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Abstract— In this study, a CFD analysis was performed to investigate the heat transferand fluid friction
characteristics of a micro regenerator in order to be integrated in a micro Stirling engine. The simulations
were conducted using the commercial software ANSYS-FLUENT. The gas flow is set to be
incompressible and viscous under laminar unidirectional steady flow conditions for low Reynolds
number (Re < 100). The results are validated by comparing the friction factor and the heat transfer
coefficient predicted by simulation with available experimental results.
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Nomenclature

C; Darcy friction factor T temperature, K

C, specific heat capacity, J. kg™*. K* u velocity, m.s?

D, hydraulic diameter, m Greek symbols

AP pressure drop, bar a  thermal diffusivity, m?.s?
h heat transfer coefficient, W.m2 K vl dynamic viscosity, kg.m?.s!
Kn  Knudsen number p bulk density, kg.m

I length, m A thermal conductivity, m?.s*
Ma Mach number % kinematic viscosity, m?.s!
Nu  Nusselt number Indices and exhibitor

P pressure, bar f fluid

Pe  Peclet number m, n vector component

Pr  Prandtl number w wall

Re  Reynolds number

1. Introduction

With the intensifying of global energy crisis and environmental deterioration, the
development of renewable energy technologies becomes necessary [1]. Among various
technical solutions that are being developed, Stirling engines have attracted widespread
attention in recent years since they have wide energy adaptability as external combustion
engines, and have a series of advantages including low noise, high theoretical efficiency, low
environmental pollution, and simple structures [2]. However, the Stirling engines performances
are relatively lower than those of internal combustion engines due the numerous irreversible
losses, which has limited their further development and application. Therefore, the design and
optimization of Stirling engines with high efficiency are of great value for facilitating the
application of Stirling engines, and thus promoting the utilization of renewable energy and
alleviating energy and environmental problems [3]. Researchers tried various ways to improve
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Stirling engines and proposed several design methods, while these methods always need
correlation equations to predict the performances of Stirling engines [4]. One of the concepts
that is currently under study is the miniaturization of Stirling Engine which has been considered
since the development of Micro Electro-Mechanical Systems (MEMS) [5]. Some components
of a Miniaturized Stirling engine such as Hybrid Fluid—Membranes [6] and Micro-Regenerators
[7] have already been developed, yet the study of the flow through Micro-Regenerators is still
unclear and need further investigations.

In the literature, a vast amount of results can be found on microscale gas flow, although
there are inconsistencies in the experimental data reported by the different researchers. Several
factors can be attributed to this inconsistency: rarefaction (the slip on the surface), surface
roughness, entrance effect, minor losses and compressibility.

Petyi and Little [8] conducted one of the preliminary investigations of flud flow
characteristics in microchannels. The study was conducted using nitrogen, hydrogen and argon
as working fluids, with eight different microtubes having diameters ranging from 55.81 to
83.08 um. The conclusion of this study was that the effect of surface roughness still affects the
value of the friction factor even under laminar flow conditions. The friction factor for bends
(angle 90° and 135°) were also found with respect to Reynolds number.

Asako et al. [9] [10] investigated numerically pressure drop characteristics for two-
dimensional compressible flow in both parallel plates and microtubes. Air and nitrogen were
used as working fluid, and the hydraulic diameter was ranging between 10 and 100 pm. The
computations were performed for a low range of Reynolds number (Re < 500) and Mach
number (Ma < 0.4), and for both no heat conduction and isothermal flow conditions. The
friction factor for both microtubes and parallel plates was correlated in terms of Mach number.

Turner et al. [11] performed experiments to measure the friction factor of a laminar gas
flow through microchannels, having a hydraulic diameter ranging from 5 to 96 um, with helium
and nitrogen as working fluids. It was found that the friction factor was in close agreement, in
the limiting case of low Ma and low Kn, with the incompressible continuum flow theory.

Kohl et al. [12] conducted experiments to investigate pressure drop in straight
microchannels. The channels were developed with integrated pressure sensors, and with
hydraulic diameters ranging from 25 to 100 pm. the result of the study showed that the friction
factor can be accurately determined by a standard numerical simulation that considers
compressibility and entrance effects.

Yang et al. [13] investigated experimentally pressure drop and heat transfer characteristics
of air flow through microtubes with inside diameter of 86 and 920 pm. The experimental results
showed that the conventional heat transfer correlation for laminar and turbulent flow can be
well applied for predicting the fully developed gaseous flow heat transfer performance in
microtubes.

Kim [14] performed an empirical study to explore the validity of theoretical correlations
based on conventional sized channels for predicting heat transfer characteristics in
microchannels. The flow resistance and thermal behavior of laminar flow through 10 different
rectangular microchannels with hydraulic diameters of 155—580 um and aspect ratios of 0.25—
3.8 at Reynolds numbers ranging from 30 to 2500 were investigated. The results showed that
Nusselt number began to exceed the theoretical values for Re > 180.

These studies indicated that scaling effects have important impacts on heat transfer and
flud flow characteristics. While there is no widely recognized conclusion, especially in
correlations for heat transfer coefficient and friction factor. Besides, most of the above
experimental studies were carried out using a steady unidirectional flow, which is not the one



commonly used in the Stirling engine, on the contrary of the unsteady oscillating flow. The
initial purpose of the current investigation was to determine the validity of the standard
continuum-based models for microchannel flows where Kn < 0.01 by comparing with the
available data in the literature. Additionally, the proposed model was used to estimate heat
transfer and fluid flow characteristics at low Reynolds number Re < 100 for different
microchannels.

2. Geometry configurationand CFD modeling

2.1. Description of computational model

The computational model used for the analysis of heat transfer and fluid flow characteristics
in microchannels is based on the following assumptions:

e steady state flow,

e [laminar flow,

e incompressible flow,

e single phase flow,

e radiation heat transfer is neglected.

The computational domain consisted of a straight main channel with a square-shaped cross-
section placed between a contraction and expansion regions at the inlet and the outlet of the
microchannel. Figure 1 shows a schematic of the computational domain. The hydraulic
diameter D, and the length [ of the duct varied from 100 pm to 1 mm and from 10 mm to 50
mm, respectively. The working fluids used for the numerical calculation are: Air, Helium,

Hydrogen and Nitrogen.
fi/ |

Figure 1: Computational fluid-dynamics domain (a=20 mm, b=5 mm, $=10°)

2.2. CFD setup and Boundary Conditions

The numerical investigations are performed by using the commercial software ANSYS.
ANSYS Design Modeler is used to prepare the fluid domain for the numerical analysis. The
grid is generated with ANSYS MESH, and then the meshed model is exported to ANSYS
FLUENT. The element generated for this simulation is tetrahedrallhybrids mesh with non-
uniform distribution and boundary layer mesh at the wall. The pressure-based type and absolute
velocity formulation is chosen as a solver in the general setup. The convergence limit is taken
of 106 for relative deviation of continuity, velocity components and energy to ensure sufficient
accuracy for numerical results. Isothermal and adiabatic conditions are applied at the wall to
study both heat transfer and fluid flow characteristics, respectively. A uniform wvelocity is
imposed at the inlet and a fixed pressure of 1.01325 bar is applied at the outlet. The temperature
inside the microchannel is taken as 300 K, at the beginning.



2.3. Governing equations

The steady incompressible flow in microchannels is governed by the continuity,
momentum, and energy equations. With assumptions of steady state and viscous gas flow, the
governing equations for the CFD analysis can be described as follows [15].

Continuity equation:

ou, 1)
=0

dx,

Momentum equation:

0 _Op 0 ou,, aun) 2)
ox, (pfumun) - ox,, + ox,, Hr (Eix,, + ox,,

Energy equation:
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The physical properties of the fluids are supposed to be constant (Table 1) except the density
for which the ideal gas approximation is considered.

Specific heat Dynamic Thermal
capacity viscosity conductivity
Co u A
(J.kgt.KY  (10°kg.mts?t) (W.mlK?1)
Air 1006.5 1.789 0.024
He 5193.0 1.990 0.152
H, 14283.0 0.841 0.167
N, 1139.7 1.802 0.026

Table 1: Thermophysical properties of working gases
3. NUMERICAL RESULTS AND DISCUSSION

3.1. Comparative analysis and Grid independence of the solution

In order to ensure the relevance of the proposed model, a comparative analysis is performed
between the numerical results and experimental data obtained in the literature. Three geometries
are investigated: parallel plates, microtube and microchannel with rectangular cross-section.
Figure 2 and 3 illustrate the variation of the friction factor in terms of Reynolds number and
Mach number for the different geometries. The results show a good agreement with the
correlations obtained in the literature (the average relative difference is less than 5%).

Therefore, the proposed model can be well applied for predicting the fluid flow and heat transfer
in microchannels.
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Figure 2: Variation of the friction factor C; in terms of Reynolds number Re
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Figure 3: Variation of the friction factor C; in terms of Reynolds number Re

In order to consider appropriate grid size for the present study, a grid independent test is
performed with different sizes of meshes and Reynolds number of 10. First, the initial mesh is
generated with 25000 elements. Subsequently, the mesh is refined until the relative difference
between the two successive results reached below 5%. The variation of the average velocity of
the gas in the microchannel is chosen as criterion to determine the adequate mesh size. It has
been concluded from this study that a mesh with 1.6 million elements allows to obtain mesh-
independent results for cases under investigation.

Element Number of layers
Mesh size (mm) atthe waﬁ/
1 0.1 10
2 0.075 13
3 0.05 15
4 0.025 17
5 0.01 20

Table 2: Element size and number of layers at the wall for the different sizes of mesh



3.2. Fluid flow

Figures 4 and 5 show the pressure drop along the microchannel in terms of inlet velocity for
different working fluids and the friction factor in terms of Reynolds number Re for different
hydraulic diameters Dn, respectively.
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Figure 4. Pressure drop versus inlet velocity Figure 5: Friction factor in terms of Reynolds
for different working fluids number for different Dy,

According to the results obtained, it clearly appears that helium has the highest pressure drop
among the four gases since it is the most viscous gas.

3.3. Heat transfer

In this section, the heat transfer characteristics in the microchannel are presented as an
average value of the heat transfer coefficient and the Nusselt number Nu calculated using the
log-mean temperature difference. It should be noted that a constant temperature condition was
applied at the wall boundaries.
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Figure 6: Heat transfer coefficient versus inlet

Figure 7: Nusselt number in terms of
velocity V for different working fluids 9

Reynolds number for different Dy,

Figure 6 shows the convective heat transfer coefficients with constant wall temperature at
various inlet velocity for microchannels with 100 pm and 1 mm of D,,. According to the results,
the maximum heat transfer coefficient h obtained is about 900 W.m2.K-1 at the wall temperature
of 90°C and a hydraulic diameter of 100 pm as illustrated in Figure 6.



Figure 7 shows the Nusselt number in terms of Reynolds number, compared with theorical
values with a constant wall temperature (Nu = 2.98) and a constant heat flux (Nu = 3.61).
From the results, it can be observed that the Nusselt number is relatively in good agreement
with the values predicted by the correlations for the flow in macro channels.

4. Conclusion

In this paper, a numerical study was investigated aimed at determining the fluid friction and
heat transfer characteristics in square cross-cross section microchannels at different inlet
conditions. ANSYS-FLUENT software was used to carry out the computational fluid dynamics
modelling. The numerical model was first compared with some previous results obtained in the
literature in order to improve the accuracy of the numerical simulations before being used in
the current study.

By comparing the results, it can be concluded that there are many factors which affect the
value of the friction factor in small channels. For low Reynolds number (Re < 100), it was
found that there is no significant variation of the friction factor for the different channels
simulated but as the Reynolds number increases it appears a certain dispersion between the
values. Foragiven channel, it was observed that the friction factor increases beyond the analytic
prediction for laminar flow asthe Reynolds number increases.

As for the heat transfer, it was found that the conventional correlation for laminar flow can
be well applied for predicting the fully developed air flow heat transfer in microchannel. It was
also observed that the total temperature is higher than the wall temperature this is caused by the
additional heat transfer between the gas and the wall since gas static temperature decrease
because of conversion of thermal energy into kinetic energy.
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