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Abstract— In this paper CFD based computational analysis of
heat transfer enhancement in a rectangular channel duct of a
solar air heater equipped with the square rib roughness on the
absorber plate has been investigated. The effects of Reynolds
number on Nusselt number for square shaped transverse wire rib
roughness was examined and their relative evaluation has been
plotted. The 2-D computational based analysis is performed using
ANSYS FLUENT 16.2 code with the SIMPLE algorithm have
been done for the air flow to visualize the characteristics and
distribution of the flowing fluid across the duct considering the
Reynolds numbers ranging from 3800-18000.The turbulence
model which are considered for the evaluation of the smooth duct
with square rib roughness were found to be in good agreement
with experimental results and with the standard theoretical
approaches. The result obtained by the present investigation
shows that the Nusselt number strongly dependent on the
Reynolds number and it increases as the Reynolds number
increases for the range of parameter investigated.
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. INTRODUCTION

Solar energy is one of the most important non-
conventional source of energy. To utilize this energy requires
solar collector which absorbs the incident solar radiations and
converted it into thermal energy for many applications. The
conversion of solar energy into thermal energy is poor due to
its low heat transfer coefficient between the absorber plate and
the flowing fluid. To make solar air heater more economical
by advancing the heat transfer coefficient between the
absorber and the flowing fluid which greatly increase the
thermal performance of solar air heater. The use of artificial
roughness on the absorber plate is an efficient technique to
enhance the rate of heat transfer to the flowing fluid. To some
extent number of experimental work [3-5] on solar air heater
has been done to increase the rate of heat transfer coefficient
between the flowing fluid and the absorber plate which
increases the overall thermal performance of solar air heater
system. The critical analysis on solar air heater has been done
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by using CFD approach resulted by advanced mathematical
models can put together to get large volume of results added
no expense and considered to be very cheap to execute
parametric analysis to get the most effective equipment
performance. In the same conditions some parameters are very
difficult to test experimentally which requires both time and
cost, such problem can be overcome by using computational
technique. The quality of results obtained by CFD approach
are found to be in acceptable range.

Bhushan et al.[l] investigated Thermo-hydraulic
performance parameter of solar air heater system consist of
protruded absorber plate using numerical simulation approach
to get the optimum value of the required parameter on the
basis of its thermal efficiency. Chaube et al. [2] presents a 2-
D numerical analysis of a solar air heater having different
roughness geometry using ANSYS FLUENT 6.l.and the
enhancement of heat transfer was based with minimum
pressure penalty. Different rib roughness shapes viz.
Rectangular, Square, Chamfered, Triangular, Semicircle etc.,
were investigated at the Reynolds number range from about
3000-20000. Prasad and Mullick [3] studied the effect of
heat transfer coefficient using transverse ribs roughness on the
absorber plate with experimental studies in order to determine
an optimum roughness parameter for attaining maximum heat
transfer between the flowing fluid and the absorber plate.
Kumar and Saini [4] examined CFD based numerical
analysis of solar air heater to get the fluid flow and heat
transfer characteristics provided with artificial roughness
technique for the arc shaped geometry using 3-D models
which shows that Nusselt number found to increase with
increase in Reynolds number where friction factor decreases
with increase in Reynolds number for all combinations of
relative roughness height (e/D) and relative arc angle (0/90).
Gupta and Garg [5] studies with modified absorber plate
configurations with heat transfer and their performance of
different solar air heaters. Yadav and Bhagoria [6]
investigated a detailed analysis on heat transfer and fluid flow
enquiry on solar air heaters system using artificial roughness
on the absorber plate considering 2-D CFD simulation of solar
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air heater shows that the Renormalization-group (RNG) k-¢
turbulence model found to be the best results compared to
other turbulence models. Actually, CFD approach predicts
very close to physical phenomenon of fluid flow happening in
a duct with great accuracy. Yadav and Bhagoria [7]
investigated the numerical analysis of the artificially
roughened solar air heater system which is strong function of
the Reynolds number, relative roughness pitch and relative
roughness height. Singh et al. [8] CFD (computational fluid
dynamics) investigation has been carried out to study the heat
transfer and friction characteristics of solar air heater duct
roughened with periodic transverse rib.

In the present work, design and simulation of a 2-D duct of
solar air heater having square rib roughness on the absorber
plate is investigated by means of CFD approach to know the
best possible outcome of turbulent forced convection. The top
side of the wall is subjected to a uniform heat flux while the
bottom and other two side walls, except inlet and outlet are
insulated.

Il.  THERMAL PERFORMANCE ANALYSIS

The thermal efficiency of solar air heater is defined as the
ratio of useful heat gain by the incident solar radiation to the
incident solar radiation intensity on the collector plane per unit
area [9]. Thermal performance regulates the energy
performance and it refers to how well the heat transfer process
gains within the collector. Figure 1. shows a conventional type
solar air heater where design and details regarding
construction are described by Garg and Prakash [10].
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Figure 1. Conventional type solar air heater [8]

The following equation have been taken from Hottel-
Whillier—Bliss equation reported by Duffie and Beckman [11]
for the representation of thermal efficiency.

Qu=AcFr[I(ta)-UL(T,-To)] 1)

Where,Fr is Collector heat removal factor, A. is a collector
area,m?and U, ,Overall heat loss coefficient, W/ m?K

The rate of energy gain by air in the duct of a solar air
heater given by the equation (2),

Qu=mCy(To—T5) 2
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The value of heat transfer coefficient (h) can be increased
by various active and passive augmentation techniques. It can
be represented in non-dimensional form of Nusselt number
(Nu).

Nu=hD/K 3)

Further, thermal efficiency of a solar air heater can be
expressed by the equation (4),

Nin=Fr(to)—FrUL(To-To)/I 4

I1l. CFD APPROACH

Computational fluid dynamics (CFD) is a branch of fluid
mechanics that uses the applied mathematics, physics and data
structure software that analyze to visualize the behavior of the
flowing fluid i.e. gas or liquid.CFD is based on the Navier-
Stokes equations which describe how the velocity, pressure,
temperature and density of a flowing fluid are associated to
each other. Dynamics of fluids which are governed by some
non-linear partial differential equations generally derived from
the laws of conservation of mass, momentum, and energy
equation. The equation which are used for the Analytical
solutions are only possible for a very simple type of flow
domains considering the certain assumptions to be made about
the properties of the fluids. In addition to this there are many
intrinsic problems encountered with these conventional design
processes. In the designing of solar air heater system, the
computational technique is simply the helpful method to know
the best optimum condition by some design modifications. It
works on a very simple principle to solve the complete system
of design in a small cells or grids formation by applying
governing equations on the discrete elements to find the
numerical solutions on velocity, pressure, temperature
gradients and density of a flowing fluid which requires
minimum time and more economical due to reduction in
experimental work [12-13].CFD based analysis generally build
a computational model which represents a system that we want
to study on it then apply the fluid flow physics to this virtual
prototype model and the computational tool software provides
a prediction of the fluid flow pattern and other physical
phenomena. CFD analysis basically not only an appendage
testing for experimental work, but it also leads to a substantial
saving of time as a large number of options can be tested.

IV. CFD SIMULATION

A. Computational Domain

The guidelines for 2-D computational domain CFD
analysis has been taken from ASHRAE standard 93-2003 [14].
The 2-D domain is a simple rectangle duct having three
sections, namely Inlet section, Test section and Exit section as
shown in Figure 2. In the present work, roughness element in
the form of 2-D square shaped transverse rib has been used.
The inlet section length as per the ASHRAE standard [14]
chosen to develop the thermally fully developed flow and the
exit section is used just after the test section in order to reduce
the end effect in the test section. Figure 3. shows the



International Journal of Conceptions on Computing and Information Technology

roughness geometry of the absorber plate in the square rib
shaped.
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Figure 3. Square shaped rib roughness

Table 1 shows the operating and geometrical parameters of
square sectioned transverse wire rib roughness on the absorber
plate of solar air heater system that have been used in the
present CFD investigation. The top of the computational
domain is heated at a constant heat flux of 1000 W/m2 for
computational analysis. The flow is assumed to be steady,
incompressible and turbulent two-dimensional. The duct wall,
absorber plate and roughness material are homogeneous and
isotropic.

Table 1: Geometrical and operating parameters of the square
rib roughness for CFD investigation.

1 | Relative roughness pitch, P/e 10,14.29

2 | Heat flux, | 1000 W/m?

3 | Reynolds number range, Re 3800-18000

4 | Duct depth, H 20

5 | Duct width, W 100

6 | Hydraulic diameter, Dy, 33.33

7 | Relative roughness Height, 0.021,0.030
e/Dy,

8 | Ribheight, e 07,1

9 | Plate length, L 280 mm

10 | Pitch, mm 10 mm

In the present study, a 2-D computational domain
rectangular solar air heater duct roughened with square wire
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transverse ribs on the absorber plate is used for numerical
simulation to analyze the flow characteristics of the flowing
fluid. ANSYS FLUENT 16.2, is used for the fluid dynamics
and heat transfer analysis for the artificially roughened solar
air heater system.

The assumptions to be considered for the computational
analysis are as follows,

1) The flow is steady, fully developed, turbulent and two
dimensional.

2) The thermal conductivity of the duct wall, absorber plate
and roughness material are independent of temperature.

3) The duct wall, absorber plate and roughness material are
homogeneous and isotropic.

4) The working fluid, air is assumed to be incompressible for
the operating range of solar air heaters since variation in
density is very less.

5) No-slip boundary condition is assigned to the walls in
contact with the fluid in the model.

6) Negligible radiation heat transfer and other heat losses.
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B. Grid Generation

Uniform grid generation are used for fluid flow
distribution and thermal analysis. After defining the
computational domain, uniform meshing is done by triangular
elements and is created by using ANSYS ICEM CFD V16.2
software. During mesh creation, it is very important to have
more no of cells near the heating plate section because we
want to resolve the turbulent boundary layer, which is very
thin compared to the height of the flowing field. A Grid
containing Triangular meshing as shown in Figure 4.

Figure 4. Grid containing Triangular meshing

The CFD modeling involves governing equations for solar
air heater duct with artificial roughness is governed by the
steady 2D form of continuity, the time independent
incompressible Navier stokes equations and the energy
equation. These equations can be written as:

Continuity equation is as follows:
au

Ju
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Momentum equation is as follows:
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Energy equation is as follows:
(4)

where, v is the kinematic viscosity and o is the thermal
diffusivity.

C. Solver

In this work, the CFD (ANSYS FLUENT v16.2) is used to
predict the heat transfer. The top wall is subjected to a uniform
heat flux while the other three walls are insulated. The results
of the present CFD simulation analysis have been correlate
with available experimental results. The RNG k-¢ and
Realizable k- € turbulence model are selected for the analysis
from the different turbulence model after comparing the results
of these models with empirical correlation as (RNG) k-& model
results was found in good agreement.

V. RESULT AND DISCUSSION

The CFD based analysis has been done for the square rib
roughness on the underside of the absorber plate of solar air
heater systems and the results which is obtained has been
compared with the case of smooth duct operating under the
same conditions generally used to evaluate the enhancement in
heat transfer. Generally governing equation of continuity,
energy and momentum equation are used for present
simulation process using finite volume method and the
equation related to this governing equation is solved by using
ANSYS Fluent 16.2. The outcome of fluid flow and its design
parameters on the heat transfer is simulated by CFD approach.
To consider the best turbulence model for validation such as
Renormalization group (RNG) k-¢ and Realizable k- ¢
turbulence it is found that the results of Nusselt Number
obtained from RNG k-¢ turbulence model is in good
agreement with the literature results of Yadav and Bhagoria
[6]. The uniform air velocity is considered at the inlet
condition while the pressure outlet condition is considered at
the outlet of the rectangular duct. The constant heat flux
condition is applied to the upper duct wall of test section. The
contour plot of temperature distribution along the length of the
duct is shown in Figure-5 at Re=18000. The patterns of
temperature contour at regions behind and ahead of the rib
illustrate the overall temperature field and the degree of heat
transfer.
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Figure 5. Temperature Contour
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Figure 6. and 7. shows the contour of velocity vector
and velocity magnitude for the square shape of ribs
embedded on the bottom side of absorber plate.
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Figure 7. contour of velocity magnitude

The data has been plotted to get the effect of relative
roughness height (e/D) on heat transfer of square shaped ribs
roughness through CFD approach which is signified through
the Fig.8. It can be seen from the Fig 8 that there is a
substantial enhancement caused by placing the artificial rib
roughness in the form of square shaped embedded below the
absorber plate. The average Nusselt number increases as it is
observed to increase with increase in Reynolds number mainly
due to the increase in turbulent intensity caused by increase in
turbulent kinetic energy and turbulent dissipation rate. The
enhancement in Nusselt number attain through simulation
process varies from 1.7 to 1.93 times as compared to that of
the smooth surface. Fig. 8 shows that the enhancement in heat
transfer coefficient between the flowing fluid and the absorber
plate of the roughened duct with respect to the smooth duct
also increases with an increase in Reynolds number. It can
also be seen that Nusselt number values increases with the
increase in relative roughness height (e/D) for fixed value of
roughness pitch, (P) mainly due to the fact that that the
laminar sub-la

yer just adjacent to the plate would be of the same order as
of roughness height and by increasing the relative roughness
height (e/D) the reattachment points over the absorber plate
increases which greatly enhance the turbulence effect between
the flowing fluid and the absorber plate. The values of rib
pitch and height used in the present analysis have been taken
from the experimental work of Yadav and Bhagoria [6].
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Figure 8. Variation of Nusselt number Vs Reynold number

VI. CONCLUSION

In the present CFD investigation, a 2-D numerical analysis
has been governed to study heat transfer and fluid flow
behaviors of a rectangular duct of a solar air heater having
square rib roughness on the absorber plate. The following
conclusions are taken from the present investigation:

The major focus of CFD based numerical analysis of
solar air heater is done to enhance the design process that
deals with the heat transfer and fluid flow behavior which
does not require a prototype structure to build for testing and
experimentation.

The quality of the results that obtained from CFD
simulations technique are mainly within the acceptable range
assign that CFD approach is an efficient tool for analyzing the
behavior and implementation of a solar air heater system.

It can be seen from the Fig.8 that Nusselt number
increases with the increase of Reynolds number due to
increase in heat transfer coefficient between the flowing fluid
and absorber plate.

Solar air heater system having square rib roughness
on the absorber plate attain 1.7 to 1.93 times enhancement in
Nusselt number as compared to smooth surface.
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It is found that the square rib roughness with relative
roughness height (e/D) of 0.03 having constant rib pitch, P of
10 provides the maximum value of Nusselt number for the
studied range of Reynolds number and can be employed for
better heat transfer augmentation.
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