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Abstract - The article presents a numerical simulation on air flow and heat transfer
characteristics in solar air collectors mounted with obstacles. Computational Fluid
Dynamics, ‘CFD’ based on the finite volume method, SIMPLE algorithm and the
turbulence standard (k - &) model have been implemented. A numerical 2D model of
dynamic air vein solar collectors with 1400 mm length and 25 mm air gap was used to
evaluate hydrodynamic and heat transfer phenomena of flow patterns in the annular
passageways, precisely the heat transfer around 13 chicanes. The chicane is formed with
two parts: the first is perpendicular to the air flow and the second is titled (« = 60°), they
are mounted in successive rows, oriented perpendicular to the air flow. It is apparent that
the turbulence created by the chicanes resulting in greater increase in heat transfer over
the air vein. The pressure drops are analyzed vs. the Reynolds number and shown good
agreements with experimental and semi-empirical relationship results. The mass flow
rates effect on the velocity magnitude is analyzed. It was found that the mass flow rate
variation has a slight effect on velocity evolution.

Résumé — L article présente une simulation numérique de 1’écoulement de ['air et les
caractéristiques d’échange thermique a l'intérieur des capteurs solaires a air munis avec
des obstacles. La technique de la simulation CFD basé sur la méthode des volumes finis a
été mise en ceuvre avec 1’algorithme SIMPLE et le modéle de turbulence standard (k - &).
Un modeéle numérique en 2D de la veine d’air mobile avec une longueur de 1400 mm et
une hauteur de 25 mm a été utilisé pour évaluer les phénomenes de transfert de chaleur
hydrodynamiques et la configuration de 1’écoulement dans la veine d’air mobile et autour
de 13 chicanes. La chicane est formée de deux parties: la premiere est perpendiculaire a
I’écoulement de I'air et la deuxiéme est inclinée (o = 60 °). Elles ont été montées en
rangées orientées perpendiculairement a 1’écoulement de [’air. 1l est évident que la
turbulence créée par les chicanes résultant en une grande augmentation du transfert de
chaleur le long de la veine d’air. Les pertes de charge sont analysées par rapport au
nombre de Reynolds et montre un bon accord avec les résultats expérimentaux, ainsi que
les relations semi-empiriques. L analyse de la variation du débit a montré un faible effet
sur I'évolution de la vitesse magnitude.

Mots clés: Capteur solaire a air - Chicanes - Transfert de chaleur - Controle de
I’écoulement - CFD.
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1. INTRODUCTION

Solar air collector major problem is the low heat exchanges made with air in the
dynamic air vein. These exchanges do not provide better performance and improved
thermal efficiency of these systems.

The improved performance of the solar collectors was to limit heat loss from the
absorber and the ambiance with a judicious choice of the collector components.
Recently, performance optimization focused on the air circulation. Many types of solar
air collectors have been constructed and tested over the world, with the main objective
to collect maximum solar energy with a minimum cost. To achieve this goal, major
works are now explored.

The first work on the numerical investigation of flow and heat transfer
characteristics in a duct with the concept of periodically fully developed flow was
introduced by Patankar et al. 1977.

To make the solar air heaters economically viable, their thermal efficiency needs to
be improved by enhancing the heat transfer coefficient, which can be achieved by
creating a fully turbulent flow in these systems and minimizing the heat loss with
appropriate pressure drop and other factors. There are different factors have been
developed in literatures (Dipprey et al. 1963, Hollands et al. 1981, Choudhury et al.
1991, Hachemi 1995, Youcef-Ali 2005, Moummi et al. 2004).

In order to enhance rate of heat transfer to flowing air in the collectors’ air vein and
in heat exchanger various surface roughness and turbulence generators viz, ribs, baffles
and delta winglets are considered as an effective technique. In the solar air heater vein,
presence of laminar sub-layer between the absorber plate and flowing air is generally
considered to be the main cause of thermal resistance for heat transfer. Artificially
roughened absorber plate is considered to be a good methodology to break laminar sub-
layer in order to reduce thermal resistance and to increase heat transfer coefficient,
Prasard et al. 1998.

Literature on application of artificial roughness in a solar air heater covers wide
range of roughness geometries for studying heat transfer and friction characteristics.
General arrangement of different types of roughness geometries reported by various
investigators, they studied heat transfer enhancement and friction loss by fixing
protruding wires of different shapes, size and orientations as an artificial roughness
element on absorber plate as in (Prasad et al. 1998, Sahu et al. 2005, Gupta et al. 1997,
Karwa et al. 1999, Saini et al. 1997, 2008, Karmare et al. 2007). Based on these
literatures reviews following, it has been found that roughness geometries being used in
solar air heaters are of many types depending upon shapes, size, arrangement and
orientations of roughness elements on the absorber plate.

The heat transfer augmentation in solar air collectors with artificial roughness is
accompanied by a substantial increase in pressure drops, Chouchane et al. 2009. An
ideal design must involve a balance between friction losses and heat transfer rates and
thus the designer must decide how to tradeoff between these two factors. Nevertheless,
the requirement for detailed and accurate measurement of the design parameters
(temperature, pressure and velocity fields) is very difficult to be achieved, because the
flow passages in compact heat exchangers are complex in geometry and of relatively
small dimensions, Kanaris et al. 2005. The rapid development of computational tools
permits the prediction of flow characteristics using CFD code simulation which is
considered an effective tool to estimate momentum and heat transfer rates in this type of
process equipment. Consequently, as CFD is more widely used in engineering design, it
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is becoming of essential importance to know how reliably the flow features and the
hydrothermal behavior can be reproduced in such air veins.

Literature reviews shows that there has been less attention to the dynamic and the
hydrodynamics flow behavior around artificial roughness modeling by means of CFD.

The objective of this work is to study hydrodynamic and thermal behavior air flow
around artificial roughness and the inlet mass flow rates effect on the flow structure and
heat transfer degree of the thermal transfer in the case of air vein solar collectors. 2D
CFD simulation model is investigated for different Reynolds number range.

2. FLOW CONFIGURATION AND
MATHEMATICAL FOUNDATION

2.1 Chicane geometry and arrangement

Based on solar air flat plate collector usually used at the Mechanical Engineering
Research Laboratory ‘LGM’ at Biskra University. The physical model investigated in
this work is presented in Fig. 1a. The system of interest is horizontal square channel
(dynamic air vein) with 13 chicanes placed on the bottom channel walls in successive
rows arrangements as shown in Fig. 1a.

In the flow module, the air enters the vein at the inlet temperature, T; =300K and

flows over obstacles where hy, h, e and bb are the obstacle orthogonal height, tilted
(a=60°) part height, full chicane height and thickness, respectively with:
hy =10 mm, h, =15mm, e=17.5mm and b =0.4 mm while the thin obstacle is set
to e/ Dy, =0.35. The vein height, H is 25 mm. The hydraulic diameter is Dy, ~ 2H .
The axial pitch or spacing between the chicanes is set to p =100 mm in which
p/ Dy =2 is defined as the chicanes pitch ratio.

2.2 Mathematical Modeling

To build numerical models sufficiently detailed and accurate, it must sometimes take
account of some assumptions. For this, we imply:

= Two-dimensional steady-state flow with heat transfer.

= Flow fully developed, turbulent and incompressible.

= Constant fluid properties.

= Body forces, viscous dissipation and radiation heat transfer are ignored.

Following the introduction of the above assumptions, the Reynolds Averaged
Navier—Stokes (RANS) equations and the energy equations govern the transport of the
averaged flow quantities in the air vein collector, Fluent help 2006. They can be written
in Cartesian tensor form as:

Continuity equation-
0
o, () &)

Momentum equation-

0 1 0P 0 ou; v
—(Ujuj) = ———+—— £ ——t-pujy; )
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The variable p is the fluid density, and u; is a mean component of velocity in the
direction x;, p is the dynamic viscosity, P is the pressure, and u' is a fluctuating

component of velocity. Repeated indices indicate summation from one to two by
assuming tow-dimensional problems.

Energy equation-
o D) =§[aj—U @
where a is given by: a= k/pxCp
The Reynolds-averaged approach to turbulence modeling requires that the Reynolds
stresses, —pxm must be modeled in order to close the equation (2), Fluent 20086,

Launder et al. 1972. In this paper, the Boussinesq hypothesis are employed to relate the
Reynolds stresses to the mean velocity gradients with the same shape as a viscid stress
tensor, i.e. that the turbulent flow behaves as a fluid of viscosity p; as seen in the

equation below:

ou; Ouj | 2
—pXUUj = +— | = =pxkxd;; 4
px utx[éxj ox, | 3P (4)

where K is the turbulent kinetic energy as defined k =%u'iu'i and &;; is the Kronecker

delta. An advantage of Boussinesq approach is the relatively low computational cost
associated with the computation of the turbulent viscosity; p; depends on the close
equation models. In Fluent, the Standard (k — &) model is the most widely used
because of its robustness and is therefore valid only for fully turbulent flows, precision
and relatively its low cost in computation time. This model is an example of two-

equation models; turbulent kinetic energy and dissipation rate are obtained from the
following equations.

0 0 Hy ok
—(pxkxu;) = — + x— |+ Gy + G, —pxe 5
ox; (p i) ale:(u GkJ 6XJ:| k b—P (%)

i i G¢ 6X]
The term Gy, representing the production of the turbulence kinetic energy due to
the average velocity gradient. From the exact equation for the transport of k, this term

may be defined as:

- 6uJ
Gy = _ululxg (7)

0 0 &
a—X(PXEXUi) = 87|:[“ B ]X—:|+CalkX(Gk +Cg2Gp) — Cazxpx— (6)

To evaluate G, in a manner consistent with Boussinesq hypothesis;
2
Gy = xS (®)
With S = /25;;xS;; where S is the modulus of mean rate-of-strain tensor:
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. 0Uj
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And Gy, is the generation of the turbulence kinetic energy due to the buoyancy.
In the above equations, Cy, C., and C.3 are constants. o, and o, are the

turbulent Prandtl numbers for k and ¢, respectively. The effective viscosity p; is
written by;

M = p><Cuxk2 /8 ©)
The model constants have the following values: Cq=1.44; C,=1.92; C,=0.09;
oK = 10, o, = 1.3.

3. CFD MODELING,
COMPUTATIONS AND VALIDATION

In order to investigate the solar air collector’s performances, computational fluid
dynamics (CFD) techniques allows us to build a numerical model to obtain more
information inside flow field development and temperature distribution in rectangular
space between two plates(dynamic air vein). The bottom plate is considered as adiabatic
and topped with chicanes, by against the upper one considered as absorber that
generates heat flux unless the other walls are assumed adiabatic.

In the present work, through the CFD modeling 66 computational blocks were
created in order to describe accurately the collector geometry together with chicanes
tilted parts, as presented in Fig. 1b. The grid mesh must meet specific requirements in
terms of mesh size and type, Mahfoud et al. 2012. Special attention was given to the
tilted and the orthogonal parts then to the near areas where increased variations of flow
quantities are expected, so as to ensure a smooth convergence and to capture properly
all fluid flow phenomena, as shown in Fig. 1. Thereafter, the modeling requires a choice
of different settings of the computer code. The right adjustments made, the simulation
was launched.

Fig. 1: Geometry of the CFD model; (a) Chicane dimensions (b) Grid

3.1 Geometrical aspect and grid independence

As part of this numerical approach, a grid independence procedure was implemented
over grids with different numbers of cells, 14000 to 130000 cells. It is found that the
variation of; surface heat transfer coefficient ( hg) and skin friction coefficient (f) are

marginal when moving from 65300 to 130000 cells. Hence, there is no such advantage
in increasing the cells number beyond this value. The grid system was adopted with
non-uniform Cartesian grid and multi blocks. To considering convergent time and
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solution precision, structured mesh was applied in major of blocks and unstructured in
the rest. The mesh is refined at the regions with high gradients of temperature and
velocity, which is near the vein inlet and around chicanes. Above these conditions, the
grid system of 65300 cells was adopted for the current computational model, (Fig. 2).
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Fig. 2: Grid independence test

3.2 Post - processing

Once geometry is created and boundary conditions are defined, the mesh was
exported to perform operations via CFD Fluent software. Based on finite volumes
methods the main equations are solved using second order scheme for pressure and
velocity. The coupled pressure-velocity refers to the numerical algorithm SIMPLE that
uses combination between continuity and momentum equations to derive pressure
equation. These steps are repeated with a precision of 1/1000.

The simulations first steps are to define the solver and models to apply. For
temporary buoyancy driven flows, pressure based solver with energy equation model is
considered appropriately. As the main focus is to be on transient solution, time is
considered to be steady. Also, the 2" order implicit time formulation and Green-Gauss
Cell Based are chosen rather than the first order as it improves the accuracy of the
solution. All other inputs are left as the standards. The materials properties that are used
are summarized in Table 1. Fluent 2006.

Table 1: Thermo physical properties

Properties = Material —

Air Aluminium
Density, p, kg/m? 1.225 2719
Specific heat, Cp , J/kg.K 1006.43 502.48
Thermal conductivity, «, W/m.K 0.0242 202.4
Viscosity, v, kg/m.s 1.7894 x10°

3.3 Boundary conditions and validation

For a full length domain, uniform air mass flow rate is introduced at the inlet while a
pressure outlet condition is applied at the exit. Constant air mass flow rate with 300 K
(Pr =0.74) is assumed in the flow direction. The physical properties of the air have
been assumed to remain constant at mean bulk temperature. Impermeable boundary and
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no-slip wall conditions have been implemented over the channel walls. The constant
flux of 482 W/m? was given at absorber wall while opposite side kept at adiabatic wall
condition. The constant 300 K temperature condition is employed for chicanes as same
the initial air temperature.

The results presented on Fig. 3, show the Reynolds number variation effect on the
pressure drops between the dynamic air vein inlet and outlet. It’s clear that are in good
agreement with Simi-empirical relationship results as in Chouchane et al. 2009 and
Youcef-Ali 2005 experimental results. It is seen that at laminar flow (Re < 2100), the
pressure losses vary gradually in the range of (1 to 20 Pa), therefore the turbulent flow
(Re > 2100), the difference is more significant (20 to 60 Pa).
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Fig. 3: Pressure drops vs Reynolds number 100 < Re < 4500

4. RESULTS AND DISCUSSION

In a transient two-dimensional numerical simulation, once the numerical solutions
have been obtained, there is considerable amount of data to be analyzed.
Qualitative results can be post-processed using commercial visualization software.

4.1 Hydrodynamic aspects

In order to highlight the chicanes influence on the air flow along the vein bottom
wall. The direct observation through contours visualization appears as very practical
guide to highlight hydrodynamic fluctuations characteristics.

4.1.1 Path lines contours
Typical path lines colored by radial velocity fields are shown in Fig. 4 b- and c-,
when the inlet air flow mass has a value of m =0.02 kg/s. The lowest values of the

radial velocity of air shall be those adjacent to the downstream and upstream of the
orthogonal chicanes parts, against on the tilted upper parts the high radial velocity
values were recorded. This means that chicanes tilted parts increase velocity values at
the passageway between absorber and chicanes. The converging passageway shape has
a crucial role in the velocity evolution, so hydrodynamic instabilities are present and
made by pairing and recirculation flow. The appearance of two secondary vortices
exactly located at chicanes base on upstream and downstream. In addition, at chicane
downstream two other vortices are seen as primary contra-rotary vortices, the greater
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one which feeds adjacent vortex and it is observed that velocity high values are above
the trailing edge, Fig. 4 c-.

Fig. 4: a- Turbulence intensity, b- Radial velocity fields vectors, c- Path lines

4.2 Thermal aspects
4.2.1 Static temperature contours

Fig. 5 shows that the vortex structures generated by obstacles (chicanes) influence
significantly on temperature field, so these obstacles induce more turbulence which
means better air mixing and it will stimulate heat transfer as noted by Aoues et al. 2011,
Mahboub et al. 2012. In the present work, it is observed that the air temperature
increasing along the dynamic air vein length, where it reaches the value of 349 K,
because the heated main flow moves along the chicanes due to upper parts inclinations
and the secondary flow is trapped between two chicanes and the main flow where is
powered with a brewing phenomenon which provokes a heat transfer from the hot flow
to the cold one, therefore the chicanes provide a delaying aspect for more time for the
heat transfer possesses which is confirmed by Moummi et al. 2010.

B TS - (IS
Fig. 5 Static temperature contours
4.3 Qualitative aspects

Different parameters profiles are plotted such as the velocity magnitude in several
abscissas sections along the dynamic air vein, (Fig. 6).

heeeas
-

b1 b2

Fig. 6: Cross sections positions relative to the chicanes

4.3.1 Effect of air mass flow rates

Fig. 7, shows the velocity magnitude evolution across the vein height, just on the
downstream and upstream of the chicanes obtained from CFD analysis. The velocity
magnitude profiles are plotted in several abscissas sections on the axial positions;

X1 =0.08m; X2 =0.1m; X3 =0.107m; X4 =0.1134m; X5 =0.1154 m; X6 =
0.15m; bl =0.1072m; b2 =0.1134m. X1 X2 X3 X4 X5 X1 X1 bl, b2
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At X1 position, the parabolic profile is observed without any deformation when the
air mass flow rate grows from 0.005 kg/s to 0.02 kg/s, this appearance maintains at
positions X2, X3, X4 where the air flows on the chicane tilted part, except an
increasing of the velocity magnitude value which is observed at X4 position and
reached 0.60 m/s for low air mass flow rate value (0.005 kg/s) and the maximum value
of 2.5 m/s is obtained for 0.02 kg/s.

At X5 position just downstream of the chicane, velocity profile changes appearance
compared to X1 position and becomes almost nil at chicane height of (0.017 m), on the
other hand the profile keeps the same shape on this section with same values compared
to X4.

The air flow velocity profile at position X6, which at mid-distance between two
chicanes is significantly disrupted and loses its parabolic shape due to the recirculation
zone with slight perturbation at down. It is very important to note that the velocity
magnitude becomes equal to zero value at orthogonal chicane part height (0.01 m).

The positions (bl, b2) located downstream and below the chicane tilted part, at
these locations the velocity magnitude is slightly disturbed and keeps very minimal.

5. CONCLUSION

In this work, the hydrodynamic and heat transfer process in air solar collectors
having roughened plate provided with artificial roughness (chicanes) with tilted parts
has been made to carry out numerically as an illustrative example of the two-
dimensional use in CFD. The work presents the methodology followed by the problem
definition, the assumption of a mathematical model, its conversion into a numerical
model, and the analysis of the obtained numerical solutions which has a good agreement
with literatures.

The flow contours analysis show that the flow patterns in the dynamic air vein
collectors were characterized by different regions and hydrodynamic instabilities are
present and made by pairing and recirculation flow. The appearance of primary and
secondary vortices just on upstream and downstream chicanes.

The vortex structures generated by obstacles (chicanes) involve better air mixing
and it will stimulate heat transfer by convection, so increase significantly the outlet
temperature.

The pressure drops are more and more important when the Reynolds number
increase (100 < Re <4500 ), the results shown good agreements with experimental

results of Youcef-Ali, 2005 and semi-empirical relationship in Chouchane et al. 2009.
The magnitude velocity is significantly influenced by increasing air mass flow rates
from 0.005 kg/s to 0.02 kg/s.
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NOMENCLATURE
L : air vein collector length, m m : Air mass flow rate, kg/s
H : Air vein collector height, m Pr: Prandtl number

Dy, : Hydraulic diameter, m Re : Reynolds number
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b : Full chicane height, m Nu : Nusselt number

e : Chicane thickness, m o : Chicane tilt, °

h : Chicane orthogonal part height, m p : Air density, kg/m?

h, : Chicane tilted part height, m Cp : Specific heat, J/kg.K

p : Axial pitch, m K : Thermal conductivity, W/m.K

T; : Inlet temperature, K v : Viscosity, kg/m.s
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