHODOLOGY

Description of the vehicle, the brake disc, 
and the duct

This study evaluates the flow characteristics 
inside a brake cooling duct and their influence 
on the thermal performance of a heavy-duty bus 
brake disc. The numerical procedure was carried 

out in two successive stages. Initially, the airflow 
through the cooling duct was computed to deter-
mine the outlet flow conditions. These results 
were then used as the inlet boundary conditions 
for the thermal analysis of the brake disc under 
forced convection. The computational configura-
tion adopted for both the duct and the brake disc 
is illustrated in Figure 1.

The computational domain consists of a brake 
cooling duct and a ventilated brake disc represen-
tative of a heavy-duty bus braking system. The 
cooling duct is formed by a wide frontal inlet 
that captures the incoming airflow and guides 
it through a curved passage toward the brake 
assembly. Both duct configurations have an over-
all length of approximately 780 mm, with an inlet 
section of 240 × 100 mm and an outlet located 
approximately 45 mm from the brake disc sur-
face. The outlet geometry was defined as either a 
circular section with an internal diameter of 100 
mm or a square section of 90 × 90 mm, provid-
ing nearly equivalent flow areas. Apart from the 
outlet cross-sectional geometry, all remaining 
duct dimensions and the flow path were main-
tained identical to ensure a consistent comparison 
between both configurations.

A standard ventilated brake disc commonly 
employed in heavy-duty buses was selected for 
the numerical analysis. The disc has an outer 
diameter of 420 mm, an inner diameter of 240 
mm, a braking track width of 90 mm, and an 
overall thickness of 45 mm. Different braking 
conditions were represented by prescribing three 
uniform disc surface temperatures, allowing the 

Figure 1. Schematic representation of the brake cooling system: (1) cooling air duct, (2) ventilated brake disc, 
and (3) suspension and steering assembly
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influence of thermal loading on the cooling pro-
cess to be evaluated. Rather than reproducing 
the complete vehicle geometry, the computa-
tional model preserves the actual relative position 
between the duct outlet and the brake disc so that 
the cooling airflow reaches the friction surfaces 
under representative operating conditions.

This study focuses on straight-line braking 
conditions, which represent one of the most criti-
cal operating scenarios for brake thermal load in 
heavy vehicles. Under these conditions, the out-
let of the cooling duct remains aligned with the 
brake disc throughout the analysis. This modeling 
approach makes it possible to assess the influence 
of the duct geometry on the airflow delivered to 
the disc and its resulting cooling performance 
without introducing additional variables. There-
fore, steering-induced wheel orientations were 
not considered in this analysis.

Numerical analysis

The flow and thermal behavior of the proposed 
brake cooling system were analyzed through 
three-dimensional CFD simulations carried out 
with ANSYS CFX. A steady-state formulation was 
adopted to solve the governing equations for both 
computational domains. Because the maximum 
air velocity remained below the compressibility 
limit (Mach < 0.3), the flow was treated as incom-
pressible. Furthermore, the Reynolds numbers 
associated with the operating conditions and the 
duct configuration justified the use of a turbulent 
flow model throughout the numerical analysis.

The numerical solution was obtained by simul-
taneously solving the conservation equations of 
mass, momentum, and energy. Turbulence was 
represented using the SST k-ω model, which was 
adopted because of its capability to accurately 
capture near-wall flow behavior and regions sub-
jected to adverse pressure gradients, both of which 
are expected within the curved cooling duct. The 
convective terms of the governing equations were 
discretized using the High Resolution scheme 
available in ANSYS CFX, whereas the diffusive 
terms were evaluated using second-order accurate 
spatial discretization. Pressure and velocity were 
solved simultaneously through the coupled solver 
implemented in ANSYS CFX. Convergence was 
assumed when the RMS residuals of all governing 
equations were below 10−5, while the monitored 
mass flow rate and average outlet velocity remained 
unchanged between successive iterations.

The numerical procedure was divided into 
two separate simulation stages, each associated 
with a different computational domain. The first 
stage focused on the internal flow through the 
cooling duct, providing the outlet velocity and 
pressure characteristics required for the subse-
quent analysis. In the second stage, these flow 
conditions were applied to the brake disc model 
to investigate the heat transfer generated by 
forced convection.

The computational meshes for both numeri-
cal domains were generated using unstructured 
tetrahedral elements to accurately represent the 
complex geometry of the cooling duct and the 
ventilated brake disc. Local mesh refinement was 
applied in regions with pronounced geometric 
curvature and in areas where large velocity and 
thermal gradients were expected, particularly near 
the duct outlet, the brake disc surfaces, and the 
narrow gap between the duct and the disc. Addi-
tional refinement was also introduced close to the 
solid boundaries to improve the resolution of the 
near-wall flow, which is essential for the accurate 
prediction of turbulent transport using the SST 
k–ω model. The generated meshes were veri-
fied to ensure adequate element quality, avoiding 
highly distorted cells and providing stable numer-
ical convergence throughout all simulations.

The airflow inside the cooling duct was ana-
lyzed under three inlet velocities corresponding 
to vehicle speeds of 60, 90, and 120 km/h, which 
were selected to represent typical urban, subur-
ban, and highway operating conditions of heavy-
duty buses. Air entered the computational domain 
with a uniform velocity profile at an inlet temper-
ature of 300 K and a turbulence intensity of 5%, 
whereas the outlet was defined as an opening with 
a relative pressure of 0 Pa. A no-slip boundary 
condition was imposed on all solid surfaces, and 
the duct walls were assumed to be adiabatic by 
neglecting heat transfer through the wall material.

The outlet flow conditions obtained from the 
cooling duct simulations were subsequently used 
as the inlet boundary conditions for the brake disc 
model. To examine the effect of thermal loading, 
the brake disc surface was evaluated at three pre-
scribed temperatures of 600 K, 700 K, and 800 K. 
These temperature levels represent progressively 
more severe braking conditions and were selected 
based on temperature ranges commonly reported 
in numerical investigations of brake cooling sys-
tems [12]. Since the objective of this study was to 
perform a comparative numerical evaluation of the 
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two duct geometries, no experimental measure-
ments were conducted, and representative operat-
ing conditions from the literature were adopted. 
The rotational motion of the brake disc was not 
included in the numerical model so that the influ-
ence of the duct geometry on the forced-convec-
tion cooling process could be assessed indepen-
dently while reducing computational cost. This 
simplification also ensures a direct comparison 
between the circular and square duct configura-
tions under identical thermal boundary conditions.

Convergence analysis

The generated meshes consisted of unstruc-
tured tetrahedral elements with local refinement in 
regions of high curvature and expected large flow 
gradients. The mesh quality was verified prior to 
the simulations to avoid highly distorted elements 
and ensure numerical stability throughout the 
solution process. The sensitivity of the numeri-
cal solution to the mesh resolution was assessed 
before performing the simulations. Independent 
discretization analyses were carried out for both 
the cooling duct and the brake disc models using 
unstructured tetrahedral meshes. For each com-
putational model, a series of progressively refined 
meshes was generated to identify a mesh density 
that provided stable numerical predictions while 
maintaining a reasonable computational cost.

Mesh refinement was continued until further 
increases in the number of elements produced 
only negligible changes in the selected monitor-
ing variables. The convergence results for the cir-
cular and square cooling ducts are presented in 
Tables 1 and 2, respectively, for an inlet veloc-
ity equivalent to 90 km/h. The outlet velocity and 
the pressure drop were adopted as the evalua-
tion criteria because they adequately describe the 
hydraulic behavior of the duct. Since the variation 
between consecutive mesh levels remained below 
0.5% for both quantities, a mesh containing 

approximately 600,000 elements was considered 
sufficient for the remaining simulations.

Table 3 summarizes the mesh convergence 
analysis carried out for the brake disc model. The 
boundary conditions correspond to the outlet flow 
obtained from the circular duct simulation at 90 
km/h, which was selected as the reference case 
for the thermal calculations. The convergence cri-
terion was established by monitoring the heat flux 
on the upper inner region of the brake disc and 
the total heat dissipation. For both variables, the 
variation between successive mesh refinements 
remained below 0.2%, indicating that additional 
mesh refinement would have a negligible influ-
ence on the numerical results.

The convergence analyses presented in Tables 
1–3 demonstrate that further mesh refinement pro-
duces only negligible variations in the monitored 
variables for both computational models. Based 
on these results, meshes containing approximately 
600,000 elements for the duct and 750,000 ele-
ments for the brake disc were adopted for the 
remaining simulations, providing an appropriate 
balance between solution accuracy and compu-
tational efficiency. Consequently, the differences 
observed between the duct configurations can be 
attributed to the geometric characteristics of the 
models rather than to discretization-related effects.

RESULTS AND DISCUSSION

This section presents the numerical results 
obtained from the flow and thermal analyses per-
formed for the proposed brake cooling system. 
The analysis is divided into two parts. First, the 
influence of the duct geometry and the inlet air-
flow velocity on the flow field characteristics is 
evaluated using streamlines, outlet velocity, and 
pressure distributions. Subsequently, the ther-
mal performance of the brake disc is investigated 
using the airflow conditions obtained from the 

Table 1. Evaluation of the mesh independence of a circular section duct at 90 km/h

Elements Outlet velocity (m/s) Difference (%) Pressure drop (Pa) Difference (%)

201039 48.8672 - 9678.477 -

300077 49.6864 1.6847 8877.231 9.0259

400490 51.7001 3.8949 8471.771 4.7860

500887 51.8883 0.3627 8659.320 2.1659

600905 51.8847 0.0069 8677.982 0.2150

700473 51.8865 0.0035 8685.145 0.0825
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simulations, focusing on the heat flux distribu-
tions at the wall, the total heat dissipation, and the 
temperature fields of the air adjacent to the wall.

Effect of duct geometry and duct inlet 
velocity

Figures 2 and 3 show the velocity stream-
lines for circular and square ducts operating at 
inlet velocities corresponding to vehicle speeds 
of 60, 90, and 120 km/h, while Figures 4 and 
5 show the associated pressure distributions. 
In all cases, the flow accelerates as it travels 
through the duct, reaching its maximum veloc-
ity in the elbow region and near the outlet sec-
tion. This behavior is attributed to the combined 
effect of the duct curvature and the local flow 
redirection, which generates regions with high 
velocity gradients.

For the circular duct, the outlet velocity 
increases from 34.58 m/s at 60 km/h to 69.08 m/s 
at 120 km/h, while the square duct exhibits out-
let velocities of 26.35 m/s and 52.66 m/s under 
the same operating conditions. Consequently, the 
circular configuration provides an outlet velocity 
approximately 31% higher than the square duct 
for all inlet conditions analyzed. This nearly con-
stant difference suggests that the influence of duct 
geometry remains dominant throughout the ana-
lyzed velocity range.

The streamline patterns reveal significant 
differences in flow development between the 
two geometries. In the circular duct, the stream-
lines remain relatively smooth and uniformly 
distributed along the entire flow path, indicat-
ing a gradual redistribution of momentum as 
the air travels around the bend. In contrast, 
the square duct exhibits steeper local veloc-
ity gradients near the bend, where the abrupt 
change in flow direction, combined with the 
sharp corners, promotes flow non-uniformity. 
While large-scale separation is not observed, 
the concentration of streamlines near the bend 
indicates the presence of localized acceleration 
and greater momentum redistribution.

The pressure fields shown in Figures 4 and 5 
complement these observations. As expected, the 
pressure decreases progressively from the inlet to 
the outlet as some of the available pressure energy 
is converted into kinetic energy. For the circular 
duct, the pressure drop increases from 4.06 kPa 
at 60 km/h to 14.87 kPa at 120 km/h. The corre-
sponding values ​​for the square duct are 2.96 kPa 
and 11.26 kPa, respectively. Therefore, the circu-
lar geometry consistently exhibits pressure losses 
approximately 32–37% greater than those of the 
square configuration.

The simultaneous increase in outlet velocity 
and pressure drop observed in the circular duct 
indicates a greater conversion of pressure energy 

Table 2. Evaluation of the mesh independence of a square section duct at 90 km/h

Elements Outlet velocity (m/s) Difference (%) Pressure drop (Pa) Difference (%)

201891 38.9805 - 7806.054 -

301384 38.5143 1.2104 7289.138 7.0916

400483 38.9902 1.2206 6695.716 8.8627

500659 39.3800 0.9898 6549.244 2.2365

600190 39.5219 0.3590 6464.084 1.3174

700456 39.4570 0.1645 6419.175 0.6996

Table 3. Evaluation of the mesh independence of the brake disc at 600K

Elements Wall Heat Flux at inner 
top of disc (kW/m2) Difference (%) Total Power dissipation 

(W) Difference (%)

383448 58.19 - 6031.5 -

446034 55.89 4.1152 5173.4 16.5867

584110 53.87 3.7498 5498.7 5.9156

662144 52.91 1.8144 5718.7 3.8472

757585 52.46 0.8578 5812.9 1.6205

863267 52.17 0.5558 5822.1 0.1589
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into kinetic energy. However, this characteristic 
should not be interpreted as an inherent aerody-
namic advantage. From a fluid mechanics per-
spective, greater pressure losses imply greater 
resistance to airflow, which may require higher 
driving pressure to maintain the same operating 
conditions. Consequently, the higher outlet veloc-
ity achieved with the circular duct comes at the 
cost of greater pressure loss.

From a fluid dynamics perspective, these 
results indicate that the cross-sectional geometry 
governs the balance between momentum transfer 
and hydraulic resistance inside the cooling duct. 
Although the circular duct experiences greater 
pressure losses, it also delivers a substantially 
higher outlet velocity, demonstrating a more effi-
cient conversion of pressure energy into useful 

airflow directed toward the brake disc. Therefore, 
the duct geometry should not be evaluated solely 
on the basis of minimizing pressure losses, but 
rather on its ability to maximize the cooling air 
supplied to the braking system.

From an energy perspective, the larger pres-
sure drop observed in the circular duct represents 
an increased hydraulic resistance that requires 
a greater pressure difference to sustain the air-
flow. Nevertheless, this additional energy loss is 
compensated by a significant increase in the air 
momentum delivered to the brake disc, resulting 
in considerably higher convective heat transfer. 
Consequently, the energetic penalty associated 
with the pressure losses is justified when the pri-
mary design objective is to maximize brake cool-
ing under severe operating conditions.

Figure 2. Velocity streamlines in the circular section duct for the three air inlet speeds: 60, 90 and 120 km/h

Figure 3. Velocity streamlines in the square section duct for the three air inlet velocities: 60, 90 and 120 km/h
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An additional observation is that pressure 
losses increase approximately with the square of 
the inlet velocity. For example, when the vehicle 
speed increases from 60 to 120 km/h, the inlet 
velocity doubles, while the pressure drop increas-
es by a factor of 3.66 in the circular duct and 3.80 
in the square duct. This behavior is consistent 
with classical duct flow theory, where pressure 
losses are proportional to the dynamic pressure 
of the flow.

Overall, the results demonstrate that duct 
geometry significantly influences the balance 
between momentum transfer and pressure losses. 
The circular duct favors higher outlet velocities 
and a more uniform flow distribution, while the 

square duct exhibits lower pressure losses but 
offers lower discharge velocities. Therefore, no 
configuration can be considered superior based 
solely on the flow characteristics obtained; the 
final evaluation must be based on subsequent 
thermal analysis, which assesses the actual cool-
ing performance of the brake disc.

From an engineering standpoint, these find-
ings suggest that the selection of the cooling duct 
geometry should be based on the thermal require-
ments of the braking system rather than exclu-
sively on hydraulic performance. For heavy-duty 
buses operating under prolonged downhill brak-
ing or repeated braking cycles, the additional 
cooling capacity provided by the circular duct 

Figure 4. Absolute pressure distribution in the circular cross-section duct for the three air inlet speeds:
60, 90 and 120 km/h

Figure 5. Absolute pressure distribution in the square section duct for the three air inlet speeds:
60, 90 and 120 km/h
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may contribute to reducing brake fade, limiting 
thermal stresses, and extending the service life of 
brake components.

These findings are consistent with previ-
ous CFD studies reporting that the geometry of 
the cooling duct strongly influences the airflow 
distribution and pressure losses within brake 
cooling systems. García-León et al. [10] dem-
onstrated that improved air guidance enhances 
convective heat transfer by increasing the air-
flow reaching the ventilated brake disc, while 
Stauch et al. [12] highlighted the importance of 
optimizing the cooling duct design to maximize 
cooling efficiency under different operating con-
ditions. The lower pressure losses observed for 
the circular duct in the present study suggest 
a more efficient air delivery to the brake disc, 
which is beneficial for enhancing convective 
cooling performance.

Effect of disk surface temperature

Thermal simulations were performed using the 
outlet flow conditions obtained from the analysis 
presented in Section 3.1. For consistency, the air 
duct inlet velocity was set to 90 km/h, correspond-
ing to an outlet velocity of 25.0 m/s. Under these 
conditions, the circular duct provided an outlet 
velocity of 51.88 m/s, while the square duct pro-
duced an outlet velocity of 39.52 m/s. These out-
let velocities were subsequently imposed as inlet 
boundary conditions for the brake disc cooling 
simulations to evaluate the influence of duct geom-
etry on convective heat transfer performance.

Figures 6 and 7 show the heat flux distribu-
tions at the wall obtained for the circular and 
square duct configurations, considering brake 
disc surface temperatures of 600 K, 700 K, and 
800 K. The corresponding temperature distribu-
tions of the air adjacent to the wall are shown in 
Figures 8 and 9.

For both duct geometries, the increase in 
brake disc surface temperature results in a sub-
stantial increase in the amount of heat dissipated 
by the braking system. This behavior is expected, 
since the rate of convective heat transfer increases 
with the temperature difference between the hot 
disc surface and the incoming cooling air. Conse-
quently, higher disc temperatures generate greater 
thermal gradients and higher rates of heat transfer 
across the entire braking surface.

For the circular duct configuration, the 
total thermal power dissipated increases from 
5812.9 W at 600 K to 7770.1 W at 700 K and 
reaches 9727.3 W at 800 K. Relative to the 600 
K condition, these values ​​represent increases of 
33.7% and 67.3%, respectively. Similarly, the 
square duct exhibits power dissipation values ​​of 
3851.8 W, 5148.7 W, and 6445.6 W for disk sur-
face temperatures of 600 K, 700 K, and 800 K, 
respectively.

A direct comparison between the two geom-
etries reveals a significant influence of the duct 
shape on cooling efficiency. At a disk temperature 
of 600 K, the circular duct dissipates 1961 W more 
thermal energy than the square duct, representing 
a 50.9% improvement. At 700 K and 800 K, the 
additional heat dissipation increases to 2621 W 

Figure 6. Heat flux distribution on the wall along the brake disc with the circular section duct,
considering the three disc surface temperatures: 600 K, 700 K and 800 K
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Figure 7. Heat flux distribution on the wall along the brake disc with the square section duct,
considering the three disc surface temperatures: 600 K, 700 K and 800 K

Figure 8. Temperature distribution adjacent to the wall along the brake disc with the circular section duct, 
considering the three disc surface temperatures: 600 K, 700 K and 800 K

Figure 9. Distribution of the temperature adjacent to the wall along the brake disc with the square section duct, 
considering the three disc surface temperatures: 600 K, 700 K and 800 K
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and 3282 W, respectively, maintaining the same 
relative improvement of approximately 51%. The 
persistence of this difference across all tempera-
tures studied suggests that the flow characteris-
tics determined by the duct geometry remain the 
dominant factor governing thermal performance.

The heat flow contours on the wall, shown 
in Figures 6 and 7, provide further information 
about this behavior. In the case of the circular 
duct, the regions of high heat flow are distrib-
uted more evenly along the outer friction ring 
and throughout all the ventilation channels. The 
heat transfer pattern appears relatively homoge-
neous, indicating that the incoming airflow inter-
acts effectively with a larger fraction of the avail-
able heat transfer area. In contrast, the square 
duct exhibits a less uniform distribution, char-
acterized by localized regions of high intensity 
surrounded by larger areas with comparatively 
lower heat flow. This behavior indicates that the 
cooling airflow is not distributed with the same 
efficiency across the disc surface, reducing the 
overall heat removal capacity.

An important observation is that the approxi-
mately 31.3% increase in cooling air velocity 
provided by the circular duct results in a sub-
stantially greater improvement in thermal perfor-
mance, achieving nearly 51% higher heat dissipa-
tion. This finding suggests that the benefits of the 
circular configuration are not solely associated 
with increased airflow momentum, but also with 
improved airflow distribution across the brake 
disc surface. Consequently, a larger portion of the 
disc actively participates in the convective heat 
transfer process.

These results indicate that the improvement 
in thermal performance cannot be explained 
solely by the increase in outlet velocity. Instead, 
the circular duct promotes a more homogeneous 
airflow distribution over the brake disc surface, 
increasing the effective area participating in con-
vective heat transfer. This demonstrates that duct 
geometry influences not only the magnitude of 
the airflow but also the spatial distribution of 
cooling, which ultimately governs the overall 
heat dissipation capacity

The temperature distributions of the air adja-
cent to the wall, shown in Figures 8 and 9, com-
plement the heat flow analysis. It should be noted 
that these contours represent the temperature of 
the fluid immediately adjacent to the wall, rather 
than the temperature of the brake disc surface 
itself. Therefore, they provide information about 

the thermal response of the cooling airflow after 
receiving heat from the disc.

For the circular duct configuration, the maxi-
mum temperature adjacent to the wall increases 
from 594.8 K at a disk surface temperature of 600 
K to 693.1 K and 791.3 K for disk temperatures 
of 700 K and 800 K, respectively. The corre-
sponding values ​​for the square duct are 590.7 K, 
687.6 K, and 784.4 K. As expected, higher disk 
temperatures result in higher temperatures in the 
thermal boundary layer adjacent to the wall.

Interestingly, despite the significant differ-
ences observed in total heat dissipation, the maxi-
mum temperatures adjacent to the wall remain 
relatively similar for both duct geometries. The 
differences are only 4.1 K, 5.5 K, and 6.9 K for 
disk temperatures of 600 K, 700 K, and 800 K, 
respectively, corresponding to deviations of less 
than 1% in all cases. This result indicates that 
the superior thermal performance of the circular 
duct is not primarily associated with a substantial 
reduction in the local fluid temperature, but rather 
with a more efficient distribution of the cooling 
airflow and a higher rate of convective heat trans-
fer across the disc surface. This demonstrates that 
the spatial distribution of the cooling flow is more 
decisive than the maximum local temperature of 
the air adjacent to the wall in characterizing the 
overall cooling performance of the system.

Overall, the results demonstrate that the brake 
disc temperature significantly influences the mag-
nitude of heat transfer, while the duct geometry 
determines the efficiency with which the avail-
able cooling air is utilized. Under all the thermal 
conditions studied, the circular duct consistently 
provides higher heat dissipation rates and more 
uniform heat transfer distributions than the square 
duct, confirming that the flow characteristics have 
a direct impact on the thermal behavior of the 
brake cooling system.

The enhanced cooling performance obtained 
with the circular duct configuration agrees with 
previous numerical and experimental investiga-
tions emphasizing the dominant role of airflow 
management in brake thermal control. Orlandi 
et al. [1] reported that the effectiveness of brake 
cooling strongly depends on the airflow distri-
bution surrounding the brake disc, while Sathi-
yan et al. [11] experimentally demonstrated that 
increasing the air mass flow through ventilated 
brake discs significantly enhances heat dis-
sipation. Likewise, Li et al. [9] concluded that 
optimizing the airflow path is one of the most 
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effective strategies for improving convective 
cooling. The approximately 51% increase in heat 
dissipation obtained in the present work further 
confirms that duct geometry plays a decisive 
role in maximizing the thermal performance of 
heavy-duty braking systems.

For heavy-duty vehicles, improving brake 
cooling performance has direct practical implica-
tions because it contributes to maintaining brak-
ing efficiency during prolonged service condi-
tions characterized by repeated or sustained brak-
ing events. Enhanced heat dissipation reduces the 
likelihood of brake fade and excessive thermal 
loading, thereby improving system reliability 
while potentially reducing maintenance require-
ments associated with thermal degradation of 
friction components.

CONCLUSIONS

A numerical study was conducted to evalu-
ate the influence of duct cross-sectional geom-
etry on the flow characteristics and brake cool-
ing performance of a heavy-duty bus. The results 
demonstrated that the cooling duct geometry 
significantly affects airflow development and the 
consequent convective cooling capacity of the 
brake disc. The circular duct consistently gener-
ated higher exit velocities than the square duct 
at all vehicle speeds tested. At 90 km/h, the exit 
velocity reached 51.88 m/s for the circular con-
figuration, compared to 39.52 m/s for the square 
configuration, corresponding to an increase of 
approximately 31%. However, this improvement 
was accompanied by a greater pressure drop, 
indicating a trade-off between acceleration and 
flow resistance. Thermal simulations revealed 
that the higher airflow supplied by the circular 
duct substantially improved the brake disc’s heat 
dissipation capacity. At a surface temperature of 
600 K, the total power dissipated was approxi-
mately 51% higher than that obtained with the 
square duct. Similar behavior was observed for 
thermal conditions of 700 K and 800 K, confirm-
ing the superior cooling efficiency of the circular 
configuration across the entire range of operat-
ing conditions considered. Although both duct 
geometries produced comparable peak air tem-
peratures adjacent to the wall, the circular duct 
achieved greater overall heat dissipation. This 
result indicates that the distribution and momen-
tum of the cooling airflow play a more significant 

role in brake cooling performance than the local 
peak air temperature near the disc surface. Over-
all, the results demonstrate that the cross-section-
al geometry of the cooling duct is a key design 
parameter in brake thermal management systems. 
Among the configurations evaluated, the circular 
duct provided the most effective cooling perfor-
mance and thus represents a promising solution 
for improving brake cooling in heavy-duty buses 
operating under severe thermal conditions. 

The present study was limited to steady-state 
CFD simulations under prescribed brake disc 
temperatures and straight-line braking condi-
tions, without considering brake disc rotation, 
transient braking events, or experimental valida-
tion. Despite these simplifications, the numerical 
results provide useful engineering insight into the 
influence of duct geometry on brake cooling per-
formance. From an industrial perspective, the pro-
posed circular duct configuration could be incor-
porated into the design of heavy-duty bus braking 
systems to improve thermal management, reduce 
the risk of brake fade, and potentially extend the 
service life of braking components. Future work 
should include transient simulations, brake disc 
rotation, experimental validation, and optimi-
zation of duct geometry under realistic vehicle 
operating conditions to further support the devel-
opment of more efficient brake cooling systems.
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