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ABSTRACT 
    Cross flow heat exchangers made in aluminum are 
common for radiators in vehicles. However, due to the 
increasing power requirement and the limited available space in 
the vehicles, it is extremely difficult to increase the size of the 
heat exchangers placed in the front of the vehicles. Placing the 
heat exchanger at the roof or the underbody of the vehicles 
might increase the possibility to increase the size of the heat 
exchangers. In this case, a new configuration of the heat 
exchangers has to be developed to accommodate the position 
change. In this paper, a countercurrent heat exchanger is 
proposed for the position on the roof of the vehicle 
compartment. Furthermore, a new material - graphite foam, 
which has high thermal conductivity (1700 W/(m.K)) and low 
density (0.2 to 0.6 g/cm3), is a potential material for heat 
exchangers in vehicles. In order to evaluate the performance of 
the graphite foam heat exchanger, the CFD (computational fluid 
dynamics) approach is applied in a comparative study between 
the graphite foam and the aluminum heat exchangers under 
countercurrent flow. The comparison is conducted for the 
thermal performance (heat transfer coefficient) and the pressure 
loss. A performance factor COP (coefficient of performance) is 
presented and discussed too. Useful recommendations are 
highlighted and provided to promote the development of these 
kinds of heat exchangers in vehicles. [Keywords: 
countercurrent flow; heat exchanger; graphite foam]  

INTRODUCTION 
    Due to the increasing power requirement and the limited 
available space in the vehicles, it is extremely difficult to 
increase the size of the radiators placed in the front of the 
vehicles. An idea suggested some time ago is to place the heat 
exchangers (HEXs) at the underbody of vehicles. Most public 
buses have the engine radiators at the underbody. That is due to 
the position of the engine (at the rear of the bus). However, the 
engine of other vehicles is placed in the front instead of at the 
rear. Recently, the Centro Ricerche Fiat [1] tried to use some 

parts of the vehicle body panels as HEXs to reduce the radiator 
size in the light duty vehicles. Two roll bond HEXs installed on 
the engine hood and below the engine could dissipate 60 % of 
heat from the engine in all the test conditions. For the heavy 
duty vehicles, the radiator is always placed in the front of the 
vehicle, as shown in Fig. 1. A possible position for placing the 
radiator might be on the roof. If the radiator is placed at the roof 
(as shown in Fig. 1), the coolant flow direction and the air flow 
direction are opposite. This is a typical principle of a 
countercurrent flow HEX [2]. In the vehicle industry, the engine 
radiator is mostly a cross flow HEX. Based on the HEX design 
theory, a countercurrent flow HEX generally has better thermal 
performance than does a cross flow HEX. Thus, placing a 
countercurrent flow HEX on the roof of the truck driver 
compartment might be a good option for the engine radiator. 
 

 
 

Figure 1 Schematics of the positions of a radiator in truck  
    Another method to increase the thermal performance of 
HEX is to use microcellular foam materials. A lot of research 
have been focused on the aluminum foam HEX [3-8]. However, 
the porous aluminum only presented a similar thermal 
performance with the conventional louvered fin. Meanwhile, the 
pressure drop was higher in the aluminum foam than in the 
louvered fin [4]. Another interesting foam material is graphite 
foam, whose effective thermal conductivity (40 to 150 
W/(m.K)) [9] is much higher than that of the aluminum foam (2  

air direction engine coolant
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NOMENCLATURE 

A area [m2] 
A0 fin surface area [m2] 
CF Forchheimer coefficient  
cp air specific heat [J.kg-1.K-1] 
f friction factor  
h heat transfer coefficient [W.m2.K-1] 
k turbulent kinetic energy 
m mass [kg] 
Pk turbulence production term 
Ppum pumping power [W] 
Pr Prandtl number 
p pressure [Pa] 
Q amount of heat energy [W] 
Si source tem 
St Stanton number 
T temperature [K] 
u velocity [m.s-1] 
V volume [m3] 
ΔP pressure drop [Pa] 
ΔT log mean temperature difference [K] 
Greek Symbols 

α permeability [m2] 
γ area to volume ratio [m2.m-3] 
δ turbulent index (turbulent δ=1; laminarδ=0 ) 
ε 

 
rate of energy dissipation  

߳ porosity 
μ

 dynamic viscosity [Pa.s] 
ρ

 density [kg.m-3] 
Subscripts 
air air 
eff effective 
f fluid 
in inlet 
max maximum 
min minimum 
out outlet 
t turbulent 
water water 
 
to 26 W/(m.K)) [5]. Besides that, the graphite foam has low 
density (0.2 to 0.6 g/cm3) and large specific surface area (5000 
to 50000 m2/m3) [10-11].  
    The graphite foam is a potential material for heat 
exchangers, due to its high thermal performance. Klett et al. [12] 
designed a radiator with carbon foam. The cross section of the 
automotive radiator was reduced from 48 cm x 69 cm to 20 cm 
x 20 cm. The reduced size can decrease the overall weight, cost 
and volume of the system. Yu et al. [13] proved that the thermal 
performance of a carbon foam finned tube radiator could be 
improved by 15 %, compared to a conventional aluminum 
finned tube radiator, without changing the frontal area, or the air 
flow rate and pressure drop. Furthermore, Garrity et al. [14] 
found that the carbon foam samples brought away more heat 
than the multilouvered fin, when the volume of the heat 
exchangers was the same. However, there is high pressure drop 
through the graphite foam, due to the large hydrodynamic loss 

associated with the open pores in the graphite foam [15]. An 
appropriate configuration of the foam can reduce the pressure 
drop [16]. For instance, Lin et al. [17] proved that a corrugated 
foam could reduce the pressure drop and maintain a high heat 
transfer coefficient. However, the coefficient of performance 
(COP, a ratio of the removed heat to the input pumping power) 
of the corrugated foam is lower than that of aluminum louver fin 
[18].  
    In order to develop a new HEX to resolve the cooling 
problems in the vehicle, a countercurrent flow HEX might be 
introduced and placed on the roof of a heavy duty vehicle. The 
HEX might be made of graphite foam. To reduce the pressure 
drop of graphite foam HEX, a triangular corrugated 
configuration will be applied to the foam on the air side of HEX. 
On the other hand, a comparison between the graphite foam and 
the aluminum heat exchangers under the countercurrent flow is 
carried out by CFD, to evaluate the thermal performance and the 
flow characteristics. Finally, the coefficiency of performance 
(COP, a ratio of the removed heat to the input pumping power) 
is analyzed. 

PHYSICAL MODEL  
A simplified configuration of the countercurrent flow HEX 

is shown in Fig. 2. The water flows from the right to left side. 
However, the air flow direction (from left to right side) is 
opposite to the direction of water, as shown in Fig. 2 (a). The 
graphite foam and aluminum louver fin are placed between two 
water tubes as fin, respectively, as shown in Figs. 2 (b) and (c). 
The fluid is assumed to be incompressible with constant 
properties, and the flow is steady-state. The thermal resistance 
between the water tubes and the fins is neglected. In order to 
simplify the simulation model and save computational time, 
only a core of the HEX fin height is adopted, as shown in Fig. 2. 
The overall size of the core of graphite foam fin is: 49.7 mm x 
6.85 mm x 70 mm (W*H*L). The size of aluminum louver fin 
is: 2.31 mm x 6.85 mm x 70.00 mm (W*H*L). The detailed 
configurations are shown in Table 1. Furthermore, the 
parameters of graphite foam are presented in Table 2.  

 
Table 1. Sizes of aluminum louver fin and graphite foam fin. 

Aluminum 
louver fin 
[19] 

Fin pitch 
(mm) 

Fin 
thickness 
(mm) 

Louver 
spacing 
(mm) 

Louver angle 

(θ) 

2.31 0.152 4.76 17.06 

Graphite 
foam fin 

Fin 
height 
(mm) 

Fin 
thickness 
(mm) 

Wave  
length  
(mm) 

Double wave 
amplitude 
(mm) 

6.75 3 49.7 70 

 
 

Table 2. Parameters of graphite foam [15]. 
Porosi-
ty 

Effective 
thermal 
conductivity 
(W/(m.K)) 

Density 
(kg/m3) 

Area to 
volume 
ratio 
(m2/m3) 

Permeability 
(m2) 

Forcheimer 
coefficient 

0.82 120 500 5420 6.13 x 10-10 0.4457 
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(a) 

 
(b) 

 
(c) 

Figure 2 (a) Schematics of the countercurrent flow HEX, with 
(b) graphite foam fin, and (c) aluminum louver fin core. 

MATHMATICAL FORMULATION AND NUMERICAL 
METHOD 
Adoption of flow model 
    Based on the velocity of heavy vehicles, the air inlet 
velocity of the countercurrent flow HEX in the simulation is 
ranging from 50 to 70 km/h. In this case, the Reynolds number 
on the air side is ranging from 2400 to 5000. Thus, low 
Reynolds number turbulent flow prevails on the air side. In 
order to capture the low Reynolds characteristics in the turbulent 
flow, the “renormalization group” (RNG) k-ε turbulence model 
is adopted [20-21] on the air side. However, laminar flow 
prevails inside the graphite foam. This is so because it is 
difficult to generate turbulent eddies in the small open cells of 
the graphite foam. Furthermore, laminar flow is considered on 
the water side as well, in order to simplify the simulation model 
(The inlet velocity of water is assumed to be less than 2 m/s.). 
 

Mathmatical formulation 
    Based on the above mentioned assumptions, the governing 
equations for continuity, momentum and energy can be 
expressed as follows [22-24]:  
 
Continuity equation: 

డ൫ఘ·௨൯
డ௫

ൌ 0                                      (1) 

 
Momentum equations: 

డ൫ఘ·௨௨ೕ൯
డ௫ೕ

ൌ െא డ
డ௫

 డ
డ௫ೕ

ቆ൫ߤ  ௧൯ߤߜ ൬డ௨
డ௫ೕ


డ௨ೕ

డ௫
൰ቇ א ܵ (2) 

 
Energy equation: 

డ൫ఘ·௨்൯
డ௫

ൌ డ
డ௫

ቆ൬
ఓ


 ߜ ఓ


൰ డ்

డ௫
ቇ                   (3) 

 
    The heat transfer in porous media (graphite foam zone) is 
under the assumption of a local thermal equilibrium between 
fluid and solid phases. The different terms in the governing 
equations are defined differently in the air zone, water zone, and 
graphite foam zone, as shown in Table 3.  
 

Table 3. Parameters definition in different zones. 

parameter Air zone Water 
zone Graphite foam zone 

 ߩ ௪௧ߩ ߩ  ࢌ࣋
ࢌࣆ  ߤ ௪௧ߤ ߤ  

 ௪௧ݎܲ ݎܲ ࢌ࢘ࡼ
ఓೌೝ..


 where, 

 ܿ. ൌא ܿ.    

 0 0 ࡿ
െ ቀఓೌೝ

ఈ
ݑ  ఘೌೝಷ

√ఈ
 ቁݑ|ݑ|

(based on Forchheimer 
extended Darcy's equation) 

 0 0 1 ࢾ
 0.82 1 1 א
 
    For the air side, the equations of turbulent kinetic energy k 
and the rate of energy dissipation ε corresponding to the RNG k-
ε turbulence model are:  
Turbulent kinetic energy k equation: 

డ
డ௫

ሺݑ݇ߩሻ ൌ డ
డ௫ೕ

ቆቀߤ  ఓ
ఙೖ

ቁ డ
డ௫ೕ

ቇ  ܲ െ  (4)              ߝߩ

 
Rate of energy dissipation ε equation: 

డ
డ௫

ሺݑߝߩሻ ൌ డ
డ௫ೕ

ቆቀߤ  ఓ
ఙഄ

ቁ డఌ
డ௫ೕ

ቇ  ଵఌܥ
ఌ
 ܲ െ ଶఌܥ

כ ߩ ఌమ


       (5) 

 

where ܥଶఌ
כ ൌ ଶఌܥ  ഋηయ൫ଵିη/ηబ൯

ଵାఉηయ ௧ߤ , ൌ ఓܥߩ
మ

ఌ
 

 
and ߟ ൌ ܵ and ߝ/݇ܵ ൌ ൫2 ܵ ܵ൯ଵ/ଶ

 
 
The values of all of the constants are as follows: 
Cμ ൌ 0.0845;  σ୩ ൌ 0.7194;  σε ൌ 0.7194;   
Cεଵ ൌ 1.42;  Cεଶ ൌ 1.68;  η ൌ 4.38;   β ൌ 0.012   

Computational domain and boundary conditions 
    Only half of the fin height is simulated, due to the 
symmetry in the fin height direction. The water tube is also 
simulated half height. Moreover, in order to get a uniform entry 
velocity for the HEX, the computational domain is extended 
upstream two times the length of the HEX. The downstream 
region of the HEX is also extended two times the HEX length, 
to eliminate the effect of outlet on the flow inside of HEX. Thus 
the total length of the computational domain is five times the 
length of the HEX, as shown in Fig. 3.  

air direction 
water direction 
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Because there are air and water zones in this simulation, the 
boundary conditions should be specified in the different zones 
separately. 

(1) Air zone 
a) Upstream region: top-, front- and back sides are 

symmetry surfaces; left side is the velocity inlet. 
b) Downstream region: top-, front- and back sides are 

symmetry surfaces; right side is the outlet. 
c) HEX region: top side is symmetry surface; front 

side and back side are periodic for louver fin (due 
to the geometry of louver fin being not symmetry). 
However, front and back side are symmetry 
surfaces for the graphite foam fin.  

(2) Water zone 
a) Upstream region: bottom-, front- and back sides 

are symmetry surfaces; left side is the outlet.  
b) Downstream region: bottom-, front- and back 

sides are symmetry surfaces; right side is the 
velocity inlet (the temperature difference between 
the air inlet and the water inlet is set to 50 °C). 

c) HEX region: bottom-, front- and back sides are 
symmetry surfaces. 

 
Figure 3 Computational domain of graphite foam fin. 

Numerical method 
    The commercial code ANSYS FLUENT 12.0 is used for 
the numerical solution. A finite volume method (FVM) is 
adopted to convert the governing equations to algebraic 
equations so that they can be solved numerically [25]. The 
SIMPLE algorithm is used to couple pressure and velocity. A 
second-order upwind scheme is used for the space discretization 
of the momentum, energy and turbulence equations in the 
simulations. The convergence criterion for continuity, 
momentum, k and ε equations is below 10-3. However, the 
convergence criterion for energy is below 10-8, in order to 
ensure the energy balance between the air zone and the water 
zone under countercurrent flow. 
    The mesh generation is carried out by the ICEM. In order 
to achieve grid independence, three sets of mesh size (150-100-
21; 139-100-21; 139-100-15) are built for the graphite foam 
HEX region in the air zone. Mesh sizes (150-100-5, 139-100-5, 
139-100-3) are for HEX region in the water zone. The 
comparison of pressure drop and heat transfer coefficient among 
the three sets of mesh size shows that: the variation of pressure 
drop is between 1.5 % – 2.2 % in the graphite foam HEX region 
of the air zone, 0.013 % - 0.35 % in the HEX region of the water 
zone. The variation of heat transfer coefficient is between 
0.25 % – 0.05 % in the graphite foam HEX region of the air 
zone, 0.064 % - 0.33 % in the HEX region of the water zone 
(when the air inlet velocity is 18 m/s and the water inlet speed is 
1.5 m/s). Thus, the mesh size of 139-100-21 is adopted for the 
graphite foam fin in the air zone, and 139-100-5 is for the water 

zone core. Moreover, the same method is adopted to check the 
grid independence of the aluminum louver fin simulation. 

RESULTS AND DISCUSSION 
Parameter definitions 
    Before presenting the simulation results, some parameters 
have to be defined. The first one is the heat transfer coefficient, 
which reads: 

݄ ൌ ொ
బ∆்

                        (6) 
where, 

ܳ ൌ ݉ܿሺ ܶ௨௧ െ ܶሻ               (7) 
 

∆ܶ ൌ ∆ ்ೌೣି∆்

∆ೌೣ
∆

                   (8)  

 
∆ ܶ௫ ൌ ሺݔܽ݉ ܶ௨௧.௪௧ െ ܶ. , ܶ.௪௧ െ ܶ௨௧.ሻ   (9) 

 
∆ ܶ ൌ ݉݅݊ሺ ܶ௨௧.௪௧ െ ܶ. , ܶ.௪௧ െ ܶ௨௧.ሻ   (10) 

 
where, A0 is the fin surface area (m2). In the graphite foam, 
ܣ ൌ  is the area to volume ratio, m2/m3; V the volume of ߛ) ܸߛ
graphite foam, m3). 
    On the other hand, the coefficient of performance (COP) is 
the ratio between the removed amount of heat and the required 
pumping power. 

ܱܲܥ ൌ ொ
ೠ

ൌ ொ
௨.ೌೝ∆

               (11)  

where, Δp is the air pressure drop through the countercurrent 
flow HEX (Pa). 

Model validation 
Prior to real calculation, the validation of the model has to 

be carried out. There are two simulation models in this paper. 
One is the graphite foam fin model, another one for the 
aluminum louver fin. The validation of the graphite foam model 
was carried out and presented in [18]. It was shown that the 
simulated pressure drop and the thermal performance of the 
graphite foam agreed satisfactorily with the experimental data. 
On the other hand, the aluminum louver fin model was validated 
by comparing with experimental results in [19]. The deviation 
between the simulation and the experimental results is shown in 
Table 4. The StPr2/3 predicted by the RNG k-ε turbulence model 
deviated less than 5.4 % from the experimental result. 
Moreover, the deviation of the friction factor f between the 
simulation and the experimental results is less than 4.1 %. Thus, 
there is a good agreement in the data for the aluminum louver 
fin, in terms of thermal performance and pressure drop. 

 
Table 4. Deviation between the simulation results and the 

experimental data (aluminum louver fin). 
Re StPr2/3 in 

[19] 
Simulation 
StPr2/3 

f  in [19] Simulation f 

2837 0.0092 0.0097 
(5.4 %) 

0.0435 0.044 
(1.1 %) 

3392 0.0087 0.0086 
(1.2 %) 

0.041 0.04 (2.4 %) 

3769 0.0082 0.0081 
(1.2 %) 

0.0398 0.0382 
(4.1 %) 

upstream 
region   

HEX 
region   

Downstream 
region   
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Performance comparison between the graphite foam fin and 
the aluminum louver fin 
    The thermal performance and pressure loss are two 
important factors in the heat exchanger design. In order to 
compare the performance of the graphite foam fin and the 
aluminum louver fin, the heat transfer coefficient is considered 
in the thermal performance. The pressure drop is used to analyze 
the flow characteristics. Finally, a composite parameter, COP, is 
highlighted.   

(1) Thermal performance 
The heat transfer coefficients predicted for the graphite 

foam fin and the aluminum louver fin are shown in Fig. 4. The 
heat transfer coefficients increase with the frontal velocity. 
Furthermore, the heat transfer coefficient in the graphite foam 
fin is increased faster than the one in the aluminum louver fin. 
Fig. 4 also shows that the heat transfer coefficient of the 
graphite foam fin is much higher than that of the aluminum 
louver fin. So there is a high thermal performance in the 
graphite foam fin. This is mostly because of the special structure 
of the graphite foam, in which there are many opening pores 
connected together. The air changes its direction very frequently 
by the inducement of the foam structure. In this case, the air can 
be mixed sufficiently in the graphite foam to increase the heat 
transfer coefficient. Meanwhile, there is an extremely high 
thermal conductivity in the graphite foam. The heat transfer 
inside the solid foam is so fast that there is high temperature 
difference between the air and fin wall. All these factors 
contribute to the high thermal performance of the graphite foam 
fin.  

 
Figure 4 Heat transfer coefficients at different velocity. 

(2) Pressure loss 
    The pressure loss through the graphite foam is based on 
Forchheimer extended Darcy's equation (the source term in Eq. 
(2)). Fig. 5 illuminates the pressure drop through the graphite 
foam fin and the aluminum louver fin as a function of frontal air 
velocity. The pressure drops increase with the frontal velocity. 
However, the pressure drop through the graphite foam is much 
higher than that through the aluminum louver fin. Meanwhile, 
the pressure drop is increasing extremely faster in the graphite 
foam than the one in the aluminum louver fin. It implies a high 
flow resistance in the graphite foam. The high flow resistance in 
the porous graphite foam is associated with small size pores in 
the graphite foam. Moreover, the large internal surface in the 
graphite foam also increases the hydrodynamic loss. It is a fact 

that the high flow resistance in the graphite foam fin is the 
major problem, compared to the aluminum louver fin.  
 

 
Figure 5 Pressure drops at different velocity. 

(3) Coefficient of performance 
    There is a high heat transfer coefficient in the graphite 
foam fin (as shown in Fig. 4), together with a high pressure drop 
as in Fig. 5. In order to compare the graphite foam fin with the 
aluminum louver fin in an appropriate method, the coefficient of 
performance (COP) is adopted. The definition of COP is shown 
in Eq. (11). The simulation results of COP are shown in Fig. 6. 
There is high thermal performance in the graphite foam fin, but 
due to the extremely high flow resistance in the graphite foam, 
the COP of graphite foam is lower than that in the aluminum 
louver fin. On the other hand, the COP values are reduced when 
the velocity is increased. The COP of the aluminum louver fin is 
reduced faster than the one in the graphite foam fin. By 
increasing the velocity, the difference of COP between the 
graphite foam fin and the aluminum louver fin is reduced. 
However, it is difficult to reach the same COP as for the 
aluminum louver fin by the graphite foam fin by increasing the 
velocity, as shown in Fig. 6.  
 

 
Figure 6 Coefficient of performance at different velocity. 

A case anaysis between a graphite foam HEX and an 
aluminum louver fin HEX under countercurrent flow 
    In order to evaluate the performance difference between a 
graphite foam HEX and an aluminum louver fin HEX under 
countercurrent flow, a case study (a truck with 200 kW cooling 
power) is carried out. The operating data about this case is 
shown in Table 5.  
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    After analyzing this case, the total cooling surface required 
for the aluminum louver fin is 17.1 m2, and 11.75 m2 for the 
graphite foam HEX (as shown in Table 6). The total volume of 
the graphite foam HEX is 0.0114 m3, which is 45.6 % less than 
the one of the aluminum louver fin HEX (0.021 m3). 
Meanwhile, the weight of the graphite foam HEX is 1.12 kg, 
which is 65 % lower than that of the aluminum louver fin HEX 
(only considering the weight in the air side). However, due to 
the high flow resistance in the graphite foam, the power for 
forcing air through HEX is much higher in the graphite foam 
HEX than the one in the aluminum louver fin.  
 

Table 5. Assumed operating data of a truck 
Cooling power (kW) 200 
Truck speed (km/h) 65 
Radiator (water side) Tin = 90℃ Tout = 85Ԩ 
Radiator (air side) Tin = 30Ԩ Tout = 55Ԩ 
 

Table 6. Comparison between the graphite foam HEX and 
aluminum louver fin HEX under countercurrent flow 

 Graphite foam 
HEX 

Aluminum 
louver fin HEX 

Cooling surface area (m2) 11.75 17.1 
Overall size (W*H*L) 
(mm*mm*mm) 

1000*163*70 1000*300*70 

Total volume (m3) 0.0114 0.021 
Weight of fins in air side (kg) 1.12 3.58 
Power for forcing air through 
HEX (W) 

7610 3434 

CONCLUSION AND RECOMMENDATION 
    Because of the increased cooling requirement in vehicles, 
an advanced heat exchanger has to be developed in the vehicle 
industry. Placing the heat exchanger at a new place on vehicles, 
or using new material for heat exchanger might be in favor of 
the design of advanced heat exchangers. In this paper, a 
countercurrent flow HEX is presented for placement on the roof 
of the driver compartment. Furthermore, a performance 
comparison between graphite foam HEX and aluminum louver 
fin HEX under countercurrent flow is carried out. The major 
results are as follows: 

1) Graphite foam fin design has higher heat transfer 
coefficient than does aluminum louver fin. Meanwhile 
the pressure drop through the graphite foam is much 
higher than that one through the aluminum louver fin. 

2) Due to the large hydrodynamic losses in the graphite 
foam, the coefficient of performance (COP) in the 
graphite foam is lower than the one in the aluminum 
louver fin. 

3) For the considered case in this paper, the volume of 
graphite foam HEX is 45.6 % less than the one of 
aluminum louver fin under the countercurrent flow. 
Meanwhile, the weight of graphite foam HEX is 65 % 
less than that one of aluminum louver fin.  

    However, there are still several problems facing the 
application of graphite foam HEX in vehicles.  

I. It requires large input pumping power for the graphite 
foam HEX. So an appropriate configuration of 
graphite foam has to be developed to reduce the 
pressure drop. 

II. The manufacturing methods of graphite foam HEX 
are not mature, compared to the one of aluminum 
HEX. 

Thus, there is still much effort needed for the development of 
new heat exchangers in the vehicle industry. 
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