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ABSTRACT 
 Exhaust gas recirculation (EGR) coolers can profoundly 
reduce hazardous NOx emissions from diesel engines. 
Nevertheless the formation of deposits on EGR surfaces 
causes design uncertainty and maintenance problems. The 
present study underlines how changing the EGR surface 
structure for the same inlet velocity can result in substantial 
increase in shear stress which otherwise would be needed 
for an effective deposit suppression. Various structures have 
been developed then studied numerically using 
computational fluid dynamics (CFD). The results have been 
compared with a baseline flat plate rectangular EGR cooler. 
The numerical findings show that shear stress is increased 
from 150 to 350% while the overall pressure drop is always 
below 550 mbar. The geometrical modifications also cause 
a minor reduction of up to 7% in effective heat transfer area 
of EGR. 
 
 
INTRODUCTION 
 Exhaust gas recirculation (EGR) is a predominantly 
NOx emission control technology in diesel-engine vehicles. 
It can either be done internally by simply returning part of 
exhaust gas to the combustion chamber or externally which 
is similar to the previous one except the exhaust gas cools 
down through a cooler known as EGR cooler before 
returning to the cylinder. Albeit the most common reason 
for implementing EGR in modern commercial diesel 
engines is its capability in NOx reduction, its potential 
application extents to other purposes as well. Advanced 
combustion concepts under development, e.g. low 
temperature combustion (LTC), utilize very high EGR rates 
for emission control. If the application of LTC over a 
significant portion of the engine operating map becomes 
commercial, then more demands for EGR systems is 
anticipated (Junjun et al., 2009; Srinivasan et al., 2010; 
Zheng et al., 2007). 
 EGR flow deprives the combustion from a portion of 
oxygen of the fresh air by introducing cooled exhaust gas, 
which is lower in oxygen, into the intake system, thereby 
reducing the combustion temperature and lowering NOx 
production. However, during the cooling process of EGR, 
the present soot particles in the exhaust gas form a deposit 
layer on the EGR walls mainly due to the thermophoresis. 
The resultant particulate fouling which degrades the heat 
transfer performance considerably, and therefore, has a 
profound impact on the design of the EGR coolers (Abd-
Elhady et al., 2011a). 
 Particulate fouling in EGR coolers increases the 
thermal resistance and consequently deteriorates the cooling 
efficiency. It is essentially affected by concentration and 

physical/chemical properties of soot particles, fluid velocity 
and temperature condition of gas stream and cooler wall, 
heat capacity rate and temperature of coolant medium, and 
surface characteristics of EGR walls. Importantly, the net 
rate of fouling, i.e. the apparent layer formation rate of soot 
particles on the wall of EGR coolers, is due to the result of 
competition between two simultaneous mechanisms of 
deposition and removal/suppression.  
 In order to keep the cooling performance of the EGR 
coolers, it is essential to mitigate deposit formation on EGR 
walls. The possible methods to mitigate the particulate 
fouling on EGR walls are: the changes in physical/chemical 
properties of surface of EGR walls in order to hinder the 
deposition rate (Müller-Steinhagen et al., 2011), and/or to 
increase the wall shear stress in order to enhance the 
removal rate of deposition layer (Abd-Elhady et al., 2011b; 
Müller-Steinhagen et al., 1988; Cabrejos and Klinzing, 
1992; Grillot and Icart, 1997). The latter can be achieved by 
geometrical modification of EGR walls in order to enhance 
the average value, as well as the manipulating and 
distribution of fluid flow exerted shear wall through 
changing fluid velocity.  
 The main objective of the present study is to develop 
and analyze geometries which enhance the wall shear stress 
for different inlet gas velocities. For this purpose, a baseline 
rectangular EGR cooler will be studied and the distribution 
of shear wall stress at three different inlet velocities will be 
attempted. Next, different geometrical modifications will be 
introduced and the distribution of shear wall stress at the 
same velocities will be investigated and compared with the 
results of baseline rectangular EGR cooler. Finally, based 
on the quality of shear wall stress enhancement, the 
geometrical modification will be ranked. 
 
DESCRIPTION OF GEOMETRICALLY MODIFIED 
EGR COOLERS 
 A flat plate rectangular EGR cooler, shown in Figure 
1.a, is considered as the baseline geometry which is referred 
as EGR01 hereafter. Knowing that the existence of an 
object confronting the flow will cause instabilities and 
consequently will develop vortex shedding at certain flow 
velocities and hence may alter the shear stress, then 
different structural geometries are considered according to 
the following criteria: 
 
 Increased average wall shear stress through enhancing 

flow instabilities or redirection of main flow stream. 
 Evenly distribution of effective wall shear stress, i.e. 

maximize the area where the shear stress is greater than 
a certain set value. This is, here, considered as the 
maximum wall shear stress obtained in EGR01). 
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 Minimization of the ineffective heat transfer area due to 
the geometrical changes. 

 Modification of structure such that the overall pressure 
drop should be less than a set-limit. 

 Minimization of flow dead zones that would otherwise 
intensify deposition    

 
 Figures 1b to 1h, which are referred as EGR02 to 
EGR08, illustrate the modified geometries. Note that in 
Figure 1h, angle of attack, AoA, is the angle between the 
chord line of the wing profile and the vector representing 
the main stream gas flow in EGR cooler. The direction of 
main stream gas flow is, in fact, from inlet to outlet of EGR 
cooler. 
 
CFD METHODOLOGY AND OPERATING 
CONDITIONS 
 The prime aim in this study is to augment removal 
through increased shear stresses by modifying the cooler 
structure. Therefore, in order to make a consistent 
comparison between different EGR coolers, air with 
physical properties of ߩ ൌ 1.225	 ݇݃ ݉3⁄  and	ߤ ൌ 1.7894 ൈ
10ି5 ݇݃ ሺ݉. ⁄ሻݏ  is considered as working fluid. Moreover 
no heat transfer is considered for the simulation and instead 
only fluid mechanics of structurally modified EGR coolers 
in terms of shear stress and pressure drop have been 
investigated.  
 A velocity inlet boundary condition is used to describe 
the flow conditions at the inlet. Three steady uniform 
velocities, i.e. 10, 30 and 70 m/s, normal to the inlet are 
considered which result in Reynolds numbers, ܴ݁௧, 
ranging from 5,868 to 41,075, respectively. Turbulence 
intensity ൫ൎ 0.16ܴ݁௧

ି1 8⁄ ൯ and length scale ൫ൌ  ு,௧൯ܦ0.07
characterize the required turbulence parameters at the inlet. 
Taking into account the possibility of back flow condition at 
outlet, a rectangular duct with the same geometrical 
specification of EGR01 is considered as an extension 
(dummy) immediately next to the outlet of EGR coolers. 
However, the boundary condition at the outlet of this 
dummy is defined by specifying the absolute pressure. 
These types of boundary conditions for inlet and outlet will 
guarantee the simulation of special flow behavior, e.g. flow 
separation and vortex shedding which are all important in 
the present investigation. 
 The governing equations for mass and momentum 
conservation are solved numerically using the finite-
volume-method-based CFD code of ANSYS-Fluent. A 
segregated solution method solves the governing equations 
in implicit formulation sequentially. For the pressure-
velocity coupling the SIMPLE algorithm is also applied. 
The RNG	݇ െ  model is considered as turbulence model. A ߝ
standard wall function based on the proposal of Launder 
and Spalding (1974) bridges the viscosity-affected region 
between the wall and the fully turbulent region. An 
examination of the dimensionless sub-layer-scaled distance 
 ା showed the correctness of the mesh structure and the useݕ
of the introduced semi-empirical function to treat the near 
wall regions (Fluent, 2008). 
 It is important to mention that the implemented 
RNG	݇ െ  model has a differential formula for effective ߝ

viscosity which can also describe the effect of swirl on 
turbulence and complex flow behavior concerning high 
streamline curvature and strain rate, transitional flows, 
separated flows as well as vortex shedding, which are very 
important in the present study. Moreover as the model is, in 
fact, a two-equation turbulence approach, the numerical 
calculations of the flow can be converged much faster 
compared to other turbulence models like Reynolds Stress 
Model (RSM).  
 
Discretization of geometry and mesh structure 
 For the description of the flow behavior inside the EGR 
cooler, mesh structure is developed only for the geometrical 
fluid domain, e.g. the fluid volume of EGR coolers. For 
EGR01 to EGR04, the geometrical discretization has been 
achieved by applying a structured mesh scheme of 
hexahedral elements. However, for EGR05 to EGR08, i.e. 
the EGR coolers with sharp-corner ribs, a combination of 
structured and un-structured mesh schemes have to be used 
thus a combination of hexahedral and edge shape elements. 
The aspect ratio of 3D elements is not greater than 2. This 
will ensure a satisfactory simulation of the isotropic 
behavior of turbulent flow. Moreover, the skew angle of 3D 
elements is less than 0.5 which minimizes significantly the 
numerical errors due to mesh curvature (Ferziger and Perić, 
1996; Fluent, 2008).   
 The above-mentioned mesh scheme will be referred as 
norm mesh structure. The norm mesh structure was refined 
about 50% and coarsened about 15% for some EGR coolers, 
i.e. EGR02 to EGR05. For norm, coarsened and refined 
mesh structures, the CFD simulations have been carried out 
for inlet velocities of 10, 30 and 70 m/s. The final results of 
these simulations have been compared with each other. The 
comparison showed no significant change in the overall 
pressure drops by changing the mesh coarsening or refining 
level. Even for shear wall stress which is more sensitive to 
mesh resolution, the relative change in wall shear stress due 
to the mesh refinement or coarsening was less than 1.5%.  
Moreover, the quality and quantity of flow pattern does not 
change by variation of the level of mesh coarsening or 
refining. This ensures the mesh independency of the 
simulation using the norm mesh structure. 
 
RESULTS AND DISCUSSION 
 As stated before, the present work attempts to enhance 
the removal rate of particulate fouling in EGR coolers by 
stimulating the flow instabilities which would consequently 
enhance the wall shear stress.  This can be achieved by 
modifying the EGR wall using different turbulence induced 
structures. However, the introduction of turbulence induced 
structures in EGR coolers may also increase the overall 
pressure drop, knowing that the overall pressure drop in 
EGR coolers should not be greater than 0.1 bar. Table 1 
presents the overall pressure drop for all attempted EGR 
geometries and conditions. 
 The results presented in Table 1 show that EGR03 to 
EGR08 generate a pressure drop greater than 0.1 bar, but 
only at inlet velocity 70 m/s. Knowing that the maximum 
gas velocity in EGR coolers usually is about 30 m/s (Bravo 
et al., 2007) and investigating the EGR coolers at gas 
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velocity 70 m/s is only of theoretical interest to discern the 
behavior of introduced EGRs at very high velocities, Table 
1 also shows that all EGR coolers do not generate a pressure 
drop greater than 0.1 bar for gas velocities, i.e. less than 30 
m/s. 
 
 

Table 1 Overall pressure drop of different EGR coolers. 
 

 
 
     Modifying the EGR rectangular cooler by introducing 
turbulence induced structures attached on the bottom wall of 
EGR cooler (see Figures 1a to 1h) could, but not 
necessarily, decreases the effective heat transfer area and 
consequently reduce the cooling performance. This would 
only occur if the attached structures are supposed to be 
adiabatic or to have very low thermal conductivity due to 
the possible construction limits. If one considers such 
scenario then it is important to consider the reduced 
effective heat transfer area. Table 2 presents the possible 
reduction in effective heat transfer area of introduced EGR 
coolers. In Table 2, the base area ܣ௦ is defined as the 
area of bottom wall of EGR coolers without the turbulence 
induced structures (see Figures 1a to 1h). 
 
 
Table 2 Reduction of effective heat transfer area as a result of 
seated turbulence inducers. 
 

EGR 
Geometry 

EGR base area, 
 ௦ሺ݉݉2ሻܣ

1 െ ௦ܣ ⁄௦,ாீோ01ܣ  

EGR01 6690.00 0.000% 
EGR02 6539.60 2.248% 
EGR03 6300.00 5.830% 
EGR04 6300.00 5.830% 
EGR05 6223.62 6.971% 
EGR06 6299.87 5.832% 
EGR07 6233.92 6.817% 
EGR08 6275.75 6.192% 

  
As it is presented in Table 2, the maximum possible 
reduction in heat transfer area due to the geometrical 
modification of EGR is less than 7%. Hence, considering 
the effective heat transfer area, there is no significant 
difference between the introduced EGR coolers. Now, in 
order to find the best geometrical modification which may 
maximize the removal rate of particulate fouling in EGR 
coolers, the shear stress enhancement has to be evaluated. 

 The distribution of wall shear stress on the bottom wall 
of EGR coolers for inlet velocities of 10, 30 and 70 m/s is 
presented in Figs 2-4. Evidently the maximum wall shear 
stress is enhanced due to the increase in local fluid velocity. 
For example, compare the maximum wall shear stress for 
EGR03 at inlet velocity 10, 30, and 70 m/s with the 
maximum wall shear stress for other EGR coolers at 
corresponding inlet velocity. On the other hand, the 
minimum wall shear stress can be lessened due to the local 
flow separation or local stagnant flow behind the introduced 
turbulence induced structures. For example, compare the 
minimum wall shear stress for EGR03 with the minimum 
wall shear stress for other EGR coolers at inlet velocity 10, 
and the same comparison for EGR06 at inlet velocity 30 m/s 
and for EGR07 at inlet velocity 70 m/s. Although the 
enhancement in maximum wall shear stress and the 
reduction in minimum wall shear stress are important for 
the improvement or deterioration of removal rate, however, 
these values only may explain the arithmetic mean value of 
wall shear stress and, in fact, do not explain the distribution 
of average wall shear stress.  
 Enhancement in wall shear stress can be compared with 
the baseline wall shear stress of EGR01. Referring to the 
distribution of wall shear stress for EGR01 (see Figures 2a, 
3a and 4a), the basis wall shear stress ߬ாீோ01

௫ is 2, 8 and 30 
pa for inlet velocity 10, 30 and 70 m/s, respectively. For 
evaluating the distribution of wall shear stress, area 
ఛೢೌவఛಶಸೃ01ܣ

ೌೣ  is defined as the area where the wall shear 

stress ߬௪ is greater than ߬ாீோ01
௫ . Table 3 presents the 

minimum and maximum wall shear stress, i.e. ߬௪
  

and	߬௪
௫, as well as the absolute and the relative value of 

ఛೢೌவఛಶಸೃ01ܣ
ೌೣ . 

 As can be seen in Table 3, some EGR geometries 
enhance the removal rate of particulate fouling due to the 
increase of the area with relatively high wall shear stress. 
For example, for all attempted inlet velocities, EGR05 has 
the greatest value of	ܣఛೢೌவఛಶಸೃ01

ೌೣ ⁄௦ܣ . On the other 
hand, other geometries may deliver higher value for 
arithmetic mean of wall shear stress, e.g. the maximum 
average wall shear stress at inlet velocities 30 and 70 m/s is 
obtained in EGR03.  
 Considering that the overall pressure drop in EGR 
coolers should be minimized (EGR01, given its flat 
structure, has the lowest overall pressure drop compared to 
all attempted geometries), it is essential to introduce a 
ranking criterion for the evaluation of EGR coolers in which 
all the important parameters, e.g. the distribution and the 
average value of wall shear stress and the overall pressure 
drop, are taken into account. To do so, the dimensionless 
EGR ranking number	࣬ாீோ is defined as:    
  
࣬ாீோ ൌ

ቀ
್ೌೞ
ೝ

ቁ

ۉ

ۈ
ۇ
∏ ൞

ቀ
ೌೢೌ್

ಶಸೃ
ቁ ൈ ቀ

ఛതಶಸೃ
ఛೝ
ೌೣ ቁ

ൈ ൬
	ഓೢೌಭഓೝ

ೌೣ

್ೌೞ
൰

ൢ

௨,ೕ


ୀ1

ی

ۋ
ۊ

1


				(1) 

 

 ݎܾܽ	∆ 
EGR 

Geometry 
 ௧ݑ

10	݉ ⁄ݏ  
 ௧ݑ

30	݉ ⁄ݏ  
 ௧ݑ

70	݉ ⁄ݏ  
EGR01 0.0009 0.0044 0.0185 
EGR02 0.0015 0.0087 0.0384 
EGR03 0.0119 0.1032 0.5483 
EGR04 0.0051 0.0397 0.2050 
EGR05 0.0067 0.0508 0.2544 
EGR06 0.0044 0.0327 0.1648 
EGR07 0.0059 0.0465 0.2329 
EGR08 0.0036 0.0295 0.1552 
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where ߬ா̅ீோ is the arithmetic mean value of wall shear stress 
for the corresponding EGR cooler: 
 

߬̅ாீோ ൌ
ఛೢೌ
 ାఛೢೌ

ೌೣ

2
        (2) 

  
 Although the average wall shear stress should be 
obtained by applying a surface averaging method, using the 
arithmetic mean value may ease the calculation of ranking 
number	࣬ாீோ. In the present study though, for most cases 
where the turbulence induced structures are implemented in 
EGR coolers, the arithmetic averaging of minimum and 
maximum shear stresses is very close to the surface 
averaging of wall shear stress, (see the results related to 
EGR04 to EGR08). 
 In Eqs (1) and (2), ܣ is an arbitrary area which 
assists the normalization area ratio. Nevertheless in this 

study, ܣ is considered as the base area of EGR01, i.e. 
ఛೢೌவఛೝೌೣܣ ,௦,ாீோ01. In the meantimeܣ  is the area where 
the wall shear stress ߬௪ in an EGR cooler is greater than a 
basis value for maximum wall shear stress	߬௫ , 
Δ௪ is the allowable maximum pressure drop in 
EGR coolers due to the operational limitation, and Δாீோ is 
the overall pressure drop in EGR cooler. Index ݑ௧, 
refers to the aforementioned values for various inlet 
velocities and ݊ is the number of attempted velocities. For 
the calculation of Eq. (1), Δ௪ is set to be an 
arbitrary value equal to 0.1 bar, ߬௫  is equal to ߬ாீோ01

௫ , 
and ݊ ൌ ௧,1ݑ) 3 ൌ 10	݉ ⁄ݏ ௧,2ݑ , ൌ 30	݉ ⁄ݏ ௧,3ݑ , ൌ
70	݉ ⁄ݏ ).  Table 4 presents the ranking number ࣬ாீோ for all 
structured EGR coolers investigated in this study. 
 
 

  
  

Table 3	߬௪
௫, ߬௪

 and absolute and relative value of ܣఛೢೌவఛಶಸೃ01
ೌೣ  for different EGR coolers at three inlet velocities. 

 
௧ݑ  ൌ 10 ாீோ01߬ ,ݏ/݉

௫ ൌ 2  ܽ

EGR Geometry ߬௪
 	ሺܽሻ ߬௪

௫ ሺܽሻ ܣఛೢೌவఛಶಸೃ01
ೌೣ ሺ݉݉2ሻ ܣఛೢೌவఛಶಸೃ01

ೌೣ ⁄௦ܣ  

EGR01 0.2019 1.8114 0000.00 00.00% 
EGR02 0.0326 3.0958 0069.76 01.07% 
EGR03 0.0113 4.4303 0672.28 10.67% 
EGR04 0.0115 3.5444 1346.33 21.37% 
EGR05 0.0568 4.2347 2340.49 37.61% 
EGR06 0.0471 3.1008 0776.56 12.33% 
EGR07 0.0561 3.6670 1568.32 25.16% 
EGR08 0.0328 4.5106 1335.81 21.29% 

 
௧ݑ  ൌ 30 ாீோ01߬ ,ݏ/݉

௫ ൌ 8  ܽ

EGR Geometry ߬௪
 	ሺܽሻ ߬௪

௫ ሺܽሻ ܣఛೢೌவఛಶಸೃ01
ೌೣ ሺ݉݉2ሻ ܣఛೢೌவఛಶಸೃ01

ೌೣ ⁄௦ܣ  

EGR01 1.1363 07.4364 0000.00 00.00% 
EGR02 0.2359 16.7825 0208.90 03.19% 
EGR03 0.1207 24.9688 1525.76 24.22% 
EGR04 0.1951 21.8330 2574.41 40.86% 
EGR05 0.1801 21.1146 4130.61 66.37% 
EGR06 0.1087 15.9511 3169.08 50.30% 
EGR07 0.1181 19.2731 3673.78 58.93% 
EGR08 0.5147 23.8776 3967.20 63.21% 

 
௧ݑ  ൌ 70 ாீோ01߬ ,ݏ/݉

௫ ൌ 30  ܽ

EGR Geometry ߬௪
 	ሺܽሻ ߬௪

௫ ሺܽሻ ܣఛೢೌவఛಶಸೃ01
ೌೣ ሺ݉݉2ሻ ܣఛೢೌவఛಶಸೃ01

ೌೣ ⁄௦ܣ  

EGR01 4.7786 027.9043 0000.00 00.00% 
EGR02 0.6724 065.6373 0322.96 04.94% 
EGR03 0.4661 113.0447 1747.29 27.73% 
EGR04 0.9875 100.5810 2747.59 43.61% 
EGR05 0.7686 87.8075 4608.62 74.05% 
EGR06 0.6541 65.2011 4003.54 63.55% 
EGR07 0.4584 77.6941 4237.28 67.97% 
EGR08 2.9603 99.4638 4560.83 72.67% 
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Table 4 Ranking number ࣬ாீோ for all attempted EGR geometries. 
 

EGR Geometry ࣬ாீோ Ranking Position 
EGR01 0.00 7 
EGR02 0.31 6 
EGR03 0.31 6 
EGR04 1.17 4 
EGR05 1.54 2 
EGR06 1.06 5 
EGR07 1.23 3 
EGR08 2.44 1 

 
 Based on the analysis summarized in Table 4, the most 
effective EGR geometry for enhancing the wall shear stress 
and consequently the removal rate is EGR08. EGR05 and 
EGR07 are in the second and third ranking list. Concerning 
EGR08, the enhancement in wall shear stress is profound 
when it is compared with the flat rectangular EGR cooler, 
i.e. EGR01. The average wall shear stress in EGR01 is 
about 1, 4.3, and 16.3 pa at inlet velocity 10, 30 and 70 m/s, 
respectively. However, the corresponding wall shear 
stresses for EGR08 are about 2.3, 12.2 and 51.2 pa. These 
wall shear stresses can be achieved in EGR01 at inlet 
velocities 25, 55, and 125 m/s, correspondingly. These 
corresponding inlet velocities are equal to the critical 
velocities in the baseline EGR rectangular coolers that are 
required for removing soot particles in the size of about 
 .݊݉ (Abd-Elhady et al., 2011b)	and 50 ,݉ߤ	0.2 ,݉ߤ	0.75
 
CONCLUDING REMARKS 
 The present investigation demonstrates the possibility of 
modifying EGR cooler geometries by introducing 
turbulence induced structures which may increase the flow 
instabilities and consequently enhance the wall shear stress. 
This would, in turn, give rise to increased deposit removal 
from the surface of the EGR cooler. The enhancement in 
wall shear stress is significant compared to that of a flat 
rectangular EGR cooler. For the ranking of EGR coolers a 
new dimensionless ranking number ࣬ாீோ is also defined 
which considers all important parameters required for the 
appraisal of various EGR coolers in terms of 
hydrodynamics. 
 Comparison of different EGR coolers shows that the 
best geometry is the EGR rectangular cooler with 7 
conventional wings similar to NACA-Profile 6412 with 
angle of attack 38°, i.e. EGR08. The average wall shear 
stress obtained in EGR08 at inlet velocity 10, 30 and 70 m/s 
corresponds to average wall shear stress in EGR01 which 
can be obtained at inlet velocity 25, 55 and 125 m/s. These 
correspond to the critical removal velocities required for 
removing soot particles of about 0.75	0.2 ,݉ߤ	݉ߤ, and 
50	݊݉. 
 
Nomenclature 
 Area, ݉݉2   ܣ

AoA Angle of attack 
 ݉ ,ு  Hydraulic diameterܦ
݇  Kinetic energy of turbulence fluctuations per 

unit mass, ݉2 ⁄2ݏ  
݊        Number of attempted inlet velocities, െ 

ܴ݁   Reynolds number, െ 
࣬ாீோ       EGR ranking number, െ  
݉ ,Fluid velocity   ݑ ⁄ݏ  
 
Greek symbols 
 ݎܾܽ ,Overall pressure drop  ∆
 Dissipation rate of kinetic energy of turbulence   ߝ

fluctuations per unit mass, ݉2 ⁄3ݏ  
݃݇ ,Fluid dynamic viscosity   ߤ ሺ݉. ⁄ሻݏ  
݃݇ ,Fluid density   ߩ ݉3⁄  
߬   Wall shear stress, ܰ ݉2⁄  
 
Mathematical symbols and operators 

  Arithmetic average value 
Π   Mathematical symbol for the product of a 

sequence of terms 
 
Subscripts 
 Maximum allowable value ݓ݈݈ܽ
 Related to the base area of EGR cooler ݁ݏܾܽ
 Related to the values for a certain EGR cooler ܴܩܧ
 Related to the values for a EGR01 01ܴܩܧ
݆   Refers to the value at the attempted inlet 

velocity ݆ 
 Refers to the condition at the inlet  ݐ݈݁݊݅
 Refers to a basis value  ݉ݎ݊
  Refers to the conditions or values at EGR wall ݈݈ܽݓ
߬௪  ߬௫  Related to a value where the wall shear 

stress	߬௪ is greater than a basis value of 
maximum wall shear stress	߬௫  

 Maximum value  ݔܽ݉
݉݅݊  Minimum value 
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Figure 1d: EGR rectangular cooler with straight ribs
(EGR04). The ribs are arranged 135° inclined with
respect to inlet flow direction and are 26 mm long
and 3 mm wide and have a thickness of 1.5 mm. 

Figure 1c: EGR rectangular cooler with straight ribs
(EGR03). The ribs are arranged vertically with
respect to inlet flow direction and are 26 mm long
and 3 mm wide and have a thickness of 1.5 mm. 

Figure 1f: EGR rectangular cooler with curvy form
ribs (EGR06). This geometry is similar to EGR05;
however, a small channel is contrived is each rib.
This channel is 1.69 mm wide and is located in the
9/28 of the length of rib. 

Figure 1e: EGR rectangular cooler with curvy form
ribs (EGR05). The ribs are arranged 135° inclined
with respect to inlet flow direction. They are 20.5
mm long and 3 mm wide and have a thickness of 1.5
mm. The rib-side wall gap is 2.75 mm. 

Figure 1b: EGR rectangular cooler with 3 in-lined
cylinders (EGR02). The cylinders are 8 mm in
diameter and 5 mm long. 

Figure 1a: EGR rectangular cooler (EGR01), 223
mm long × 30 mm wide × 5 mm thick.  

Figure 1g: EGR rectangular cooler with curvy form
ribs (EGR07). This geometry is similar to EGR06;
however, the small channel is 1.37 mm wide and is
located in the 10/28 of the length of rib. Moreover, the
rib-side wall gap is 1.37 mm. 

Figure 1h: EGR rectangular cooler with 7 
conventional wings (EGR08). The wings are very 
similar to NACA-Profile 6412. The maximum wing 
thickness is 3.78 mm and the chord length is 24.11 
mm. The wings are 2.5 mm long with angle of attack, 
or AoA, 38°. 
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