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CFD/CHT simulations have been widely used in simulating cross flow compact heat exchangers, but the
calculating accuracy is commonly limited. Themulti-scale thermal analysis approachwas adopted to study an in-
tercooler, one of the representative examples of cross flowheat exchangers in automotive cooling systems.With
the application of mesh refinement and datum interpolation technique, the inside flow and heat transfer
mechanism were analyzed, the pressure and temperature data were also calculated. The model was validated
with experimental data based onwind tunnel tests, and the results show that themulti-scale coupled calculation
is in good agreement with experimental values, especially in the heat transfer simulations. The research of the
inside flow and heat transfer mechanism is capable of providing a basis for optimization of compact heat
exchangers.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The automotive cooling system consists of many compact heat
exchangers such as radiator, oil cooler, intercooler, condenser and
pump, and fan. It is an important subsystem to ensure the vehicular sta-
bility, and it has a direct effect on energy-saving and emission reduc-
tion. Since the heat exchangers directly affect the heat rejection
capability of the system, there is a need to develop analysis procedures
that can easily and accurately estimate the heat exchanger working
performance.

Among all the heat exchangers for engine cooling applications, cross
flow compact heat exchangers with different fins are most often used
because of their higher efficiency. CFD/CHT simulations have been
widely used for analyzing the flow and thermal characteristic of com-
pact heat exchangers, but the calculating capacity is commonly limited
by the computational conditions. Themultiplicity of length scales, rang-
ing from the fin thickness with dimensions in the 10−4 m scale, to the
cooler size, almost in the 1 m scale range, makes the simultaneous res-
olution of all geometrical details expensive and often unrealistic. Under
the current conditions, it is unlikely to cover the full heat exchanger
scale by a detailed model. Then many researchers limit their analysis
to a representative portion of the exchangers, obtain its own numerical
heat transfer and friction correlations [1–4]. CFD tools are nowadays
predicting with a high level of accuracy, yet the performance of a
whole heat exchanger is hard to be accurate predicted only by the

studying of one portion. The flow characteristic in a full exchanger is
quite different from a portion and also worth studying.

Several strategies have been introduced to handle these issues. Some
kind of distributedmodels have been implemented in the compact heat
exchanger. Oliet et al. [5–8] did a series of researching and developing
works about the vehicular heat exchangers. They resolved the smallest
scales by using empirical correlations and validated their simulation
by experiments [9]. Jung and Assanis [10] built a numerical model
based on the thermal resistance concept. This model could effectively
predict the heat exchange performance, and the calculation results
were in good agreement with the experimental data. Compared to the
CFD tools, the distributed models could be more efficient, and easy to
be constantly revised and approved, but a little bit narrow in scope of
applications. They are appropriate for a long-time, systematic research
which is focused on a certain heat exchanger type.

Early in 70's last century, Patankar and Spalding [11] introduced the
distributed-resistance concept to solve the flow field and enthalpy dis-
tribution of a steam generator. The flows in the generator are treated
somewhat like those in porous media, and the solid objects are taken
as distributed resistances to flow and heat transfer in the paper. This
methodology could be applied in many kinds of engineering equip-
ments that contain solid objects, such as heat exchanger [12,13]. From
then on, the porous simplification turns to one of the most popular
methods in simulating the whole cooling module [14–16]. Prithiviraj
and Andrews [17–19] simulated a shell-and-tube heat exchanger. In
their model, the tubes were treated by using distributed-resistance
approach. Tang et al. [20] calculated an electronics cooling module
by representing the internal offset fin structure with a Brinkman–
Forchheimer-extended Darcy porous media model, and the simulated
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results agreedwellwith themeasured temperature profile. Thismethod
could also be used in simulating an automotive heat exchanger and the
key was estimating the porosity, and the viscous and inertial resistance
values, although the simulated heat dissipation sometimeswas far from
the real values because all porous parameters were deduced from pres-
sure characteristics.

In order to balance the calculating accuracy and computational effi-
ciency, themulti-scale couplingmethod has been put forward in several
cases. Wang and Li [21] adopted the multi-scale CFD approach in gas–
solid two-phase flow simulation. Cheng et al. [22] elaborated on the
multi-scale method and application in wing-store simulation. Due to
its outstanding effectiveness, the multi-scale coupled approach has
been introduced into the simulation of heat exchangers. Carluccio
et al. [23] employed the coarse mesh and porous model to analyze a
compact cross flow heat exchanger as a first step, then set up sub-
models according to the fin structures, creating very fine mesh, and
studying the characters of internal turbulent flow and local heat
transfer.

On the basis of the existing research, this paper deals with an
intercooler, one of the representative examples of cross flow heat ex-
changers in automotive cooling systems. With the application of mesh

refinement and datum interpolation technique, the pressure and tem-
perature data are calculated. Commercial computational fluid dynamic
(CFD) codes ANSYS FLUENT 13 based upon the finite volume method
are used to make the simulation, and the results were validated with
experimental data based on wind tunnel tests.

2. Numerical simulations

2.1. The intercooler

A plate-fin intercooler is taken as the study object. Hot-pass and
cold-pass are arranged alternately (photo and size are shown in Fig. 1).

As shown in Fig. 1, the size of the core is 300 mm by 300 mm by
80 mm. The thickness of the partitions between hot-pass and cold-
pass is 0.6 mm and the fin thickness is 0.2 mm.

Because considerable dirt and dust are contained in low-altitude air,
the serrated, louvered, and puncturedfin structures are not suited to the
cold side of the intercooler. The present intercooler consists of plane-
fins in hot-pass and wavy-fins in cold-pass, and fin types are shown in
Fig. 2.

Plane-fin Fh = 6.5 mm; Fp = 2.5 mm
Wavy-fin Ld = 80 mm; L = 12 mm; b = 1.8 mm; Fh = 7.5 mm; Fp =

4.25 mm

2.2. Multi-scale methodology

Tomeet the goals of high efficiency and accurate estimation, amulti-
scale-coupled approach was utilized to study the internal flow and heat
transfer progress. The method comprised the following steps:

Step 1. Simulate the entire intercooler. The porousmediamodel is used
to decrease the model complexity and computational effort.

Step 2. Analyze the flow and heat transfer characters, fix on key
locations, and extract the regional distributed data.

Step 3. Model the key regions with all detailed fin structures. Calculate
the detailed localmodel, interpolating the regional data extract-
ed by step 2, studying the micro-flow and heat mechanism.

Step 4. Synthesize the simulation results, interpolate the data computed
by detailed local models back to the entire model, and then
obtain the performance predictions.

Nomenclature

Fh [m] Fin height
Fp [m] Fin pitch
δ [m] Fin thickness
Ld [m] Fin length along the flow direction
b [m] Amplitude of the wavy-fin
L [m] Wavelength of the wavy-fin
f [–] Friction factor
j [–] Heat transfer factor
Re [–] Reynold's number
Dh [m] Hydraulic diameter of the fin
Vc [m/s] Average velocity of the flow field
ΔPi [Pa] Pressure differential produced by the circulation area

abruptly narrow
ΔPe [Pa] Pressure differential produced by the circulation area

abruptly widening
T [K] Temperature
bc [m] The feature size of the fins
m [–] The dimensionless coefficient of fin height
h [–] The heat transfer coefficient
Q [J] Total heat amount
F1 [m2] The direct-heat-transfer surfaces area
F2 [m2] The secondary heat-transfer surfaces area
α−1 [m−2] Viscous resistance
C2 [m−1] Inertial resistance
γ [–] Porosity
k [–] Turbulence kinetic energy
ε [–] Turbulence dissipation rate
Gk [–] Generation of turbulence kinetic energy
υmag [m/s] Velocity magnitude
Si [–] The source term for the ith (x, y, or z) momentum

equation
ρ [kg/m3] Density
μ [Pa⋅s] Dynamical viscosity
Ef, Es [J] Total fluid energy and total solid energy
Keff [–] Effective thermal conductivity of the medium
τ [Pa] Stress tensor
υ
*

[m/s] Overall velocity vector
Δn [m] The thickness of porous medium

Fig. 1. Photo and the size of intercooler.
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