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Abstract- A numerical model is developed to predict the 
performance of an exhaust gas recirculation (EGR) using 
Nano fluids as the coolant. The model accounts for turbulent 
flow of coolant and hot smokes on an integrated 
computational domain. Thermal and hydrodynamic behavior 
of Nano fluids comprising water as base fluid and Al2O3 
nanoparticles, were compared over a wide range of Reynolds 
numbers and various particles concentrations. The accuracy 
of prediction was verified by experimental data available in 
the literature. The Al2O3- water Nano fluids was found to 
provide the greatest heat transfer enhancement. 
Quantitatively,Al2O3-water Nano fluid with a volume fraction 
of 5% and Reynolds number of 5000 improves the heat 
transfer coefficient by about 16% compared to pure water. 
However, it was found that the heat transfer enhancement was 
achieved at the expense of increased pressure due to greater 
viscosity of Nano fluids compared to the base paper.  
 
Keywords- EGR, diesel exhaust gas, Nano fluid, numerical 
simulation. 

 
I. INTRODUCTION 

 
 Emissions form internal combustion engines have a 
major role in environmental pollution. Engine exhaust gases 
release many dangerous pollutants to the atmosphere including 
nitrogen oxide (NOx) which has carcinogenic effects. Exhaust 
gas recirculation (EGR) coolers are heat exchangers that 
reduce the NOx emission by decreasing the temperature of the 
hot exhaust recirculated gases. The schematic diagram of an 
EGR cooler is depicted in Fig. 1. As shown in the figure, hot 
engine exhaust smokes run through the tubes and the coolant 
flows in the shell side in an arbitrary direction. After cooling 
process, a portion of gases recirculates to the combustion 
chamber and its temperature decreases. Therefore, the 
generation of NOx diminishes due to the low temperature of 
the combustion gases [1]. In other methods, additional fuel is 
injected into the combustion chamber in order to achieve a 
richer mixture that results in smaller temperature rise and NOx 
generation without loss of power. However, this approach, 
increases emission of CO and CO2 and also increases the 
engine fuel consumption [2]. Temperature reduction of 

exhaust gases also helps to prevent the melting of catalyst 
coating which traps soot and reduces harmful emissions from 
diesel Exhausts. 
 

  
 

More efficient coolants like Nano fluids, can increase 
the efficiency of cooling process, and allow for the use of 
smaller heat exchangers. Nano fluids with metallic particles 
have been considered as candidate heat transfer fluids with 
superior heat transfer [3]. Over the past few years, many 
theoretical and experimental studies have been conducted on 
convection heat transfer of Nano fluids in laminar and 
turbulent flow regimes. Pak and Cho found that increasing 
nanoparticle concentration led to improved heat transfer 
coefficients. Xuan and Li [5] presented a correlation for 
Nusselt number as a function of particle concentration. 
Besides experimental studies, numerical simulations have 
been employed to analyze the heat transfer behavior of Nano 
fluids [6–11]. Nano fluids flow can be modeled using two 
different approaches. In the first approach, Nano fluids are 
considered as a composition of two separate phases including 
base fluid and nanoparticles. Therefore it is possible to study 
the role of each phase in the heat transfer process. In the 
second approach, the mixture of the base fluid and 
nanoparticles is considered as a single phase fluid with 
effective thermophysical properties. It should be noted that in 
the second approach both phases are assumed to be in thermal 
equilibrium and share the same flow field. The simplicity and 
the less computational cost associated with the 

 
Latter approach come with the penalty of less 

accurate predictions compared to the former approach. 
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Behzadmehr et al. [12] per-formed a two-phase simulation of 
turbulent flow of Nano fluids in tube using mixture model. 
Results of the other two-phase simulations proved the 
superiority of thermal properties of Nano fluids in comparison 
with the base fluids [13–15]. Furthermore, Bianco et al. 
[16] Showed that at high Reynolds number and low 
nanoparticle concentration, single phase simulations have 
acceptable accuracy in Nano fluids simulations. Several 
studies investigated the efficiency of Nano fluids as a coolant 
in heat exchangers. The results suggested that in industrial 
heat exchangers, especially in turbulent flows, substituting 
traditional fluids by Nano fluids does not provide any 
advantage [17]. The outstanding property of Nano fluids made 
the authors to investigate the effect of substitution of these 
fluids in EGR coolers. For example Kim et al. [18] considered 
the effect of carbon Nano fluid on the cooling performance of 
an EGR Cooler. They found a little improvement in the 
cooling performance of Nano fluid than that of water. 
 

In this study, Nano fluids with different particle 
concentrations at various Reynolds numbers are investigated 
numerically for use as heat transfer fluid of an EGR cooler. 
First, both the two phase mixture model and single phase 
model are used for the simulation of Nano fluid flow in a 
circular tube with uniform heat flux on the wall. The Nusselt 
numbers obtained using both models are com-pared at 
different Reynolds numbers for various tube wall 
temperatures. The proposed numerical model of an EGR 
cooler is validated by comparison with experimental data 
related to a double pipe heat exchanger. Finally, the 
performance of Nano fluids coolants is studied by a 3D 
numerical model (both exhaust gases and coolant side) of an 
EGR cooler. 

 
Computational Fluid Dynamics (CFD) has grown 

from a mathematical curiosity to become an essential tool in 
almost every branch of fluid dynamics, from aerospace 
propulsion to weather prediction. CFD is commonly accepted 
as referring to the broad topic encompassing the numerical 
solution, by computational methods. These governing 
equations, which describe fluid flow, are the set of Navier-
Stokes equation, continuity equation and any additional source 
terms, for example, porous medium or electric body force. 
 

Since the advent of the digital computer, CFD, as a 
developing science, has received extensive attention 
throughout the international community. The attraction of the 
subject is twofold. Firstly, there is the desire to be able to 
model physical fluid phenomena that cannot be easily 
simulated or measured with a physical experiment, for 
example, weather systems. Secondly, there is desire to be able 

to investigate physical fluid systems more cost effectively and 
more rapidly than with experimental procedures. 

 
Traditional restrictions in flow analysis and design 

limit the accuracy in solving and visualization of the fluid-
flow problems. This applies to both single and multi-phase 
flows, and is particularly true of problems that are three 
dimensional in nature and involve turbulence, additional 
source terms, and/or heat and mass transfer. All these can be 
considered together in the application of CFD, a powerful 
technique that can help to overcome many restrictions inherent 
in traditional analysis. 
 

CFD is a method for solving complex fluid flow and 
heat transfer problems on a computer. CFD allows the study of 
problems that are too difficult to solve using classical 
techniques. The flow inside the ESP is complex and this can 
be analyzed using CFD tool, which provides an insight into 
the complex flow behavior. 
 

II. CFD SIMULATIONS 
 

The process of performing CFD simulations is split 
into three components: 
 

 Pre processing 
 Solving 
 Post Processing 

 
The  pre-processor  contains  all  the  fluid  flow  

inputs  for  a  flow problem. It can be seen as a user-friendly 
interface and a conversion of all the input into the solver in 
CFD program. At this stage, quite a lot of activities are carried 
out before the problem is being solved. These stages are listed 
below: 
 
Geometry Definition - The region of interests that is the 
computational domain which has to be defined. 
 
Grid generation- It is the process of dividing the domain into 
a number of smaller and non-overlapping sub-domains. 
 
Physical and chemical properties - The flow behavior in 
terms of physical and chemical characteristics are to be 
selected. 
 
Fluid property Definition - The fluid properties like density 
and viscosity are to be defined. 
 
Boundary conditions - All the necessary boundary conditions 
have to be specified on the cell zones. 
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The solution of the flow problem such as 
temperature, velocity, pressure etc. is defined at the nodes 
insides each cell. The accuracy of the CFD solution is 
governed by the number of cells in the grid and is dependent 
on the fineness of the grid. 
 
Solution 
 

In the numerical solution technique, there are three 
different streams that form the basis of the solver. They are 
finite difference, finite element and finite volume methods. 
The differences between them are the way in which the flow 
variables are approximated and the discretization processes are 
done. 
 
1. Finite Difference Method (FDM) 
 

FDM describes the unknown flow variables of the 
flow problem by means of point samples at node points of a 
grid coordinate. By FDM, the Taylor’s expansion is usually 
used to generate finite differences approximation. 
 
2. Finite Element Method (FEM) 

 
FEM uses the simple piecewise functions valid on 

elements to describe the local variations of unknown flow 
variables. Governing equation is precisely satisfied by the 
exact solution of flow variables. In FEM, residuals are used to 
measure the errors. 
 
3. Finite Volume Method (FVM) 

 
FVM was originally developed as a special finite 

difference formulation. The commercial CFD code packages 
using the FVM approaches are PHOENICS, FLUENT, FLOW 
3D and STAR-CD. Basically, the numerical algorithm in these 
CFD commercial packages involves the formal integration of 
the governing equation over all the finite control volume, the 
discretization process involves the substitution of a variety of 
FDM types to approximate the integration equation of the flow 
problem, and the solution is obtained by iterative method. 
Discretization in the solver involves the approaches to solve 
the numerical integration of the flow problem. Usually, two 
different approaches are made, one at a time. 
 
Explicit approach: Usually, this is the most useful approach 
that makes sense. It is relatively simple to set up and program. 
The limitation is that for a given t and x, the time must be less 
than some limit imposed by stability constraints. In some 
cases, t must be very small to maintain the stability, and 
consequently long running time is required for the calculation 
over a given time interval t. 

 
Implicit approach: For this approach, the stability can be 
maintained over a large value of t and fewer time steps are 
required for making calculation resulting in less computer 
time. But it is complicated to set up and program. The 
computer time per time step is much larger than the explicit 
approach due to the matrix manipulation, which is required for 
each time step. This approach is very accurate to follow the 
exact transients, i.e., the time variations of the independent 
variables. 
 
Post-Processing 

 
The CFD package provides the data visualization 

tools to visualize the results of the flow problem. This includes 
– vectors plots, domain geometry and grid display, line and 
shaded counter plots, particle tracking etc. Recent facilities are 
aided with animation for dynamic result display and they also 
have data export facilities for further manipulation external to 
the code. 
 
Determining the convergence, whether the solution is 
consistent and stable for all range of flow variables, is 
important. 
 
Convergence is a property of a numerical method to produce a 
solution that approaches the exact solution by which the grid 
spacing and control volume size are reduced to a specific 
value or to zero value. 
 
Consistency is to produce the system of algebraic equations 
that can be equivalent to the original governing equation. 
 
Stability associates with the damping of errors as a numerical 
method proceeds. If a technique chosen is not stable, even the 
round-off error in the initial data can lead to wild oscillations 
or divergence. 
 

III. GOVERNING EQUATIONS 
 
 Conservation Law 

 
Navier-Stokes equations are the governing equations of 

Computational Fluid Dynamics. It is based on the 
conservation law of physical properties of fluid. The principle 
of conservational law is the change of properties, for example 
mass, energy, and momentum, in an object is decided by the 
input and output.  

 
For example, the change of mass in the object is as follows 
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outin mm
dt

dM  
                              (1) 

If 0 outin mm  , we have 

0
dt

dM
                                   (2) 
Which means 

constM                                    (3) 
 
  Navier-Stokes Equation  

 
Applying the mass, momentum and energy 

conservation, we can derive the continuity equation, 
momentum equation and energy equation as follows. 

 
 Continuity Equation 
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Momentum Equation 
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I:   Local change with time 
II:  Momentum convection 
III:  Surface force 
IV:  Molecular-dependent momentum exchange (diffusion) 
V:   Mass force 
 
 Energy Equation 
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I:   Local energy change with time 
II:   Convective term 
III:  Pressure work 

IV:  Heat flux (diffusion) 
V:  Irreversible transfer of mechanical energy into heat 

 
If the fluid id compressible, we can simplify the 

continuity equation and momentum equation as follows. 
 

 Continuity Equation 
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Momentum Equation 
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 General Form of Navier-Stokes Equation  

 
To simplify the Navier-Stokes equations, we can 

rewrite them as the general form. 
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When
TU j ,,1

, we can respectively get 
continuity equation, momentum equation and energy equation.  
 

IV. SCOPE OF THE PRESENT WORK 
 
The LHR engines are energy efficient engines with 

respect to energy conversion. Due to dynamic conditions of 
the internal combustion engine, the high energy release in an 
LHR engine cannot be fully realized as work done and higher 
amount of energy is going in the exhaust as a waste heat. To 
realize the energy available in the exhaust, the LHR concept is 
introduced to the turbocharged engine, so that the heat can be 
utilized in the turbocharger for the effective compression of 
intake air. In addition to this, the extended expansion concept 
has also been introduced to realize in-cylinder work done to a 
higher level. Any engine which is going for higher percentage 
of combustion will result in higher amount of NOx emission. 
In order to reduce the value of NOx emission inside the engine 
cylinder during combustion the iEGR was introduced for the 
analysis. 

 
 methods. Main focuses are the effects are the 

behavior of gases in cooling condition with nano fluids to 
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determine the accurate recommendation of process to define 
and solve the problem in exhaust gas recirculation. 
 

V. MESHING 
 
ANSYS Meshing is a general-purpose, intelligent, 

automated high-performance product. It produces the most 
appropriate mesh for accurate, efficient multi physics 
solutions. A mesh well suited for a specific analysis can be 
generated with a single mouse click for all parts in a model. 
Full controls over the options used to generate the mesh are 
available for the expert user who wants to fine-tune it. The 
power of parallel processing is automatically used to reduce 
the time you have to wait for mesh generation. 
 

Table 1 Mesh Details 

 
 

 
Fig 2 Geometry 

 

 
Fig 3Discreticed volume Mesh 

 

VI. RESULTS AND DISCUSSION 
 

 
Fig 4 Temperature Distribution of The EGR cooler 

 

 
Fig 5 Velocity Distribution of EGR Cooler 

 

 
Fig 6 Pressure Distribution of EGR cooler 
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Fig 7 Reynolds number Vs heat transfer Coefficient 

 

 
Fig 8 Reynolds number VS nusselt number 

 

 
Fig 9 Renolds number Vs Nusselt Number 

 
 

Averaged temperature of tube walls is sketched in 
different Reynolds number in Fig. 7. With the increment of 
coolant flow rate the separator wall temperature tended to a 
minimum value (cool-ant temperature) and maximum heat 
transfer rate occurred between hot and cold fluids. After this 
point increasing in the cool-ant flow rate or using more 
efficient coolants like Nano fluids only led to the greater 
power consumption of the water pump and has no significant 
impact on the cooling of the hot gases. This issue was 
observed in Fig. 8 where the temperature of exhaust gases at 
EGR cooler outlet was presented. 
 

In the cooling systems presence of metallic 
nanoparticles caused some pressure drop and directly affected 
the required power of Nano fluid recirculation through the 
cooling circuit. In this regard, the graph of Nano fluids 
pressure drop against Reynolds number is depicted in Fig. 9. 
As it expected, increasing in Reynolds number increases 
pressure drop for all of Nano fluids. In contrast with Fig. 6, as 
the Reynolds number increases the pressure drop grows in an 
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exponential manner. Moreover it seems for Reynolds numbers 
greater than 60,000, using Nano fluids makes no remarkable 
improvement in cooling system heat transfer rate while a 
considerable pressure drop occurs under these conditions. 
 

Fig. 10 shows the effect of Al2O3 nanoparticles 
volume fraction on the heat transfer coefficient versus 
Reynolds number. It could be observed that, heat transfer 
coefficient was directly proportional to the volume fraction of 
nanoparticles. It is clear in the fig-ure that unlike high 
Reynolds numbers the effect of the 
 

VII. CONCLUSIONS 
 

In this paper the turbulent flow of water based Nano 
fluids inside an exhaust gas recirculation (EGR) cooler was 
numerically simulated and its thermal and hydrodynamic 
behaviors were studied. At first a simple flow inside a 
uniformly heated tube was simulated using single phase and 
two-phase mixture models. Results proved that in turbulent 
flows, dilute Nano fluids may be approximated as a single 
phase fluid. After verification, the single phase model was 
served in order to consider the performance of Nano fluids as 
more efficient coolants in EGR coolers. Numerical model of 
the EGR cooler was validated with experimental results. Four 
different types of Nano fluids, consisting of water as base fluid 
and, Al2O3 nanoparticles were compared together and 
appropriate coolant was selected (Nano fluid of aluminum 
oxide). Necessary simulations carried out in different 
nanoparticle concentration and flow rate of Nano fluids. 
According to the results, the heat transfer always improved as 
the Reynolds number increased, but it associated with an 
increase of pump power. More-over it was found that utilizing 
of Nano fluids in EGR coolers was advisable in low Reynolds 
numbers. In highly turbulent flows, due to the imposition of 
excessive pressure drop and no sensible improvement in 
thermal performance of EGR cooler, the substitution of 
conventional coolants by Nano fluids seems unpromising. To 
reduce that we have introduced the inclination of 4 degree 
tubes to enhance the temperature related parameters for better 
result 
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