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Abstract:    The EGR (exhaust gas recirculation) technique can greatly reduce the NOx emission of diesel engines, especially when 
an EGR cooler is employed. Numerical simulations are applied to study the flow field and temperature distributions inside the 
EGR cooler. Three different models of EGR cooler are investigated, among which model A is a traditional one, and models B and 
C are improved by adding a helical baffle in the cooling area. In models B and C the entry directions of cooling water are different, 
which mostly influences the flow resistance. The results show that the improved structures not only lengthen the flow path of the 
cooling water, but also enhance the heat exchange rate between the cool and hot media. In conclusion we suggest that the improved 
structures are more powerful than the traditional one. 
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INTRODUCTION 
 

The diesel engine is widely used in modern ve-
hicles. Unfortunately it is one of the major gas pollu-
tion sources since the toxics, such as nitrogen oxides 
(NOx) and other pollutants, in its exhaust gas cause 
adverse health effects. It is well known that decreas-
ing the gas temperature results in reductions in NOx in 
the exhaust gases. In order to restrain the formation of 
pollutants, a high efficiency air cooler was developed 
to cool the gas of diesel engines (Grunenwald et al., 
2001; Pantow et al., 2001; Stolz et al., 2001).  

Considering its complicated and hostile working 
conditions, an EGR cooler must be compact with the 
following features: small volume, steady performance, 
easy to clean and durable in the high temperature and 
corrosive environment. Because of that, the shell-and- 
tube heat exchanger made of stainless steel is exten-

sively adopted for cooling the exhaust gas before 
mixing with the charge in the intake system.  

Much literature is available on the optimization 
of the shell-and-tube heat exchanger. Shell side baf-
fles of different types have been widely used to 
promote heat exchange for several decades. A well 
designed baffle could not only improve the flow pat-
tern but also strengthen the heat exchange effectively 
with less punishing pressure loss. Lutcha and Nem-
cansky (1990) found that in a single-tube heat ex-
changer, a helical baffle could force the shell side 
flow to approach a plug flow condition, which in-
creased the average temperature driving force. The 
flow patterns induced by the baffles also made the 
shell side heat transfer increase significantly. Stehlík 
et al.(1994) conducted a comparative investigation of 
correction factors between segmental and helical 
baffles, and proved the superiority of helical baffles 
by data analysis. Peng et al.(2007) presented an ex-
perimental study of two shell-and-tube heat ex-
changers using helical and segment baffles alterna-
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tively, the results indicating that the one with con-
tinuous helical baffles leads to nearly 10% increase in 
heat transfer coefficient compared to another one 
using conventional segmental baffles for the same 
shell-side pressure drop. Nasr et al.(2007) investi-
gated the flow pattern of a shell-and-tube heat ex-
changer with helical baffles, and developed the rela-
tionship between the area, the heat transfer coefficient 
and pressure drop based upon the concept of a rapid 
design algorithm. Based on the study, the helical baf-
fles are a proper replacement for the segmental baffles 
in shell-and-tube heat exchangers. They could re-
move many of the drawbacks of segmental baffles.  

The shell-and-tube heat exchanger with helical 
baffles also showed significant improvement in the 
fouling behavior during operation. Master et al.(2003) 
demonstrated the helixchanger option in reducing the 
velocity-dependent fouling of heat exchangers. The 
helixchanger heat exchanger when applied in typical 
fouling services proved to be effective in reducing the 
fouling rates. 

In conclusion, the helical baffle has several ad-
vantages: (1) improvement of shell side heat transfer; 
(2) less pressure drop for a given mass flow rate; (3) 
reduction in bypass effects in shell side; (4) decrease 
in fouling in shell side; (5) prevention of bundle vi-
bration. 

Due to its outstanding performance the helical 
baffle has been introduced into the EGR cooler re-
cently. Past research focused on either experimenta-
tion with different geometric design or comparative 
analysis between measured results and evaluation. In 
the present research three design-models based on 
EGR coolers are presented. Commercial computa-
tional fluid dynamics (CFD) codes based upon the 
finite volume method is used to make the simulation. 
Then the numerical results are tabled and compared. 
The flowing mechanism and temperature fields inside 
are analyzed to explain the optimized phenomenon in 
the heat exchanger. 
 
 
MODEL DESCRIPTION 

 
The present EGR cooler consists of seven tubes, 

two clapboards and a shell, etc. (details are shown in 
Figs.1 and 2). The exhaust gas flow in the tube side 
converse to Y-axis and the water as cold medium are 

curtained off by a tube wall and clapboards. All the 
tubes and shells in the three models have the same 
size. Derived from the novel design, models B and C 
both have a helical baffle on the shell side. The de-
tailed structure of the baffles are exactly the same, 
except for inlet and outlet sections of water flow 
which are vertical to the shell wall in model B but 
tangential in model C.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Aiming to study the flow structure and heat ex-

change, a CFD program Fluent 6.3 is introduced to 
solve the discretized Navier-Stokes equations for heat 
conduction problems involved in a solid zone. The 
standard k-ε turbulence model with shear flow cor-
rections is used to deal with high-speed turbulent flow 
problems. The second order upwind difference (UD) 
scheme is adopted for the momentum, energy and 
turbulence equations.  

The standard k-ε  model is a semi-empirical one, 
which is based on model transport equations for the 
turbulence kinetic energy (k) and its dissipation rate 
(ε). The Reynolds stresses are related to the mean 

Fig.1  EGR cooler (model A and model B)
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1: Gas inlet chamber; 2: Shell; 3: Water inlet section; 4: Gas 
outlet chamber; 5: Water outlet section; 6: Clapboard; 7: Tube;
8: Helical baffle; 9: Clapboard  

Fig.2  Configuration of model C 
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velocity gradients on the basis of the Boussinesq 
hypothesis. k and ε are obtained from the following 
transport equations: 
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In these equations, Gk represents the generation 

of turbulence kinetic energy due to the mean velocity 
gradients, calculated by 
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The k and ε are coupled to the governing equa-

tions via the relation 
 

2 / ,t C kμμ ρ ε=                                  (4) 

C1ε=1.44, C2ε=1.92, Cμ=0.09, σk=1.0, σε=1.3.    
 
The empirical constant for the turbulence model 

is assigned in accordance with the recommendation of 
Launder and Spalding (1972).  
 
 
GRID GENERATION AND BOUNDARY CONDI- 
TIONS 
 

The computational domain includes both the 
tube side and the shell side regions. Around the heli-
cal baffle in models B and C tetrahedral cells are 
generated, which are used in particular zones for ad-
aptation to the complex geometrical shape. In the 
regions of the inlet and outlet sections, prism cells are 
distributed. For their accuracy and stability, the 
hexahedral or prism cells are preferred in the grid 
generation (Fig.3).  

In order to establish a grid-independent solution, 
tests are performed. The results obtained with ten grid 

sizes of model A for a certain mass flow rate are 
shown in Fig.4, which present a pressure drop and 
temperature difference on the tube side at different 
grid sizes, corresponding to different cells numbers. It 
is found that the results converge at the cell number of 
3615878, where the minimum size of meshes is 0.3 
mm. This is to say that the simulation becomes grid 
independent for this size of grid; therefore all the 
following simulations are carried out with such a grid. 
It takes about 24 h for calculation on a super-computer 
with 6 CPUs involved. As a result, approximately 5 
million mixture elements are generated for models B 
and C, the size of all the meshes arranged from 0.3 to 
0.8 mm. 

 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

x 

Fig.3  Computational grid of models. (a) Clapboard
and helical baffle; (b) Tube and helical baffle 
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Fig.4  Pressure drop and temperature difference for
different numbers of cells 
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In the simulation of models, boundary condi-
tions are required for velocity, temperature and 
pressure. At the inlet plane of the water and gas, mass 
flow-rates are assumed to be constant at a particular 
temperature. The thickness of tube wall and helical 
baffle are set as zero in modeling due to their negli-
gible size (in particular when compared to other 
components). On the tube and helical baffle surfaces, 
coupled thermal conditions are defined and shell 
conduction models are adopted by inputting the wall 
thickness correspondingly to solve the heat transfer 
question. Pressure outlet boundary conditions are 
introduced in the gas and water outlet planes. 
 
 
DETERMINATION OF PERFORMANCE PARA- 
METERS 
 

The pressure drop and heat transfer performance 
are characterized by a friction factor f and an average 
heat transfer coefficient h, respectively. The flow 
conditions can be characterized by Reynolds number. 
Following the conventions laid down by Dong et 
al.(2007), Re number is estimated as follows: 
 

e / ,Re udρ μ=                                 (5) 
 

where u is the flow velocity on shell side, de is the 
hydraulic diameter of the shell side. For the models 
used in Dong et al.(2007),   
 

2 2
e 2( 7 ) /( 7 ),d R r R r= − +                      (6) 

 
where R is the shell outside radius and r is the tube 
radius. 

Shell side friction factor f can be written as 
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Heat absorbed by water and supplied by hot gas, 

Qc and Qh can be written as (Eiamsa-ard and Prom-
vonge, 2007) 

 

c c p,c c,out c,in h h p,h h,out h,in( ),  ( ),Q m C T T Q m C T T= − = − (8) 

 

where cm  and hm  are the mass flow rate of water and 
gas, respectively; Cp,c and Cp,h are the specific heat of 
water and gas, respectively. The average heat transfer 
coefficient h is estimated as follows: 
 

wallb/[ ( )],h Q A T T= −                             (9) 

where 

b h,out h,in( ) / 2,T T T= +                            (10) 

c h( ) / 2,Q Q Q= +                                 (11) 
 

wallT  is the average wall temperature at the outer 
surfaces of the tube and baffle, A is the summation of 
all the heat transfer areas (the helical baffle and seven 
tubes are included).  
 
 
NUMERICAL RESULTS 
 

In the present study five cases with different 
water mass flow rates are simulated. The steady state 
results are listed in Table 1, which exhibits the 
volumetric water flow, the pressure drop of shell side 
and the temperature contrast. 

Fig.5 sketches the path lines in both water and 
gas flow fields. The non-arrow lines figure the path 
line of the gas flow in tube side converse to the Y-axis 
direction, which is almost the same in the three  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Simulated results of different cases 

Case 
Volumetric 
water flow 

(m3/h) 

ΔP of shell 
side (Pa) 

ΔT of 
water (K) 

ΔT of 
gas (K)

1 0.60 15174.25 2.85 111.88
2 0.89 33036.29 1.94 112.31
3 1.19 58754.17 1.46 112.65
4 1.50 93078.26 1.16 112.96

Model 
A 

5 1.87 144151.76 0.93 113.27
1 0.60 17263.31 3.38 135.26
2 0.89 37553.57 2.39 137.72
3 1.19 67531.79 1.80 138.57
4 1.50 105913.40 1.45 139.02

Model 
B 

5 1.87 163687.33 1.15 139.52
1 0.60 12944.00 3.27 130.75
2 0.89 28096.19 2.30 131.86
3 1.19 49803.91 1.74 132.50
4 1.50 80038.90 1.38 133.32

Model 
C 

5 1.87 125286.22 1.10 133.88
 ΔP: pressure difference; ΔT: temperature difference 
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models. The arrow lines show the streamline pattern 
of the water. These figures show that the water flow 
fields are greatly inflected by using the helical baffle, 
which extends the flow distance and strengthens the 
circle flow accordingly. The shell side flow in model 
B is more disorganized than that in model C, which 
demonstrates that the tangential water-inlet design 
can adjust the flow pattern and decrease the turbu-
lence intensity effectively.  

Fig.6 shows velocity vectors on X-Z plane (ex-
actly in the middle of cooler) under the condition of 

3
h =1.5 m /h.m  All the vectors are displayed to the 

same scale. As seen in Fig.6a, the short vectors indi-
cate that most of the velocity vectors are upright to 
X-Z plane in model A. In Figs.6b and 6c, the flows 
along the helical baffles are accompanied by rotation, 
secondary flows are generated and the flow runs par-
allel to the X-Z plane. The temperature distribution 
and path lines in part of X-Z section (model B) are 
shown in Fig.7. This figure illustrates the generation 
of a vortex. According to the field synergy principle 
(Guo et al., 1998), the overall heat exchange effi-
ciency of the cooler is influenced by the synergy 
between the flow orientation and the field tempera-
ture gradients. As shown in Fig.7, the flow and tem-
perature fields match fairly well. Basically the tem-
perature gradients are vertical to the tube wall in these 
cases. A function of the helical baffle is to coordinate 
the flow and temperature fields to satisfy the field 
synergy principle. It also accounts for the distinct 
enhancement of heat transfer efficiency.  

The temperature and heat transfer coefficient in 
the helical baffle are observed to be much lower than 
that in the tube surface (Fig.8). These figures suggest 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

that the primary function of the helical baffle is nei-
ther to strengthen the heat exchange in itself nor to 
widen the diathermanous surface, but to enhance the 
total efficiency of heat exchange by improving the 
flow pattern. Because of the oriented effect of the 
helical baffle, the flow intensity is weakened in some 
particular region, which makes the temperature dis-
tribution asymmetric. Misdistributions of flow and 
temperature caused by the helical baffle can have a 
bad effect on cooler performance and reliability. 
Modifying the intake angle and position is an alter-
native approach to dealing with this problem. Any-
way, the heat exchange of the whole cooler increased 
by using the helical baffle.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig.7  Temperature distribution and path lines of 

model B (in part of X-Z plane, 3
h = 1.5 m /hm ) 

Fig.6  Velocity vectors in X-Z plane ( hm =1.5 m3/h). 
(a) Model A; (b) Model B; (c) Model C 
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Fig.5  Path lines of various models ( hm = 0.89 m3/h). (a) Model A; (b) Model B; (c) Model C 

(a)                                                          (b)                                                          (c) 
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The frictional influences of three models are 

displayed in Figs.9 and 10. As the volumetric flow 
increased, the shell side pressure drop increased. 
Proper attention is required in that the shell side 
pressure drop of model C is less than that of model A 
in the same condition. The probable reason is that the 
tangential water intake of model C could avoid direct 
impact on the tube wall. Hence the hydraulic impact 
pressure is obviously reduced. As shown in Table 1, 
the pressure drop of model C is about 25% less than 
that of model B. 

Fig.11 plots the heat transfer coefficient vs water 
Reynolds number. The higher the Reynolds number, 
the stronger is the turbulent flow generated. The heat 
transfer rate is enhanced correspondingly. In this 
evaluation model B exhibits the best heat transfer 
performance of the three models. Under the same 
water Reynolds number, the heat transfer coefficient 
of model B is about 4% higher than that of model C, 
especially with a big Reynolds number. In model A 
the heat transfer coefficient is about 4.2% to 10.28% 
lower compared to model B. Actually the difference 
between model A and model B of temperature (Table 
1) is much more notable than that of the heat transfer 
coefficients. The reason is that the total area of seven 
 

tubes and helical baffle are considered as the heat 
transfer area (factor A) in models B and C, but only 
the tube-surface area is accounted for in model A. As 
shown in Eq.(9), the bigger the factor A, the less the 
heat transfer coefficient accordingly, which lessens 
the heat transfer coefficient difference between mod-
els A and B.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8  Distribution of the temperature and the surface
heat transfer coefficient 3

h( = 0.89 m /h).m  (a) Tem-
perature, model A; (b) Temperature, model B; (c)
Heat transfer coefficient, model A; (d) Heat transfer
coefficient, model B 
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Fig.10  Friction factor vs Re number 
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        Fig.9  Pressure drop on shell side 
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CONCLUSION 
 

The present study deals with a CFD analysis for 
the flow structures and temperature distributions of 
the EGR cooler. The numerical results contribute to 
discovering the inside flow and temperature field, and 
revealing the influence of the helical baffle and novel 
inlet geometry.  

It is noticed that the temperature and heat trans-
fer coefficient of the helical baffle are much lower 
than those of the tube wall. The primary benefit of the 
helical baffle is to lengthen the water flow path and to 
strengthen the swirl flow. The inlet angle influences 
the flow resistance significantly.  

Using the same water Reynolds number, model 
B performs the best among the three models as far as 
heat transfer is concerned, and the differences grow 
significantly when the Reynolds number increases. In 
conclusion, we suggest that the improved structure, 
models B and C, are more effective in heat exchange 
performance than the traditional one.  

The limitation of the present study resides in the 
fact that there is no experimental evidence. Further 
investigation, such as model fabrication, experimen-
tation and comparative analysis will be executed in 
future research.  
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