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In heavy-duty vehicles, Exhaust Gas Recirculation (EGR) coolers have been used since 

2002 to reduce NOx emissions by recirculating exhaust gases. EGR systems increase fuel 

efficiency and achieve more thorough combustion, while the EGR cooler, which cools the 

exhaust gases, is crucial to protect the engine by lowering the combustion temperature. 

This research evaluates the flow behavior and thermal characteristics of EGR coolers using 

the k-omega turbulence model. The study compares the effectiveness of two designs of 

EGR coolers: the single coolant inlet type and the four-inlet type configuration. The CAD 

design of the EGR cooler is developed in Creo design software, and CFD simulations are 

conducted using the ANSYS CFX simulation package. The results show that the 

incorporation of additional coolant inlet tubes improves the EGR cooler's performance. 

The four-inlet design exhibits higher effectiveness compared to the single-inlet design at 

every operating temperature. The effectiveness is maximum at an operating temperature of 

691K, and the four-inlet design shows 0.02 higher effectiveness than the single-inlet design 

at an operating temperature of 1058K. The conventional design of the EGR cooler with a 

single coolant inlet can be substituted with the new proposed design of the EGR cooler 

with four coolant inlets. The new proposed design of the EGR cooler has higher 

effectiveness and would enable the reduction of NOx emissions and improve engine 

efficiency. 
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1. INTRODUCTION

An Exhaust Gas Recirculation (EGR) cooler is an essential 

component in modern diesel engines. It is a heat exchanger 

that cools the exhaust gas recirculated back into the engine 

cylinders. The EGR system works by recirculating some of the 

exhaust gases back into the engine, which helps to reduce 

nitrogen oxide (NOx) emissions. The EGR system lowers the 

combustion temperature by reducing the amount of oxygen in 

the combustion chamber. The reduction in oxygen leads to 

incomplete combustion, resulting in reduced NOx formation. 

The cooled recirculated gases also help to prevent engine 

knocking and reduce engine wear and tear [1]. The EGR cooler 

is typically a shell and tube heat exchanger that exchanges heat 

between the hot exhaust gases and the cooling fluid. The 

cooling fluid used can be water, glycol, or air. The EGR cooler 

is positioned between the exhaust manifold and the EGR valve, 

which controls the amount of recirculated exhaust gas. The 

design of the EGR cooler is critical to its efficiency. The EGR 

cooler should be able to handle high temperatures and pressure, 

and it should be able to withstand corrosive exhaust gases. The 

cooling fluid should be able to absorb enough heat from the 

exhaust gas to cool it to the required temperature. The EGR 

cooler should also be designed to minimize pressure drop, 

which can affect engine performance [2, 3]. Reducing NOx 

emissions in heavy-duty vehicles is of utmost importance for 

safeguarding the environment and public health. A critical 

component in achieving this objective is the implementation 

of efficient EGR coolers, which actively contribute to 

lowering combustion temperatures, enhancing combustion 

control, and optimizing thermal efficiency. By equipping 

heavy-duty vehicles with EGR systems featuring effective 

coolers, a significant reduction in NOx emissions can be 

achieved, thereby enabling compliance with stringent 

emission standards and ensuring a cleaner future. The 

conventional design of EGR coolers, with a single coolant 

entry, presents certain limitations such as non-uniform flow 

and limited heat transfer capacity. To address these challenges, 

the integration of multiple coolant entries holds immense 

potential. This innovative approach enhances the heat transfer 

capability of EGR coolers by fostering a uniform flow 

distribution across the lateral direction of the cooler. By 

promoting uniform flow, the multiple coolant entry design 

allows for improved heat transfer efficiency, effectively 

mitigating the limitations of the conventional design. 

By embracing the concept of multiple coolant entries, 

heavy-duty vehicles can unlock significant benefits. Enhanced 

heat transfer capability leads to better cooling of exhaust gases, 

ultimately resulting in improved combustion control and 

increased thermal efficiency. This transformative approach 

not only reduces NOx emissions but also boosts the overall 

performance and sustainability of heavy-duty vehicles. 

In conclusion, the integration of multiple coolant entries in 

EGR coolers represents a groundbreaking advancement in 

emission reduction technology for heavy-duty vehicles. By 

addressing the limitations of the conventional design and 

enabling uniform flow distribution, this innovative approach 

enhances heat transfer capacity and contributes to achieving 
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stringent emission standards. By adopting such cutting-edge 

solutions, heavy-duty vehicles can play a pivotal role in 

preserving the environment, safeguarding public health, and 

embracing a cleaner and greener future. 

Abarham et al. [4] investigated the performance of an 

automotive EGR cooler with offset strip fins through 

experimental and numerical methods. The authors found that 

the offset strip fins significantly increased the heat transfer 

coefficient and thermal performance of the EGR cooler. The 

numerical simulations also revealed that the pressure drop 

across the EGR cooler decreased with increasing Reynolds 

number. 

Kern et al. [5] compared the thermal performance of three 

different types of EGR coolers for heavy-duty diesel engines: 

tube-and-fin, stacked-plate, and printed-circuit heat 

exchangers. The authors found that the printed-circuit heat 

exchanger had the highest thermal performance, followed by 

the stacked-plate and tube-and-fin heat exchangers. The 

authors also noted that the pressure drop across the EGR 

cooler increased with increasing thermal performance. 

Reza Razmavar et al. [6] investigated the effects of fouling 

on the performance of an EGR cooler through experimental 

and numerical methods. The authors found that fouling 

significantly reduced the heat transfer coefficient and thermal 

performance of the EGR cooler. The numerical simulations 

also revealed that the fouling layer created a thermal resistance 

that decreased the effectiveness of the EGR cooler. The 

authors concluded that regular maintenance and cleaning of 

the EGR cooler is necessary to prevent fouling and maintain 

optimal engine performance.  

Sul et al. [7] reviews the fouling mechanism of EGR coolers 

in diesel engines and the effects of fouling on engine 

performance. The authors found that fouling can cause a 

decrease in engine efficiency and increase emissions. They 

also found that the type of fouling and severity can vary 

depending on engine operating conditions and the type of fuel 

used. Xu et al. [8] experimentally investigated the 

performance of a compact heat exchanger used as an EGR 

cooler in a diesel engine. The authors found that the heat 

exchanger design significantly affected the cooling 

performance and pressure drop of the EGR cooler.  

They also found that increasing the coolant flow rate can 

improve the cooling efficiency, but also increase the pressure 

drop. Nagendra et al. [9] presents a numerical simulation of 

the effect of EGR cooler fouling on engine performance and 

emissions. The authors found that fouling can cause a decrease 

in engine power and an increase in emissions. They also found 

that the severity of fouling and the type of fouling can have 

different effects on engine performance and emissions.  

Yang et al. [10] presents an optimal design of an EGR 

cooler for a diesel engine based on thermodynamic analysis 

and computational fluid dynamics simulation. The authors 

found that the optimal design can significantly improve the 

cooling performance and reduce pressure drop compared to 

the baseline design. They also found that the optimal design 

can reduce engine NOx emissions by up to 12%. 

The objective of the current study is to evaluate the flow 

behavior and thermal characteristics of the EGR cooler using 

the k omega turbulence model. The design configuration 

investigated in the current research is of single coolant inlet 

type and four inlet type configurations. The CAD design of the 

EGR cooler is developed in Creo design software and CFD 

simulation is conducted using the ANSYS CFX simulation 

package.  

2. METHODOLOGY 

 

The methodology steps involve different stages i.e., 

modeling, meshing, boundary conditions, solution stage, and 

post-processing [11]. The CAD model of the EGR cooler is 

developed in 3D parametric Creo design software. The design 

included shell, air inlet tubes, and coolant inlet and outlet tubes. 

The Dimensions of the EGR cooler are provided in Table 1. 

The developed model of the EGR cooler is shown in Figures 

1 and 2 respectively. The design comprises of shell, tube, and 

baffles.  

 

Table 1. Dimensions of EGR cooler 

 
Number of Tubes 28 

Number of Baffles 4 

Tube Length 220mm 

Total Length 296mm 

Material  Stainless steel 

 

 
 

Figure 1. CAD design of EGR cooler in a solid shade 

 

 
 

Figure 2. CAD design of EGR cooler in the wireframe model 

 

The design of the EGR cooler is imported into the design 

modeler of the ANSYS simulation package. The model is 

checked for geometric imperfections, edge imperfections, and 

other defects. The imported design of the EGR cooler is shown 

in Figure 3.  

The model of the EGR cooler is discretized. The 

discretization process is based on topological characteristics, 

and geometry type [12]. The mesh can be structured or 

unstructured type.  

The meshing is of the fine type which enables to capture of 

all the important features of the flow, such as boundary layers 

and turbulence [13]. The number of elements generated is 

1525532 and the number of nodes generated is 586244. The 

meshed model is shown in Figure 4. 
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Figure 3. Imported design of EGR cooler 

 

 
 

Figure 4. Meshed design of EGR cooler  

 

 
 

Figure 5. Domain definition of EGR cooler 

 

The subsequent step is domain definition for both fluids i.e., 

coolant and flue gases. The domain type defined for flue gases 

is fluid type. The fluid material type is NO and the reference 

pressure is set to 1atm. The domain definition of the shell is 

shown in Figure 5.  

The domain is defined for coolant. The domain type is set 

to water with a reference pressure of 1atm. The buoyancy 

model is set to non-buoyant and the initial domain motion is 

set to stationary. The water inlet and water outlet boundary 

condition are defined for the EGR cooler. 

 

 
 

Figure 6. Water Inlet boundary condition of EGR cooler  

 

The water inlet boundary conditions are defined with an 

inlet velocity of 50m/s and at 300K as shown in Figure 6. The 

outlet boundary conditions are defined for water. The relative 

outlet pressure is set to 0 as no pump is used. The water outlet 

boundary condition is shown in Figure 7. 

 

 
 

Figure 7. Water outlet boundary condition of EGR cooler  

 

 
 

Figure 8. Flue gas inlet boundary condition of EGR cooler  

 

 
 

Figure 9. Flue gas outlet boundary condition of EGR cooler 

 

The flue gas inlet and outlet boundary condition are defined 

for the EGR cooler. The flue gas inlet boundary condition 

includes a mass flow rate of .05Kg/s and the flue gas outlet 

boundary condition are defined with 0 relative pressure as 

shown in Figures 8 and 9 respectively. The k omega turbulence 

model is used for the simulation. The k omega turbulence 

model is shown below. The k-omega model performs better 

than the k-epsilon model in predicting separated flows, such 

as flows over bluff bodies, and other complex geometries. The 

k-omega model has a built-in mechanism that helps account 

for the effects of adverse pressure gradients and streamline 

curvature, enabling it to provide more reliable predictions for 

these types of flows.  

 
𝜕

𝜕𝑡
(𝜌. 𝑘) + ∇⃗⃗ ∙(𝜌. 𝑢.⃗⃗⃗  𝑘)= ∇⃗⃗ ∙( 𝜌. {𝑣𝑙+

𝑣𝑡

𝜎𝑡,𝑘
}∙ ∇⃗⃗ 𝑘)+ 𝜌.(𝑃𝐾-𝜀) 
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𝜕

𝜕𝑡
(𝜌.𝑤) + ∇⃗⃗ ∙(𝜌. 𝑢.⃗⃗⃗  𝑤) = ∇⃗⃗ ∙( 𝜌. {𝑣𝑙+

𝑣𝑡

𝜎𝑤
}∙ ∇⃗⃗ 𝑤)+ 𝜌.𝑤.(𝛾 ∙

𝑃𝑘

𝑘
-

𝛽.𝑤)+2.(1-F1).{ 𝜌.
𝜎𝑤2

𝑤
}∙ ∇⃗⃗ 𝑘 ∇⃗⃗ 𝑤 

 

After defining inlet and outlet boundary conditions, the 

solver settings are defined. The solver settings include RMS 

residual settings, interpolation schemes, and precision settings 

[14]. The CFD simulation is run to determine and convergence 

criteria are attained as per .0001 RMS residual values.  

 

 

3. RESULTS AND DISCUSSION 

 

From the CFD simulation, the temperature distribution plot, 

pressure distribution plot, and velocity distribution plot are 

obtained.  

 

 
 

Figure 10. Temperature plot of single water inlet tube design 

 

From the temperature distribution plot (Figure 10) across 

the mid-section plane, it is evident that the temperature is 

maximum near the flue gas inlet region. The maximum 

temperature obtained from the analysis is 708.9 K. Table 2 

shows the grid independence test. 

 

Table 2. Grid independence test  

 
Number of Elements Temperature Magnitude (K) 

1525532 708.88 

1525598 708.87 

1525655 708.86 

1525687 708.89 

1525692 708.9 

 

 
 

Figure 11. Pressure plot of single water inlet tube design 

 

The temperature of flue gas reduces along the length of the 

tube and reaches to minimal towards end of the tube.  

The pressure distribution plot is obtained across mid-section 

plane as shown in Figure 11. The pressure is higher near the 

flue gas inlet and reduces along the length of the tube. The 

pressure magnitude is also higher for coolant (water) and 

reduces towards the exit of the shell.  

 

 
 

Figure 12. Velocity plot of single water inlet tube design 

 

The velocity distribution plot is obtained across mid-section 

plane and along the tube as presented in Figure 12. The 

velocity is higher near the gas inlet zone and coolant (water) 

inlet zone. The velocity is higher at the center of the tube with 

a magnitude of 35.98m/s. The velocity profile regime is non-

uniform due to turbulence. The velocity of the exhaust gas 

outlet is 12.28m/s which is in close agreement with the 

velocity in literature [15] which validates the result. 

 

 
 

Figure 13. Temperature plot of EGR cooler with 4 coolant 

inlet 

 

 
 

Figure 14. Pressure plot of EGR cooler with 4 coolant inlet 

 

The temperature distribution plot across mid-section plane 

of the EGR cooler with 4 coolant inlet is shown in Figure 13. 

The temperature distribution shows a higher value at the side 

tubes and is lower at the center tubes which are in-line 

arrangement with coolant inlet tubes.  

The pressure distribution plot is obtained across mid-section 
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plane of the EGR cooler with 4 coolant inlet as shown in 

Figure 14. The pressure magnitude is uniform for flue gas 

tubes. For the water tube, the pressure is higher at the 1st tube 

and 4th tube as shown in green colored contour with a 

magnitude of 7.98Pa. The pressure at the outlet is 3.02Pa.  

Figure 15. Velocity plot of EGR cooler with 4 coolant inlet 

The velocity distribution plot is obtained for the EGR cooler 

with 4 coolant inlet as shown in Figure 15. The velocity plot 

shows a higher magnitude at the 1st and 4th coolant inlet tube. 

The velocity at the inlet zone is nearly 31.7m/s. The velocity 

at the outlet zone of coolant is 13.7m/s. Table 3 and 4 show 

the temperature values for design 1 and 2 respectively while 

Figure 16 and 17 show the temperature comparison for both 

designs respectively. 

Table 3. Temperature table for design 1 

Gas in Temp (k) 691 861 960 1058 

Gas out temp (k) 357 482.85 551.05 689.26 

Coolant in temp (k) 341 341 341 341 

Coolant out temp (k) 350 352.5 353 350 

Figure 16. Gas temperature plot for design 1 

Figure 17. Gas temperature plot for design 2 

Table 4. Temperature table for design 2 

Gas in Temp 692 861 960 1058 

Gas Out Temp 348 464 538 678 

Coolant In Temp 341 341 341 341 

Coolant Out Temp 354 356 354 351 

Effectiveness is a very important parameter for the design 

of a heat exchanger. The effectiveness of the EGR cooler is 

given by the following:  

Effectiveness = Ehin – Egout / Ehin – Ecin 

Ehin is hot gas inlet temperature in K 

Egout is the hot gas outlet temperature in K 

Ecin is hot gas inlet temperature in K 

The effectiveness is calculated for both designs i.e., single 

coolant inlet and multiple coolant inlet designs. The 

effectiveness comparison is shown in Figure 18. 

Figure 18. Effectiveness comparison between both designs 

The effectiveness comparison chart shows higher 

effectiveness value for EGR cooler with 4 coolant inlet designs 

as compared to single inlet coolant design.  

4. CONCLUSIONS

The research findings highlight the remarkable 

effectiveness of employing CFD simulation and the k-omega 

turbulence model to assess the flow behavior and thermal 

characteristics of EGR coolers. By incorporating additional 

coolant inlet tubes, the performance of the EGR cooler is 

significantly enhanced, with the four-inlet design consistently 

surpassing the single-inlet design across various operating 

temperatures. Particularly noteworthy is the four-inlet design's 

remarkable 0.02 higher effectiveness compared to the single-

inlet design at an operating temperature of 1058K, while the 

pinnacle of effectiveness is achieved at 691K. 

Nevertheless, it is crucial to recognize the limitations 

inherent in this study. Firstly, the evaluation relied on 

computational simulations, which, while providing invaluable 

insights, may not entirely encapsulate the intricacies and 

diversities of real-world scenarios. Furthermore, the analysis 

predominantly centered on flow behavior and thermal 

characteristics, overlooking other factors like mechanical 

stresses or material properties, which can profoundly impact 

the overall performance of the EGR cooler. To 

comprehensively evaluate these aspects, future research 

should aim to integrate them into the analysis. 

Looking ahead, the future of EGR cooler design holds 
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tremendous potential in terms of integration with other 

emission control systems, such as selective catalytic reduction 

(SCR) or diesel particulate filters (DPF), to create more 

streamlined and efficient exhaust after-treatment systems. 

Moreover, the leveraging of cutting-edge advancements in 

electronics and sensor technology presents a promising avenue 

for enhancing EGR cooler performance through data-driven 

diagnostics and optimization. By conducting simulations with 

higher iterations and precise convergence settings, accuracy 

can be heightened, and more comprehensive insights can be 

obtained. 

The optimization of EGR cooler designs and the utilization 

of advanced technologies open up exciting opportunities for 

heavy-duty vehicles to curtail NOx emissions and enhance 

engine efficiency. Although the scope of these research 

findings is limited, they provide invaluable insights for the 

development of effective and sustainable emission control 

strategies within the automotive industry. 
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