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ABSTRACT

The most serious challenge in solar air heater is that the thermal performance is generally poor due
to low heat transfer coefficient between the absorber plate and air flowing in the channel. Thermal
performance in solar air heater is a critical issue because of usual low heat transfer coefficient.
Hence, artificial roughness is being employed to enhance the rate of heat transfer in solar air heater.
This study involved simulation of radiant air transport with geometric roughness such as square,
rectangle and semi-circle rib. The operating parameter considered are; relative roughness height
(e/D) values of 0.0283, 0.0566, 0.08500; relative roughness pitch (P/e) values ranged from 3.3 to 10
and the Reynolds number ranged from 100 to 2000 for standard laminar flow in a solar air heater.
The absorber plate is heated with a uniform heat flux of 2000 W/m? for all the constructal ribs used
in this study. The effect of geometric roughness investigated is based on both velocity and energy
fields obtained via conservation principles of Navier-Stokes equations solved numerically on a finite

*Corresponding author: E-mail: ige.olubunmi@abuad.edu.ng, ige.bababunmi@gmail.com;



Odesola et al.; CJAST, 22(4): 1-10, 2017; Article no.CJAST.32359

element based platform. Thereafter, the results obtained for Nusselt number (Nu) dependence on
Reynolds number (Re) for various constructal rib geometries at selected roughness pitch
investigated are here presented. For P/e at 3.33, Re ranged at 100 to 2000, Nu was observed to be
5.82 to 11.88; 11.32 to 17.98; 5.94 to 20.81; 0.85 to 9.33 for square, rectangle, semicircular and
smooth ribs respectively. At P/e of 5.0 and investigated Re values, Nu was reported as 5.37 to
12.59; 9.72 to 16.20, 5.49 to 19.05, 0.85 to 9.33 for the respective constructal geometries. The Nu
values obtained for P/e at 10.0 for the respective Re and geometric shapes 4.94 to 17.21, 14.71 to
33.61, 5.09 to 19.57, 0.86 to 9.33. The present study observed that Nusselt number considerably
increased with roughness pitch for square and rectangular shaped rib geometries while it decreases
slightly for semi-circle ribs but remains unchanged in smooth or rib-less ducts. Therefore, it can be
concluded that rectangular and semi-circle shaped ribs offer a promising alternative in the design of
micro solar-air heaters.

Keywords: Geometric roughness; thermal intensification; constructal design; ribs; duct flows.

NOMENCLATURE
Symbol Physical quantity Unit
\Y velocity of air ms™
To Outlet temperature of duct length K
T inlet temperature of duct length K
Th Bulk mean temperature K
q uniform heat flux w/m?
Q heat transfer rate W
AP pressure drop in duct test section Nm/s
K thermal conductivity of air wm?*K*
m mass flow rate of air kgs™
Co Specific heat of the air Jkg K
Re Reynolds number Unitless
Pr Prandtl number Unitless
e roughness height mm
L length of the duct mm
D depth of duct mm
w width of the duct mm
H height of the duct mm
Dy, Hydraulic diameter mm
Nu, Nusselt number for roughened duct Unitless
Nug Nusselt number for smooth duct Unitless
Fr, Friction factor for roughened duct Unitless
Frs Friction factor for smooth duct dimensionless
P roughness pitch mm
Ple relative roughness pitch Dimensionless
e/Dy, relative roughness height Dimensionless
Nu Nusselt number dimensionless
Fr friction factor dimensionless
h, convective heat transfer coefficient WmZk*
p density of air kgm™
v kinematic viscosity of air kgm™s™
U dynamic viscosity N.s/m?
a molecular diffusivity of heat kgm™***
Subscripts
r roughened
S smooth
i inlet
o] Out
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1. INTRODUCTION

Solar air heater is one of the basic equipment
through which solar energy is converted into
thermal energy. The heat transfer characteristics
of solar air heater have been widely studied. It
has low heat transfer coefficient between
absorber plate and the flowing air that results in
higher heat losses to the environment which
ultimately leads to low thermal efficiency of such
thermal systems. In order to improve the heat
transfer rate a fully turbulent flow in these
systems has been achieved by Hikmet [1]. This
increases the thermal heat transfer between the
absorber-plate and the fluid, which clearly
improves the thermal performances of the solar
collector with obstacles arranged into the air
channel duct. These obstacles allow a good
distribution of the fluid flow as mentioned by N
Moummi et al. [2].

There are different factors affecting the solar
collector efficiency, e.g. collector geometry and
dimensions, type of absorber surface, glass
cover plate, air velocity etc. Increasing the
absorber area or fluid flow heat-transfer area will
increase the heat transfer to the flowing air on
one hand and will increase the pressure drop in
the collector, thus increasing the required power
consumption to pump the air flow crossing the
collector. The main application of solar air
heaters are space heating, seasoning of timber,
herbal medicine, curing of industrial products
(textile and marine),crop drying, effectively used
for curing/drying of concrete/clay building
components and heating of buildings to maintain
a comfortable environment especially during a
winter season Tchinda, [3].

2. APPLICATION OF
ROUGHNESS

ARTIFICIAL

Whenever air flows over a heated surface, a very
thin layer exists below the core turbulent region
in which the flow remains predominantly laminar
due to viscous effects called “laminar sub layer®.
Due to this viscous sub layer, the heat transfer
rate from absorber surface to air is very low.
Therefore the introduction of artificial roughness
is to break that sub layer and creates local wall
turbulence due to separation and reattachment of
flow between two consecutive roughness
elements. Thus instability created by various
roughness elements significant enhances the
heat transfer rates between the absorber surface
& flowing fluid (air). Hence, artificial roughness in
the form of ribs is commonly used in various

systems such as turbine blade cooling channels,
heat exchangers, nuclear reactors and solar air
heaters.

Many studies have been reported using
experimental and theoretical approaches to
improve the performance of solar heaters

systems. Prasad and Saini [4] experimentally
investigated the effects of the rib height and rib
pitch on the heat transfer rate and friction factor
in a solar air heater duct with transverse wire ribs
on the absorber plate. Their results showed that
the maximum enhancements in Nusselt number
and friction factor were 2.38 and 4.25 times,
respectively, compared with those observed in
smooth ducts. Yadav and Bhagoria [5-7]
numerically investigated the effects of transverse
wire ribs, transverse square ribs, and transverse
triangular ribs on the heat transfer and fluid flow
characteristics in solar air heaters. The results
showed that the average Nusselt number
decreases with increasing the relative rib pitch,
and it increases with increasing the relative rib
height.

Singh et al. [8] performed a three-dimensional
numerical investigation to study the effect of non-
uniform cross-section transverse rib on the
Nusselt number and friction factor of a solar air
heater. Their results showed that the non-uniform
cross-section saw-tooth rib results in higher
Nusselt number than uniform cross-section ribs
for Reynolds number above 7000. Promvonge [9]
experimentally investigated the friction and heat
transfer characteristics in a rectangular channel
fitted with multi V-shaped thin ribs. The results
showed that, due to a better fluid mixing from the
formation of secondary flows, the multi V-shaped
ribs provide drastic increases in Nusselt number
and friction factor over a smooth wall channel.
Chaube et al. [10] conducted two dimensional
CFD-based analysis of an atrtificially roughened
solar air heater having ten different ribs shapes,
namely, rectangular, square, chamfered,
triangular, and so forth, provided on the absorber
plate. CFD code, FLUENT 6.1 and SST k-w
turbulence model were used to simulate turbulent
airflow. The best performance was found with
rectangular rib of size 3 x 5 mm, and CFD
simulation results were found to be in good
agreement with existing experimental results.
Sharma and Thakur [11] conducted a CFD study
to investigate the heat transfer and friction loss
characteristics in a solar air heater having
attachments of V-shaped ribs roughness at 60°
relative to flow direction pointing downstream on
underside of the absorber plate. Authors
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observed, Nusselt number increases 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 roughness pitch. Kumar
and Saini [12] carried out CFD based analysis to
fluid flow and heat transfer characteristics of a
solar air heaters having roughened duct provided
with artificial roughness in arc shaped geometry.
The heat transfer and flow analysis of the chosen
roughness element were carried out using 3-D
models. Authors reported that Nusselt number
has been 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 (a/90). Close [13]
discussed solar air heaters for low and moderate
temperature applications. It has been found that
the main thermal resistance to the heat transfer
is due to the formation of a laminar sub-layer on
the heat transferring surface, which can be
broken by providing artificial roughness on the
heat-transferring surface. The artificial roughness
has been used extensively for the enhancement
of forced convective heat transfer, which further
requires flow at the heat-transferring surface to
be turbulent. However, the artificial roughness
results in higher frictional losses leading to
excessive power requirement for the fluid to flow
through the duct, several works from Yadava
group have investigated for square-sectioned
[14], turbulence effect [15], artificial roughness
effects [16,17], thermo-hydraulic effect solar air
heaters using computational tools. The main
purpose of this work is to study the effect of
Nusselt Number Dependence on Reynolds
Number in Solar Air heaters of varying
Constructal Rib Geometries using computational
fluid dynamics (CFD). The findings from this
study are expected to benefit in design engineers
in determination of optimized geometric shape
and optimum thermal performance of solar-air
dryers which could find usage in clean energy
processing of agricultural produce.

2.1 Modeling and Numerical Simulation

Model of the solar air collector duct was
designed according to the guidelines proposed in
the ASHARE standard [18]. The entire solar
collector was made of Aluminum and sectioned
into three namely, Entrance length (L,), Test
length (L,) and Exit length (L3).The absorber
plate’s thickness was 0.5 mm which was placed
on top of the test length of the channel and
artificial roughness ribs with various ribs

geometries were mounted at the underside of the
absorber plate in the channel running
perpendicular to the flow direction is shown in
Fig. 1. Fig. 2 represents simulation procedure in
COMSOL multiphysics. The underneath and two
sides of the collector were subjected to adiabatic
condition. The geometrical and operating
parameters employed in this CFD investigation
are listed in the Table 2 and visualization of
uniform mesh distribution for ribs are shown in
the Figs. 3, 4 and 5.

Table 1. Thermo-physical properties of air
and absorber plate for CFD analysis

Properties Air Aluminum
Density [kg/m°] 1.225 2719
Specific heat 1006.43 502.48
[J/kgK]

Thermal 0.0242 202.4
conductivity

wmK™* ]

Viscosity [kg/m.s] 1.789x10°

Table 2. Range of geometrical and operating
parameters for CFD analysis

Geometry and Range
operating parameter

Entrance length of the 240
Duct “L1" (mm)

Test length of the Duct” 300
L2" (mm)

Exit length of the Duct 120
“L3” (mm)

Width of the Duct “W” 150
(mm)

Depth of the Duct 20
“H’(mm)

Hydraulic Diameter of the 35.294

Duct “Dy” (mm)
Duct aspect ratio “W/H” 7.5

Rib height “e”(mm) 1,2and 3

Rib pitch “P”"(mm) 10,20,30and 40
Reynolds number “Re” 100-2000
Prandth number “Pr” 0.7441

Relative roughness Pitch 5,10, 15, 20 and

“Ple” 2.5,5,7.5,10 and
1.7,3.3,5,6.7

Relative roughness 0.02833,0.0567

height “e/D” and 0.08500

Uniform heat flux 1000

“"(w/m?)
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Fig. 1. Geometry of two dimensional computational domain for the solar air heater

2.2 Mesh Generation

Triangular mesh was generated around the
Constructal geometries. The setting size for the
meshes around the fluid element was selected
and calibration was done to obtain the mesh
statistics as: maximum element size 1.34,
minimum element size 0.6, resolution of
curvature 0.4, maximum element growth rate 1.2
was used for the simulation. Therefore, more
cells were produced near the ribs which are very
thin in nature when compared to the height of the
flow field. All the meshes created in various
shapes were user-controlled mesh and
automatically generated. The analysis was
carried out with 2D mesh in order to save the
computer memory and time of computation.

2.3 Mathematical Modeling

The equation considered for this study was
solved using finite element based COMSOL
Multiphysics  software packages for two-
dimensional planes. The equations are continuity
equation, Navier-stokes equation and energy
equation. Post processing of results obtained
was implemented using MATLAB. Assumptions
were considered to simply the analysis. The
assumptions are:

(i) The solid material made of the entire
domain is homogenous and isotropic
except fluid (air).

(i) The working fluid is incompressible i.e. air
for the operating range of solar air heaters.

(iii) The flow is steady, fully developed, laminar
and two dimensional.

(iv) Thermal conductivity of the duct wall,
absorber plate and the roughness
elements does not change with
temperature.

(v) No-slip boundary condition was assigned
to walls in contact with the fluid in the
model.

(vi) Heat losses and radiation heat transfer are
negligible.

Fig. 2. Simulation procedure in COMSOL
multiphysics
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Fig. 3. Visualization of rectangle mesh
distribution
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Fig. 4. Visualization of square mesh
distribution
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Fig. 5. Visualization of semi-circle mesh
distribution

When the viscous dissipation is negligible, the
continuity, momentum, and energy equations
reduces for steady, incompressible, laminar flow
of a fluid with constant properties over a flat plate
to:

ou
ox

Continuity equation — + Z—; =0 1)

. ou du _ pdtu
Momentum equation u Pl Vo =052 2)

- o 4 0T — Hep 2T
Energy equation u—+ Vo =k 52 3)
Where, a = :—r =”kﬂ and the boundary condition

are u(x,0)=0,v(x,0)=0 and

T(x,0)=Ts, 4
The hydraulic mean diameter of duct is
determined as:

Dh _ 4(WH) (5)

T 2W+H)

The Reynolds number used defined as:

= (©)

v

The convective heat transfer coefficient for the
test section defined as

h, =—2 ©)

T Ty-Ty

The average air temperature in the duct is
defined as follows:

Ti=To
Ty === (€

The dimensionless Nusselt number for artificially
roughened solar air heater is obtained by

hyD
Nur = Th (9)

The dimensionless friction factor for the artificially
roughened solar air heater is defined by

_ (ap/L)D;
fr_ 2pU?

(10

3. RESULTS AND DISCUSSION

The graphs below shows the variation of Nusselt
number on Reynolds number for various
Constructal ribs obtained after simulation for
various value of velocities, constant temperature
and pressure.

18—
| lDh=0.02833 |

16 ple = 10
/e = 20
14| == ple = 30
il ple = 40
12| mmmmmm smooth duct

10}

Nusselt number, Nu

0 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Reynolds number, Re

Fig. 6. Variation of Nusselt number on
Reynolds number for square rib at roughness
height (e=1)

For the Constructal geometric ribs investigated
(square, rectangle and semi-circle) in this study,
the numerical values of Nusselt number (rough)
has been calculated from CFD analysis at
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different Reynolds Numbers (100-2000), at fixed
value of relative roughness height (0.0253) and
varies the value of relative roughness pitch for
Figs. 6, 7 and 8. It was observed that the value of
Nusselt number obtained increases with the
value of Reynolds number increases, due to
interruption of the laminar sub-layer, which
results into turbulence, separation and
reattachment leading to higher heat transfer rate
in the solar air heater. The value of Nusselt
number is maximum for the rectangle transverse
rib at 33.61 corresponding to the value of
Reynolds number (2000).

35 T T T T

ple=10 €/D=0.02833
i p/e=20
30 ple=30
ple=40
25 smooth duct

20+

15

Nusselt number, Nu

0 L L L L L L L L L
0 '200 400 600 800 1000 1200 1400 1600 1800 2000
Reynolds number, Re

Fig. 7. Variation of Nusselt number on
Reynolds number for rectangle at roughness
height (e=1)

20

ple=10 €/D=0.02833
18| =il ple=20
ple=30
16| === p/e=40
+ smooth duct

Nusselt number, Nu
=
o

0 I I
0 200 400 600 800

. . . . .
1000 1200 1400 1600 1800 2000
Reynolds number,Re

Fig. 8. Variation of Nusselt number on
Reynolds number for semi-circle at
roughness height (e=1)

14

121

10F
=
> 8-
=3
1=
= €ID=0.0567
4 L
ple=5
== p/e=10
2r ple=15

ple=20
0 ‘ ‘ ‘ ‘ ‘ ‘ smooth duct
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Reynolds number,Re

Fig. 9. Variation of Nusselt number on
Reynolds number for square rib at roughness
height (e=2)

18

= - — =
o N ~ >
T T T T

)
T

Nusselt number,Nu

€/D=0.0567 -

o
T

== p/e=20
+ smooth duct

L L L
800 1000 1200 1400 1600 1800 2000
Reynolds number,Re

0 1
0 200 400 600

Fig. 10. Variation of Nusselt number on
Reynolds number for rectangle rib at
roughness height (e=2)

In case of Figs. 9, 10 and 11 increase in the
Reynolds number leads to increase in Nusselt
number in all geometry ribs. The Nusselt number
is higher for semi-circle (19.06) at fixed relative
roughness height value of 0.05667 for a
Reynolds number value of 2000 for Fig. 11. It
can be seen that the value of Nusselt number for
ribs are higher when compared the value of
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Nusselt number obtained for smooth duct.
Therefore, heat transfer will be more in semi-
circle transverse rib when compared to square
transverse rib and rectangle transverse rib.

20

€/D=0.0567
18 ple=5 4
—— /e=10
ple=15
== p/e=20

+ smooth duct

—
~

-
~

©
T

Nusselt number,Nu
=
o

0 L L L L L L L L L
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Reynolds number,Re

Fig. 11. Variation of Nusselt number on
Reynolds number for semi-circle rib at
roughness height (e=2)

Nusselt number,Nu
[=2]

€/D=0.08500
ple=3.33

e /e=6.67

ple=10

ple=13.3
‘ ‘ ‘ ‘ ‘ ‘ smooth duct

0
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Reynolds number,Re

Fig. 12. Variation of Nusslet Number on
Reynolds Number for Square roughness
height (e=3)

Figs. 12, 13 and 14 also show variation of
Nusselt number with Reynolds number. It was
observed that for all transverse ribs the Nusselt
number increases with an increase in Reynolds
number for roughened ribs as well as smooth
duct considered. Fig. 14 has the highest Nusselt
number of 20.81 corresponding to Reynolds

number value of 2000 at fixed relative roughness
height of 0.08500 when compared to Figs. 12
and 13.

18

16+ b

14 g

12+

10+

Nusselt number,Nu

€/D=0.08500
ple=3.33

=0 p/e=6.67
ple=10

el p/e=13.33

‘ ‘ ‘ ‘ ‘ ‘ +smooth duct

00 200 400 600 800 1000 1200 1400 1600 1800 2000

Reynolds number,Re

Fig. 13. Variation of Nusselt number on
Reynolds number for rectangle at roughness
height (e=3)
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Nusselt number,Nu
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I I
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Fig 14. Variation of Nusselt number on
Reynolds number for semi-circle at
roughness height (e=3)

3.1 Validation of Results

The present CFD Numerical simulation result of
the artificially roughened solar air heater with
sectioned transverse rib roughness has been
validated with results of authors mentioned
above in Table 3. It can be seen that the range of
Reynolds number of present study considered
are extremely far while the relative roughness
height and relative roughness pitch. Therefore,
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the trends of the result are similar, since they all
show appreciable heat transfer enhancement.
Yadav and Bourgnia [19] concluded that Nusselt
number values decrease with increase in the
relative roughness pitch (P/e) for fixed relative
roughness height (e/D). Also in the present study
the value of Nusselt number decrease with
increase in the relative roughness pitch (P/e) for
fixed relative roughness height (e/D). This is due
to the fact that with the increase in relative
roughness pitch, number of attachment points
over the absorber plate reduces. The maximum
value of Nusselt number for this study is obtained
at lower relative roughness pitch likewise the
maximum value of Nusselt number was obtained
at lower relative roughness pitch for Yadav &
Bourgnia [20]. Also, Soi et al. [21] reported that
relative roughness height (e/D) was kept fixed
while relative roughness pitch was varied for a
given type of artificial roughness, Nusselt number
increase with an increase in Reynolds number
for smooth as well as roughened plate which is in
agreement with the present study.

Table 3. Comparison of present and previous
study for CFD obtained

Parameters Present Yadav Aman
study and Soi
Bourgnia (2010)
(2013)
eld 0.028 0.03 0.029
Re 100- 3000- 4000-
2000 18000 16000
Ple 10 10 8.3
Nu 4- 35 25-130 10-70

4. CONCLUSIONS

A 2D heat transfer in minichannels with
geometric varieties of Constructal shapes has
been investigated. Numerical analysis of different
Constructal geometry parameters of artificial
roughness on the absorber plate were performed
for different configurations of rib roughness and
values of Reynolds number (100 - 2000). In view
of present CFD predictions the following
conclusions are drawn:

(1) It was found that for various construct rib
geometry the dependence of Nusselt
number increases with the increases in
Reynolds number for various values of
relative roughness pitch (p/e) and at
constant relative roughness height (e/Dy,).

(2) The present study observed that Nusselt
number considerably increased with

roughness pitch for square and rectangular
shaped rib geometries while it decreases
slightly for semi-circle ribs but remains
unchanged in smooth or ribless ducts.
Therefore, the conclusion can be made
that rectangular and semi-circle shaped
ribs offer a promising design application in
construction of micro solar-air heaters.

(3) The findings showed that geometric shape
optimization could be insisted during
design process for optimum utilization of
thermal energy which could directly impact
on the performance of the entire system
set-up for solar air dryers.
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