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 This study computationally develops and evaluates an air duct system designed to reduce 

hot gas recirculation within the engine compartment of a pickup truck (Toyota Hilux 2022), 

aiming to improve the thermal behavior of the underhood cooling system under low-speed 

urban and highway conditions. Two aerodynamic ducts (Design A and Design B) were 

created using 3D modeling in SolidWorks and analyzed through CFD simulations in 

ANSYS CFX with the k–ε turbulence model. Subsonic inlet conditions of 2.78 m/s (urban, 

10 km/h) and 33.33 m/s (highway, 120 km/h) were defined to represent urban and highway 

environments. Design A exhibited a better outlet velocity distribution, while Design B 

showed internal pressure accumulations exceeding 6000 Pa due to higher geometric 

complexity. Based on these results, Design A was selected for further thermal and 

structural evaluation. A transient heat transfer study was conducted using ANSYS CFX, 

with detailed meshing of the engine, radiator, and duct. Additionally, MATLAB was used 

to validate convective heat transfer calculations at the duct outlet. A maximum temperature 

reduction of 7.22℃ was achieved at the engine’s rear zone at 120 km/h. These results 

support the integration of low-profile frontal ducts to enhance thermal evacuation without 

major vehicle modifications.  
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1. INTRODUCTION 

 

One of the most relevant current challenges in automotive 

engineering is the thermal optimization of the engine 

compartment, particularly the management of airflow under 

low-speed urban conditions. In these scenarios, which are 

highly characteristic of dense urban traffic [1], the amount of 

fresh air entering through the vehicle's front grille is 

significantly reduced [2]. This situation, combined with the 

heat generated by the engine's operation, creates a critical 

environment where hot gases become trapped within the 

underhood region. This phenomenon, known as hot air 

recirculation, drastically elevates the temperature in critical 

areas and compromises the efficiency of the entire cooling 

system. Components such as exhaust manifolds, 

turbochargers, and electronic control units are subjected to 

severe thermal loads, which can lead to premature 

degradation. 

This issue is further compounded by the fact that the internal 

combustion process is inherently inefficient. It is estimated 

that a substantial portion of the energy generated by the 

engine, between 30% and 35%, is lost as heat [3]. 

Consequently, any inadequacy in thermal management not 

only affects the durability and operational lifespan of the 

components but also directly impacts the overall performance 

and reliability of the propulsion system [4]. For this reason, 

addressing the problem of hot air recirculation is not just a 

matter of component longevity; it is a fundamental aspect of 

modern vehicle design aimed at maximizing efficiency and 

safety in demanding operational conditions. 

To address the challenge of hot gas accumulation and 

recirculation within the engine compartment, various 

technologies have been developed. Among them, the use of 

strategically designed and directed air ducts has proven to be 

one of the most effective solutions. For instance, Song et al. 

[5] demonstrated that targeted airflow channeling can 

significantly reduce underhood hot air retention and improve 

the evacuation of heated gases from critical areas. In the 

industry, models such as the Ford F-150 have adopted active 

grille systems and optimized front-end geometries to reduce 

cooling drag and enhance heat dissipation under real driving 

conditions [6]. Likewise, studies by Zhao et al. [7] and Franzke 

et al. [8] have shown that geometric optimization of airflow 

paths, whether through sealed guides, ducting, or upstream 

flow modifications, can reduce localized heat stagnation, 

improve ventilation rates, and stabilize component 

temperatures during high-load or low-speed urban operation. 

The relevance of this approach lies in its ability to prevent 

thermal hotspots, extend the operational life of engine 

components, and maintain optimal performance even in 

demanding driving environments. In the context of modern 

automotive engineering, enhanced airflow management 

through ducting is a key strategy for improving underhood 

thermal balance, particularly in vehicles exposed to high 
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ambient temperatures or prolonged urban traffic conditions. 

Therefore, establishing a reliable and replicable methodology 

to identify, quantify, and mitigate the hot air recirculation 

phenomenon from the early design stages is essential. 

Recent advances in three-dimensional modeling (CAD) and 

Computational Fluid Dynamics (CFD) [9] simulation have 

proven to be robust tools for accurately predicting thermal 

behavior in critical engine compartment zones, even under 

low-speed conditions, where the flow of fresh air is 

significantly reduced [10]. This approach has been validated 

in studies that combine virtual modeling with experimental 

correlation, demonstrating its usefulness in evaluating passive 

air guiding strategies and identifying recirculation zones that 

may not be apparent in conventional physical testing [11]. 

Unlike traditional methods that rely on physical prototypes 

and high-cost, time-consuming experimental campaigns, 

virtual environments enable faster iterative exploration, 

allowing for data-driven design decisions based on replicable 

numerical results. Additionally, the use of parametric models 

in CFD allows for the efficient evaluation of multiple 

geometric configurations, which is particularly valuable in 

projects with time and resource constraints [12]. 

In this context, the present research is aimed at designing 

and computationally evaluating an air duct system that reduces 

the accumulation and recirculation of hot gases within the 

engine compartment. Three-dimensional CAD modeling and 

CFD simulation were used to address this challenge [9]. The 

methodology is structured in several key stages: First, the 

thermal and aerodynamic behavior of the base model of a 

Toyota Hilux without ducts will be simulated to establish a 

reference temperature of 105℃ in the engine and to identify 

critical zones of air recirculation. Subsequently, two duct 

designs, named Design A and Design B, will be proposed and 

modeled. These ducts originate in the vehicle's front fog lights, 

are directed in an arched shape to avoid the tires, and guide the 

fresh airflow toward the rear of the engine [13]. The main 

objective of this configuration is to direct a jet of cool air 

downward to promote the evacuation of hot gases trapped in 

the engine bay. Both designs will be compared to determine 

which one presents a higher air outflow velocity, a key 

indicator of its effectiveness. The most suitable design will be 

selected for the next phase: a detailed simulation that 

integrates the engine's heat transfer and airflow. Using a 

combination of data from CFD (ANSYS) and heat transfer 

analysis (MATLAB), temperature variations on the engine's 

contour will be quantified based on the ducts' impact area and 

different air intake velocities. The results of this study will 

strengthen thermal management strategies in urban low-speed 

scenarios and establish a reproducible framework for future 

design iterations, with potential impact on the reliability and 

performance of the propulsion system. 

 

 
2. METHODOLOGY 

 

This research adopted a computational approach supported 

by studies that have validated the combined use of CFD 

simulations and simplified thermal analysis techniques to 

understand hot air recirculation and its impact on the 

underhood cooling system under urban traffic conditions [5, 

14]. 

To analyze the thermal behavior of the engine compartment 

over different operating periods, a transient study was 

developed using ANSYS CFX, based on a realistic three-

dimensional geometry of a 2022 Toyota Hilux. The initial and 

boundary temperature conditions were configured according 

to the values reported in the manufacturer’s technical manual 

and reliable data from the automotive sector [15]. 

Figure 1 illustrates two simulated scenarios: (a) after 10 

minutes of engine operation, and (b) after 1 hour of continuous 

operation. These simulations revealed the surface temperature 

distribution in critical engine components such as the cylinder 

head, engine sides, exhaust area, and radiator. 

 

 
 

Figure 1. Thermal evolution of Hilux: a) 10 Minutes, b) 1 Hour 

 

Table 1. Typical temperature ranges of engine components and their sources 

 
Vehicle Component Value Source / Comment 

Top of the engine (cylinder head, cover) 80 – 105 Toyota repair manual, recent CFD studies 

 Engine block housing 70 – 100 Thermal engineering manuals, ANSYS simulation 

Front radiator zone (air intake) 45 – 70 CFD results, experimental cooling data 

Radiator inlet (liquid coolant) 45 – 65 Toyota technical manual, normal operating conditions 

Sides of the engine (structure and mounts) 70 – 105 Reference thermal models, structural analysis 

Rear engine area (exhaust zone) 75 – 105 High thermal loads from exhaust gases, validated analysis 

Outer surface of the engine block 50 – 90 Field studies and thermographic tests 

Engine base (near oil pan) 60 – 90 Estimated oil temperature, conductive heat transfer 
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The model considered heat transfer by convection and 

conduction, in addition to the effect of fan-induced flow [16]. 

This approach has been used in previous studies, confirming 

the effectiveness of CFD tools to visualize heat accumulation, 

evaluate critical temperature conditions, and propose 

strategies for more efficient thermal evacuation [10, 17]. 

To facilitate the understanding of the thermal analysis, 

Table 1 was prepared based on technical information from 

manuals and official Toyota documentation [18]. These data 

served as the basis for the simulations conducted in ANSYS 

CFX, aiming to evaluate temperature behavior under steady-

state conditions and analyze the heating of areas adjacent to 

the engine. A maximum temperature of 378 K was considered, 

corresponding to the normal operating conditions of a pickup 

truck under regular use. Although in the exceptional cases in 

which the surface temperature can reach up to 403 K due to 

cooling system failures or other overheating causes, the 

technical literature and manufacturer recommendations 

indicate a stable operating range between 373 K and 378 K. 

 

2.1 Design, sizing, and preparation of ducts 

 

Two three-dimensional designs (Designs A and Design B) 

were developed in SolidWorks, adapted to the available space 

behind the fog lights of a 2022 Toyota Hilux [18]. 

Real dimensions and structural constraints of the front 

compartment were respected to ensure physical compatibility 

and to avoid interference with other components. The region 

where the airflow impacts the engine surface is shown below, 

as defined in Figure 2. 

 

 
 

Figure 2. Flow impact area at the duct outlet 

 

Two inverted “Z”-shaped designs (660 mm) were created 

with smooth transitions to reduce pressure losses and optimize 

unused space inside the vehicle (Figure 3). 

However, in the area adjacent to the suspension, a critical 

decision had to be made regarding whether the routing would 

follow an internal or external path relative to it, ensuring 

sufficient clearance between the chassis and the tire without 

restricting its movement. 

In the case of Design A, which features minimal directional 

changes, a square profile was selected to maximize airflow and 

efficiently utilize the available area. 

The duct design was based on carefully defined geometric 

parameters. The total height of the inlet profile was 126 mm, 

measured from the bottom to the top edge in the side view, 

which defines the visible front contour. The inlet width 

progressively narrowed from 100 mm (top) to 74 mm 

(bottom), promoting flow acceleration. The front section, 

including its initial narrowing, is 90 mm long, ensuring 

efficient frontal air capture as it directs airflow toward the 

fender liner area. 

The first ascending diagonal measured 260 mm in height, 

designed to avoid interference with the front tire by 

positioning the duct above the clearance space between the tire 

and the chassis. In the top view, the inlet depth from the front 

plane to the first bend of the duct measured 330 mm. The 

second diagonal (descending) measured 250 mm in height, 

allowing the duct to be routed above the structural level of the 

chassis support. The inlet-to-outlet section is 280 mm long, 

allowing the airflow to stabilize before the final curvature. In 

the case of Design B, this outlet featured a curvature radius of 

30 mm, strategically oriented toward the underside of the 

vehicle to aid in the evacuation of hot air from the thermal 

compartment. 

Design B, which incorporated multiple 90° bends, required 

the adoption of a circular profile due to its smooth transition 

between curvature changes. This also minimized welded joints 

or couplings during manufacturing, regardless of the selected 

material. 

 

 
(a) Design A 

 
(b) Design B 

 

Figure 3. Three heat sources 

 

Both models were exported as closed solids for 

aerodynamic analysis via CFD simulation. To determine the 

performance of both duct designs, CFD simulations were 

conducted under identical conditions, considering vehicle 

speeds of 2.78 m/s and 33.33 m/s. 

To ensure proper resolution of flow characteristics within 

ducts A and B, a structured mesh was implemented for both 

designs. Given the range of inlet velocities (2.78 m/s to 

33.33 m/s), a refined tetrahedral mesh was used in wall-

adjacent zones of Design A, while for Design B, which 

features a circular geometry, a shell-type mesh was employed, 

as it was easier to generate in such regions (Figure 4). Element 

size was adjusted to strike a balance between computational 

cost and the fidelity required to capture phenomena such as 

recirculation zones, pressure losses, and vortex formations. 

This approach is consistent with recommended practices in the 

technical literature, which emphasize the importance of mesh 

refinement in areas with high gradients and the use of adaptive 
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techniques to maintain accuracy without significantly 

increasing computational cost [19]. 

 

 
(a) Design A: structured hexahedral mesh 

 
(b) Design B: unstructured tetrahedral mesh 

 

Figure 4. Mesh types used in the CFD analysis 

 

In Table 2, the mesh refinement analysis conducted for 

Models A and B enabled the identification of the stabilization 

threshold for the variable of interest (maximum flow velocity), 

ensuring the numerical reliability of the CFD simulations. For 

Model A, the relative variation between consecutive 

simulations progressively decreased, reaching a difference 

below 0.1% from approximately 2 million elements 

(Simulation A5). Similarly, Model B showed clear 

stabilization starting at 1.7 million elements (Simulation B6).  

 

Table 2. Properties of the boundary conditions of the 

refrigeration system 

 
Design SIM Elements V max (m/s) % Difference 

A 

1 76,104 8.698 – 

2 129,778 7.61 12.49% 

3 261,800 7.969 4.72% 

4 632,664 7.995 0.33% 

5 2,117,664 8 0.06% 

6 5,505,926 8.002 0.03% 

B 

7 11,562,445 8.003 0.01% 

1 84,606 9.317 –  

2 118,421 9.445 1.37% 

3 200,286 9.498 0.56% 

4 371,987 9.54 0.44% 

5 890,042 9.579 0.41% 

6 1,780,145 9.595 0.17% 

7 3,200,000 9.602 0.07% 

 

These results indicate that both models achieve mesh-

independent convergence at these discretization levels; thus, 

using a mesh with over 2 million elements represents a suitable 

compromise between numerical accuracy and computational 

cost. This step is essential to ensure that the differences 

observed between duct configurations are due to geometric 

conditions rather than errors caused by insufficient mesh 

resolution. 

It should be noted that the effects of active grille shutters 

and PWM-controlled fans were not included in the present 

model, as the focus was restricted to passive duct geometries. 

Future studies should incorporate these elements to better 

capture their influence on flow distribution and hot air 

recirculation. 

The CFD simulations were carried out in ANSYS CFX 

using the SST k-ω turbulence model, which is well-suited for 

capturing velocity gradients and dissipation near walls in 

confined flows. Operating conditions at 2.78 m/s (representing 

low-speed urban traffic) and 33.33 m/s (representing highway 

driving) were evaluated, defining uniform flow inlets, no-slip 

conditions on walls, and ambient pressure outlets [10, 17]. 

Although idle corresponds to 0 m/s with fan-dominated flow, 

the present study focused on low-speed free-stream conditions 

(2.78 m/s) to ensure airflow interaction with the ducts. 

Table 3 summarizes the boundary conditions assigned at the 

nozzle inlet for both simulation cases, corresponding to low 

and high speeds. Relevant parameters such as flow regime, 

inlet velocity, turbulence model, and fluid properties are 

detailed, which were essential to ensure consistency in the 

comparison of results between both scenarios. 

 

Table 3. Inlet boundary conditions at the nozzle 

 

Parameter 
Case 1: Low 

Speed 

Case 2: High 

Speed 
Unit 

Flow regime Subsonic Subsonic – 

Inlet velocity 2.78 33.33 m/s 

Turbulence model 

k–ε  

(standard k– 

epsilon) 

k–ε 

 (standard k– 

epsilon) 

– 

Turbulent kinetic 

energy (k) 
0.05 0.05 m²/s² 

Turbulent 

dissipation rate (ε) 
0.10 0.10 m²/s³ 

Fluid static 

temperature 
298 298 K 

 

Specifically, the inlet was configured as subsonic flow with 

two representative velocity scenarios: one at 2.78 m/s (low-

speed urban traffic) and another at 33.33 m/s (highway 

driving), corresponding to urban and highway conditions, 

respectively. For the simulation, the k–ε turbulence model was 

employed, widely used in automotive analyses for its balance 

between accuracy and computational efficiency. This model 

has shown good performance in CFD underhood studies, 

where it is necessary to reliably capture turbulence effects in 

complex geometries without incurring high computational 

cost [20]. Key parameters such as turbulent kinetic energy (k 

= 0.05 m²/s²), turbulent dissipation (ε = 0.1 m²/s³), and the 

static flow temperature (298 K) were defined as boundary 

conditions at the inlet [21]. 

Continuity: 

 
𝜕(𝜌𝑢𝑗)

𝜕𝑥𝑗

= 0 (1) 

 

and the momentum equations are expressed by: 

 
𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜇𝑡) (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)] + 𝜌𝑔𝑖  (2) 

 

Energy (enthalpy form): 
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𝜌𝑐𝑝𝑢𝑗
𝜕𝑇

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[(𝜆 + 𝜆𝑡)

𝜕𝑇

𝜕𝑥𝑗
] + 𝑆𝑇  (3) 

 

k-equation: 

 
𝜕(𝜌𝑘𝑢𝑗)

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝑃𝑘 − 𝜌𝜀  (4) 

 

𝜀-equation: 

 
𝜕(𝜌𝜀𝑢𝑗)

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶𝜀1

𝜀

𝑘
𝑃𝑘 − 𝐶𝜀2𝜌

𝜀2

𝑘
  (5) 

 

Turbulent viscocity: 

 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
  (6) 

 

Turbulent thermal conductivity: 

 

𝜆𝑡 =
𝜇𝑡𝑐𝑝

𝑃𝑟𝑡

 (7) 

 

To ensure a comprehensive analysis, the engine and radiator 

were also modeled in ANSYS to enable subsequent 

evaluations both through applied calculations in MATLAB, 

using the aforementioned heat transfer and fluid dynamics 

equations, and through CFD simulations in ANSYS CFX [22]. 

The goal is to establish a reliable comparison between 

analytical and numerical results. Initially, the objective is to 

achieve stable outcomes by leveraging the meshing strategies 

previously discussed. Although the mesh refinement was 

specifically applied to the ducts, it serves a critical role in 

identifying which design better fulfills the purpose outlined in 

the introduction: enhancing the recirculation of hot gases. 

To assess this, the outlet velocity of both ducts must be 

quantified, along with the pressure they exert on the duct 

walls, which translates into mechanical loads on the vehicle's 

mounting structures. This evaluation also contributes to 

identifying which design imposes lower structural loads on the 

vehicle chassis. Once the optimal duct configuration is 

selected based on these criteria, a coupled thermal-fluid 

analysis will be performed including the engine and radiator.  

This will determine the heat transfer behavior at vehicle 

speeds of 2.78, 8.33, 13.89, 22.22, and 33.33 m/s (equivalent 

to 10, 30, 50, 80, and 120 km/h), enabling the quantification 

of the thermal differential (ΔT) introduced by the duct system 

under realistic operating conditions.  

However, it should be emphasized that the structural 

evaluation was restricted to aerodynamic loading and did not 

include long-term material degradation phenomena. In 

particular, PP+GF composites commonly used in bumper and 

duct systems have a continuous-use temperature limit of 

approximately 90℃, which is lower than the 105℃ zones 

identified in the present simulations. Therefore, future studies 

should include creep and fatigue assessments under combined 

thermal and pressure loads to fully validate the durability of 

the solution. 

 

2.2 Meshing and preparation of the engine and radiator 

 

The engine, like the Toyota Hilux pickup truck, was not 

modeled as a traditional solid but was developed from STL 

files obtained through 3D scanning. This format poses 

significant challenges for meshing in CFD-dedicated software 

due to the high number of generated surfaces. To enable its 

analysis, the geometries were cleaned and smoothed using 

SolidWorks and later ANSYS Discovery. The truck model 

alone exceeded 5 million surfaces, while the engine surpassed 

2.3 million, without accounting for the additional complexity 

introduced by the internal hood compartment, which 

significantly increased the surface count. 

Once the surfaces were optimized in Discovery, the engine 

model was exported in STEP format, allowing for better 

integration into ANSYS meshing module. There, a mesh 

consisting of 7,239,603 elements was generated (Figure 5), 

pushing the limits of the computing system used (Intel Core i9 

processor with 32 GB of RAM). Figure 6 presents 

representative details of the final engine mesh. 

 

 
 

Figure 5. Mesh statistics of the engine model in ANSYS 

 

 
(a) Rear isometric view of the engine 

 

 
(b) Close-up view 

 

Figure 6. Engine and radiator mesh for CFD 

1635



 

To evaluate the thermal performance of the selected duct, 

the analysis of convective heat exchange generated by the 

impact of the airflow on the thermal modules was considered 

[23]. This phenomenon can be described using the classical 

equations for forced convection heat transfer, which make it 

possible to quantify the heat flux transferred from the air to the 

impacted component [24]. Their application enables a 

quantitative assessment of the effectiveness of the proposed 

solution with the redesigned ducts [21, 23]. 

The air properties are required for the calculation of the 

dimensionless parameters and the convective coefficient. 

These properties are evaluated at a mean temperature close to 

that of the air jet [25, 26]. The expressions are: 

Air density (ρ): 

 

𝜌 =
𝑃

(𝑅.𝑇)
  (8) 

 

Dynamic viscosity of air (μ): 

 

𝜇 = 𝜇0. (
𝑇

𝑇0
)

3

2
.

(𝑇0+𝐶)

(𝑇+𝐶)
  (9) 

 

The Prandtl number was used as a parameter relating 

momentum diffusion to heat diffusion. It is defined as: 

 

𝑃𝑟 =
𝑐𝑝.𝜇

𝑘
  (10) 

 

Thermal conductivity of air (k): 

 

𝑘 = 𝑘0 + 𝑘1𝑇 + 𝑘2𝑇2  (11) 

 

where, 𝑐𝑝 is the specific heat of air at constant pressure 
𝐽

𝑘𝑔.𝐾
,

𝜇  the dynamic viscosity of air 𝑃𝑎. 𝑠  and 𝑘  the thermal 

conductivity of air 
𝑊

𝑚.𝐾
 [27, 28]. 

 

𝑅𝑒 =
𝜌.𝑈.𝐷

𝜇
  (12) 

 

where, ρ represents the air density 
𝑘𝑔

𝑚3 , 𝑈  the mean flow 

velocity 
𝑚

𝑠
, 𝐷 the hydraulic diameter of the duct 𝑚, and 𝜇 the 

dynamic viscosity of air [29, 30]. 

The Nusselt number was used as the dimensionless 

parameter relating convective heat transfer to conductive heat 

transfer within the fluid [28, 31], defined as: 

 

𝑁𝑢 =
ℎ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛.𝐷

𝑘
  (13) 

 

where, ℎ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛  is the convective heat transfer coefficient 
𝑊

𝑚2.𝐾
, 𝐷  the hydraulic diameter of the duct 𝑚 , and 𝑘  the 

thermal conductivity of air 
𝑊

𝑚.𝐾
. 

This number allows the evaluation of the efficiency with 

which heat is transferred from the duct walls to the air flow or 

vice versa [21]. Its value depends on the flow regime (laminar 

or turbulent), the thermophysical properties of the air, and the 

duct geometry. For internal flows with well-defined 

conditions, widely accepted empirical correlations exist to 

estimate the Nusselt number as a function of the Reynolds and 

Prandtl numbers. 

The convective heat transfer coefficient h represents the 

ability of the air flow to transfer heat from the engine surface 

to the environment or vice versa. It is calculated from the 

Nusselt number by the expression: 

 

ℎ =
𝑁𝑢.𝑘

𝐷
  (14) 

 

where, Nu is the Nusselt number, 𝑘 the thermal conductivity 

of air 
𝑊

𝑚.𝐾
 and D the hydraulic diameter of the duct or nozzle. 

This coefficient has units of 
𝑊

𝑚2.𝐾
, and its value depends on 

air velocity, channel geometry, and the thermal properties of 

the fluid. A higher ℎ  value indicates more efficient heat 

transfer between the flow and the surface. 

The heat transfer rate from the hot surface to the airflow is 

calculated using forced convection [32]. However, under real 

conditions, losses due to natural convection and thermal 

radiation to the surroundings also occur, and these must be 

considered to obtain the net useful heat flow. 

The net heat flow by convection is defined as the amount of 

thermal energy transferred exclusively by forced convection to 

a surface impacted by an air jet, discounting the contributions 

from other heat transfer mechanisms such as natural 

convection and thermal radiation. This estimation makes it 

possible to isolate the actual effect of the jet on the cooling of 

the analyzed surface [23]. 

Mathematically, it is expressed as: 

 

𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛
" = 𝑞" − (𝑞𝑛𝑎𝑡

" + 𝑞𝑟𝑎𝑑,𝑓𝑟𝑜𝑛𝑡
" + 𝑞𝑟𝑎𝑑,𝑏𝑎𝑐𝑘

" )  (15) 

 

𝑞𝑛𝑎𝑡
" = ℎ𝑛𝑎𝑡 . (𝑇𝜔 − 𝑇𝑎𝑚𝑏)  (16) 

 

𝑞𝑟𝑎𝑑
" = 𝜎. 𝜀𝑓/𝑏 . (𝑇𝜔

4 − 𝑇𝑎𝑚𝑏
4 )  (17) 

 

The supplied heat is equal to the steady-state heat loss in the 

absence of jet impact; therefore, Eq. (15) represents the heat 

flux balance. 

 

𝑞" = 𝑞𝑛𝑎𝑡
" + 𝑞𝑟𝑎𝑑,𝑓𝑟𝑜𝑛𝑡

" + 𝑞𝑟𝑎𝑑,𝑏𝑎𝑐𝑘
"   (18) 

 

Once the net heat flux is determined, the amount of thermal 

energy extracted from the component over a specified time 

interval can be estimated. From this, the corresponding 

temperature drop and the final temperature reached can then 

be obtained [32]. 

Extracted energy: 

 

𝑄 = 𝑞𝑛𝑒𝑡 . 𝑡  (19) 

 

Thermal reduction of the component: 

 

𝛥𝑇 =
𝑄

𝑚.𝑐𝑝
  (20) 

 

Final temperature: 

 

𝑇𝑓𝑖𝑛𝑎𝑙 = 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝛥𝑇  (21) 

 

This set of equations was implemented in MATLAB and 

validated through numerical simulations under varying 

conditions of vehicle speed, ambient temperature, and initial 

engine temperature. The results provided a quantitative 

assessment of the influence of these parameters on cooling 

effectiveness. 

Application of these equations requires prior knowledge of 
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variables such as flow velocity, air temperature at different 

points within the system, and static pressure. These parameters 

were obtained from computational fluid dynamics (CFD) 

simulations of the developed geometric models. The 

simulation outputs further enabled the calculation of the 

Reynolds and Prandtl numbers, and subsequently, the Nusselt 

number, using well-established empirical correlations for air 

jets impinging on heated surfaces. 

 

 

3. RESULTS AND DISCUSSIONS 
 

Figure 7 shows the simulated inlet conditions for vehicle 

speeds of 2.78 m/s and 33.33 m/s (equivalent to 10 km/h and 

120 km/h, respectively). These velocities were selected to 

represent urban and highway driving conditions, thereby 

enabling the aerodynamic behavior of the flow to be assessed 

under different velocity regimes. 

In this comparative design analysisas well as in subsequent 

evaluations of pressure, temperature, and vorticity groups of 

four comparative images were used for each velocity level. 

This approach was chosen to enhance visual interpretation, 

maintain consistent color scaling, and ensure coherent analysis 

across the different duct configurations, allowing for a 

standardized evaluation of flow phenomena. 

 

3.1 Speed distribution 

 

The analysis using streamlines allowed visualization of the 

flow trajectory along the ducts, identifying regions of 

turbulence, recirculation, and potential aerodynamic losses. 

This type of visualization is essential for understanding fluid 

behavior and optimizing system design, especially in 

automotive applications with space constraints and high 

thermal demands [33, 34]. 

Under low inlet velocity conditions (Figure 7, top), at 2.78 

m/s, Design A reaches 𝑉𝑜𝑢𝑡 = 8.61 m/s and Design B 𝑉𝑜𝑢𝑡 =
8.55 m/s, values that are very close to each other. At 33.33 

m/s, Design A presents 𝑉𝑜𝑢𝑡 = 103.4 m/s and Design B𝑉𝑜𝑢𝑡 =
127.6 m/s, indicating that the magnitude of flow acceleration 

inside the duct is similar for both geometries. However, the 

distribution differs: in Design A, the highest velocities are 

concentrated in localized areas downstream of the inlet and 

upstream of the outlet, with a relatively uniform pattern along 

the straight sections. In Design B, the high-velocity regions are 

more dispersed, influenced by changes in direction and 

pronounced curvature, which results in more frequent 

variations in the velocity profile and the formation of high-

speed jets. At high speed, the outlet jet of Design B is more 

accelerated and consequently reaches deeper static suctions 

than Design A; this is consistent with the greater inlet–outlet 

pressure drop previously reported and suggests reviewing the 

transitions and outlet alignment. 

 

3.2 Pressure drop distribution 

 

Figure 8 shows the pressure conditions to which both duct 

designs are subjected, corresponding to 2.78 m/s and 33.33 

m/s, respectively. At 2.78 m/s, Design A changes from 𝑝
𝑖𝑛𝑙𝑒𝑡

=

2.594 𝑃𝑎 to 𝑝
𝑜𝑢𝑡𝑙𝑒𝑡

= −3.175 𝑃𝑎 , yielding an inlet–outlet drop 

of Δp = 5.769 Pa. Under the same conditions, Design B 

changes from 𝑝
𝑖𝑛𝑙𝑒𝑡

= 4.698 𝑃𝑎  to 𝑝
𝑜𝑢𝑡𝑙𝑒𝑡

= −4.261 𝑃𝑎 , with 

Δp = 8.959 Pa. Therefore, compared to B, A shows a 44.8% 

lower inlet pressure, a 25.5% smaller outlet pressure 

magnitude (|p|), and a 35.6% lower overall drop. 

At 33.33 m/s, Design A changes from 𝑝
𝑖𝑛𝑙𝑒𝑡

= 3180 𝑃𝑎 to 

𝑝
𝑜𝑢𝑡𝑙𝑒𝑡

= −5209 𝑃𝑎 (Δp = 8389 Pa), while Design B changes 

from 𝑝
𝑖𝑛𝑙𝑒𝑡

= 6427 𝑃𝑎 to 𝑝
𝑜𝑢𝑡𝑙𝑒𝑡

= −8370 𝑃𝑎 (Δp = 14 797 Pa). 

In this regime, A maintains a 50.5% lower inlet pressure, a 

37.8% smaller outlet pressure magnitude, and a 43.3% lower 

inlet–outlet drop compared to B. 

 

 
 

Figure 7. Air velocity distribution in ducts. At 2.78 m/s (a) Design A, (b) Design B. At 33.33 m/s (c) Design A, (d) Design B 
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Figure 8. Pressure Drop Distribution. At 2.78 m/s (a) Design A, (b) Design B. At 33.33 m/s (c) Design A, (d) Design B 

 

At both speeds, the maximum pressure value is 

concentrated at the duct inlet, consistent with the flow 

stagnation effect at the entry lip. From this point onward, the 

pressure progressively decreases due to frictional losses and 

local accelerations induced by geometric changes. Model A 

maintains a more uniform distribution, reducing the magnitude 

of overpressures and depressions, whereas Model B presents 

more localized zones with sharp peaks and drops, associated 

with greater geometric complexity. These differences suggest 

that, for the evaluated conditions, A delivers a more efficient 

and predictable aerodynamic performance, while B requires 

more careful control of its geometric features to mitigate the 

observed losses and gradients. 

The location of the extremes is explained by three well-

known mechanisms: 

(i) Stagnation at the inlet lip, where the flow decelerates 

locally, converting kinetic energy into static pressure and 

generating the p peak. 

(ii) Cumulative pressure losses due to wall friction and 

geometric features (bends, transitions, and potential 

separations), which cause a progressive pressure decrease 

along the duct in accordance with Bernoulli’s principle with 

losses. 

(iii) Discharge condition: upon exiting to the ambient, the 

jet undergoes acceleration; consequently, the immediate static 

pressure at the outlet can become low or even negative (gauge) 

relative to the reference. This effect is accentuated when 

contractions are present or when alignment is poor. 

At higher velocities, all these mechanisms are amplified, 

explaining the more pronounced differences observed at 33.33 

m/s. 

 

3.3 Justification for the selection of the optimal design 

 

The comparative analysis of velocity distribution and 

pressure drop justifies the selection of Design A for the 

subsequent stages of this research. Although Design B showed 

a higher outlet velocity at high speed, this advantage was offset 

by a substantially greater pressure drop (35.6% at low speed 

and 43.3% at high speed), mainly attributable to its geometric 

complexity and circular profile. 

In contrast, Design A, with its rectangular profile, 

demonstrated a more efficient and reliable aerodynamic 

performance, characterized by significantly lower pressure 

losses. Such efficiency provides a more uniform and consistent 

airflow directed toward the engine, thereby offering improved 

conditions for long-term thermal management. Therefore, 

Design A has been selected as the optimal configuration for 

the detailed coupled heat transfer and airflow simulation 

including the engine. 

The results of the thermal analysis, summarized in Figure 9, 

reveal a direct relationship between the airflow outlet velocity 

and its cooling effectiveness. The analysis, which considered 

velocities from 4.36 m/s to 53.36 m/s, showed that increasing 

velocity leads to a higher Reynolds number (14,015.5 to 

171,529.1), which in turn increases the Nusselt number (42.8 

to 317.1) and the convective coefficient h (18.3 to 135.9 

W/m²·K). This intensification of forced convection produced 

in a corresponding increase in the convective heat flow Qconv 

(from 4.16 W to 23.88 W). 

This improved heat exchange led to a temperature drop (ΔT) 

in the engine's contour ranging from 1.11℃ to 7.22℃, with 

the most significant cooling occurring at higher velocities. 

However, the relationship between velocity and temperature 
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reduction was not perfectly proportional, indicating that other 

factors, such as thermal resistances, natural convection, and 

radiation losses, also influenced the net cooling effect. The 

temperature curves showed a faster initial drop at higher 

velocities, but all conditions eventually stabilized as the 

system approached a dynamic equilibrium between the 

internal heat source and total heat losses. 

It is important to note that, although the proposed ducts are 

described as implementable without major modifications, this 

statement requires qualification. From a geometric 

perspective, the ducts make use of the free space behind the 

fog lights, which minimizes interference with existing 

components. However, in practice, several issues must be 

considered to ensure real-world applicability. First, 

serviceability is critical, since the ducts could restrict access to 

nearby parts such as the radiator or suspension arms during 

maintenance. Second, integration with bodywork and 

underhood structures may demand minor adjustments or 

reinforcements to prevent contact under dynamic vibration. 

Third, production and installation costs should be carefully 

evaluated, as the chosen manufacturing process (e.g., injection 

molding or composite layup) and the assembly procedure can 

affect large-scale feasibility. For these reasons, while the 

design demonstrates aerodynamic and thermal advantages in 

the virtual domain, further work is required to fully validate its 

plug-and-play potential in commercial vehicles. In addition, 

future experimental validation under controlled operating 

conditions is essential to verify durability and long-term 

performance. Consideration of material fatigue and thermal 

cycling will also provide a clearer view of lifecycle reliability. 

These aspects, combined with real-world testing, will 

strengthen the transition from numerical modeling to 

industrial application. 

Figure 10 shows that, from an applied perspective, the 

results confirm the air jet effectively supplements the main 

cooling system, with its maximum impact occurring in the 

medium-to-high velocity range. The recorded maximum 

reduction of 7.22℃ should be evaluated within the context of 

the engine’s actual thermal load and operational conditions, as 

its overall contribution depends on factors such as flow 

geometry, effective impact area, and the capacity of the 

primary cooling system. 

 

 
 

Figure 9. Engine temperature drop as a function of flow velocity 

 

 
 

Figure 10. Integrated thermal model of the engine with model A duct for heat transfer analysis 
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At 120 km/h (33.33 m/s), the analytical results from 

MATLAB indicated an increase in the convective coefficient 

to h = 135.9 W/m²·K, which correlated with an engine 

temperature reduction of ΔT = 7.22℃ (from ~105℃ to 

~97.78℃). The CFX simulation corroborated this finding by 

showing cooler isotherms in the areas of the engine impacted 

by the air jet from the ducts, which visually demonstrates a 

localized increase in heat transfer. The strong agreement 

between the analytical model and the simulation results 

confirms that the ducts intensify heat extraction and justify the 

observed temperature reduction. 

A modal analysis was performed to evaluate the dynamic 

response of the duct under two different support 

configurations. 

In the first configuration, the duct was constrained at the 

inlet and outlet (two supports). The first four natural 

frequencies were identified at 151.7 Hz, 223.2 Hz, 286.9 Hz, 

and 423.2 Hz, concentrating the highest effective modal 

masses in the Y (42.4%) and Z (40.9%) directions (Table 4). 

These modes were dominated by vertical bending and lateral-

torsional deformations, mainly at the curved sections of the 

duct. Such behavior indicates potential susceptibility to 

vibration-induced fatigue if external excitation frequencies 

overlap with this range. The associated deformation patterns 

for the first four flexible modes are illustrated in Figure 11. 

 

Table 4. Modal participation factors and effective mass for the first 20 flexible modes – two-support configuration 

 

Flexible Mode Frequency (Hz) 
Modal Participation Factors 1° Effective Mass 

X Y Z X (%) Y (%) Z (%) 

1 151.69 0.154 0.651 0.231 2.38 42.44 5.33 

2 223.18 0.379 0.209 0.308 14.37 8.42 9.51 

3 286.92 0.489 0.013 0.073 23.9 0.02 0.58 

4 423.24 0.283 0.060 0.074 8.7 0.72 0.93 

5 507.71 0.142 0.017 0.071 2.02 0.03 0.51 

6 600.42 0.142 0.032 0.030 2.02 0.12 0.11 

7 641.9 0.009 0.007 0.058 0.01 0 0 

8 656.65 0.001 0.001 0.090 0.01 0 0 

9 699.06 0.016 0.008 0.074 0.03 0.01 0.28 

10 705.76 0.046 0.003 0.008 0.09 0 0 

11 759.23 0.018 0.003 0.010 0.03 0 0.03 

12 772.16 0.002 0.007 0.011 0 0 0 

13 797.16 0.053 0.002 0.039 0.28 0 0.56 

14 822.39 0.083 0.009 0.027 0.69 0.04 0.26 

15 872.78 0.006 0.023 0.087 0 0 1.04 

16 899.34 0.056 0.185 0.046 3.48 2.63 0.62 

17 921.17 0.048 0.133 0.083 2.33 1.76 0.6 

18 927.83 0.022 0.018 0.009 0.15 0 0.03 

19 953.71 0.031 0.041 0.021 0.17 0.17 0.09 

20 999.34 0.026 0.011 0.016 0.07 0.01 0.03 

 

Table 5. Modal participation factors and effective mass for the first 20 flexible modes – three-support configuration 

 

Flexible Mode Frequency (Hz) 
Modal Participation Factors 2° Effective Mass 

X Y Z X (%) Y (%) Z (%) 

1 410.98 0.213 0.415 0.139 4.53 17.2 1.93 

2 486.1 0.047 0.224 0.014 0.27 0.15 0.05 

3 541.28 0.041 0.131 0.500 0.17 1.71 25 

4 587 0.180 0.153 0.322 0 2.2 14.5 

5 685.46 0.205 0.155 0.082 2.4 2.2 0.67 

6 753.18 0.019 0.025 0.086 0.42 0.04 0.72 

7 758.97 0.005 0.028 0.045 0 0.08 0.21 

8 762.93 0.000 0.000 0.002 0 0 0 

9 803.99 0.015 0.036 0.102 0.02 0.13 0.32 

10 853.05 0.003 0.060 0.295 0 0.29 5.38 

11 861.42 0.020 0.062 0.102 0 0 1.03 

12 909.04 0.008 0.058 0.067 0 0.01 0.31 

13 928.96 0.005 0.085 0.003 0 0 0 

14 959.35 0.100 0.038 0.131 0.84 0 1.01 

15 985.36 0.019 0.029 0.033 0.01 0.03 0.13 

16 1027.8 0.044 0.038 0.054 0.27 0.01 0.19 

17 1040.8 0.064 0.129 0.033 3.82 6.12 0.26 

18 1055.2 0.057 0.195 0.046 3.23 3.79 0.13 

19 1072.9 0.015 0.017 0.040 0 0 0.02 

20 1078.3 0.016 0.009 0.085 0.03 0.01 0.72 
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Figure 11. Potential deformation areas for the first five flexible modes of the duct – three-support configuration 

 

 
 

Figure 12. Potential deformation areas for the first four flexible modes of the duct – two-support configuration 

 

In the second configuration, a third support was added to the 

upper section of the duct to reduce the deformations observed 

in the previous case. This reinforcement significantly 

increased global stiffness: the first natural frequency rose from 

151.7 Hz to 410.9 Hz, while subsequent modes appeared 

above 480 Hz. In addition, the effective modal mass in the Y 

direction, previously concentrated at 42.4%, was reduced to 

17.2% in the first mode and remained below 2% in higher 

modes. Similarly, the Z-direction contributions did not exceed 

25%. These results, summarized in Table 5, show that 

vibrational energy was redistributed toward higher frequencies 

and spread across multiple modes. The corresponding 

deformation patterns for the first five flexible modes are 

shown in Figure 12. 

 

 

4. CONCLUSIONS 

 

The study demonstrated that the redesigned rectangular duct 

(Design A) provides a more reliable and energy-efficient 

airflow delivery to the engine compartment. Beyond 

aerodynamic improvements, its implementation enhanced heat 

transfer by forced convection, achieving measurable 

reductions in surface temperature that complement the 

vehicle’s primary cooling system. Structural evaluations 

through modal analysis confirmed that the duct maintains 

adequate stiffness, and that the addition of an intermediate 

support further increases natural frequencies and reduces 

effective modal masses, minimizing the likelihood of 

resonance under operational excitations. 

The methodological integration of analytical modeling in 

MATLAB with numerical simulations in ANSYS CFX 

ensured robust validation of the results, reinforcing confidence 

in the predictive capability of the proposed workflow. From a 

practical standpoint, the findings suggest that the solution can 

be extended to other vehicles facing similar challenges of 

thermal recirculation, with minimal structural modifications 

and without significant increases in computational or 

manufacturing cost. 

Future work should include experimental validation under 
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real operating conditions, evaluation of material durability 

under thermal–vibrational loads, and the integration of active 

cooling strategies to further enhance system performance. 

These aspects will provide a more comprehensive framework 

for the adoption of the proposed design in automotive 

applications. 
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NOMENCLATURE 

𝑝 static pressure, Pa 

𝑐𝑝 specific heat at constant pressure, J·kg⁻¹·K⁻¹ 

𝑔𝑖 gravity components, m·s⁻² 

𝑘 turbulent kinetic energy, m²·s⁻² 

ℎ or 

ℎ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 
convection coefficient, W·m⁻²·K⁻¹ 

ℎ𝑛𝑎𝑡 natural convection coefficient, W·m⁻²·K⁻¹ 

𝑞" imposed heat flux, W·m⁻² 

𝑞𝑛𝑎𝑡
" natural convection flux, W·m⁻² 

𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛
" net forced convection flux, W·m⁻² 

𝑚 solid mass, kg 

Greek symbols 

𝜌 density, kg·m⁻³ 

𝜇 dynamic viscosity (laminar), Pa·s 

𝜇𝑡 turbulent viscosity, Pa·s 

𝜆 thermal conductivity (laminar), W·m⁻¹·K⁻¹ 

𝜆𝑡 turbulent thermal conductivity, W·m⁻¹·K⁻¹ 

𝜀 turbulent dissipation rate, m²·s⁻³ 

𝜎𝑘 , 𝜎𝜀 turbulent prandtl numbers for k, ε, – 

𝐶𝜇, 𝐶𝜀1, 𝐶𝜀2 k–ε model constants, – 

𝜇0 viscosity at T0 (Sutherland), Pa·s 

𝜎 Stefan–Boltzmann constant, W·m⁻²·K⁻⁴ 

𝜀 (
𝜀𝑓

𝑏
) emissivity (front/back), – 

Subscripts 

𝑥𝑖 , 𝑥𝑗 cartesian coordinates, m 

𝑢𝑖 , 𝑢𝑗 velocity components, m·s⁻¹ 

𝑇 temperature, K 

𝑆𝑇 source term in the energy equation, W·m⁻³ 

𝑃𝐾 production of k, m²·s⁻³ 

𝑅 gas constant (air), J·kg⁻¹·K⁻¹ 

𝑃 thermodynamic pressure, Pa 

𝑇0 reference temperature (Sutherland), K 

𝐶 sutherland constant, K 

𝑈 average flow velocity, m·s⁻¹ 

𝐷 (or 𝐷ℎ) diameter (hydraulic), m 

𝑃𝑟 Prandtl number (cp .μ/k), – 

𝑅𝑒 Reynolds number (ρ.U.D/μ), – 

𝑇𝑤 wall/surface temperature, K 

𝑇𝑎𝑚𝑏 ambient temperature, K 
"

,rad frontq

𝑞𝑟𝑎𝑑,𝑏𝑎𝑐𝑘
"

radiative fluxes, W·m⁻² 

𝐴 exchange area, m² 

𝑇 time, s 

𝑄 energy extracted (qnet .t.A), J 

𝛥𝑇 temperature reduction, K or ℃ 

𝑇𝑓𝑖𝑛𝑎𝑙 estimated final temperature, K or ℃ 

𝑁𝑢 Nusselt number (h.D/k), – 
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