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ABSTRACT
The study presents a performance evaluation of a solar collector for heating air roughened with multiple broken arc shaped ribs combined with
circular protrusion in arc shape on the back side of absorber plate. Simulation work has been carried out in ANSYS FLUENT (v14.0) platform with
RNG k-Ɛ model at constant heat flux 1200 w/m2. In order to compare the thermal-hydraulic performance of the proposed design for a range of
reynolds number (3000 to 18,000). A significant improvement is observed in Nusselt number at high Reynolds Number (above 8000).The rib
roughness has relative roughness pitch of 12, 16, 20 and 24, height of broken arc rib is 1.6 mm. Further, the thermal efficiency, obtained in the
present work has been compared with those obtained for other roughness geometries available in the literature for common roughness parameters
and operating parameters to validate the results. It has been observed that above used geometry can significantly improve nusselt number in range
(2.3-4.5¬) and friction factor value ranges from (1.3-3.8) in comparison with smooth duct. Value of friction factor has been reduced compared with
other previous research work. The thermal hydraulic performance factor of solar air heater is 3.11.This new geometry increases nusselt number with
very little increase in friction factor and hence longer life and more economical than previous geometries.
Keywords: Solar air heater, CFD, Nusselt Number.

1. INTRODUCTION
Energy is the one of the most important need of mankind, be it proving light or be it to run machines. Energy in
different forms and functions has portrayed a very important role in the extensive economic boom and
industrialization. For coming generations, we need to depend on the source which can provide infinite energy. Solar
energy can be said to be one of those forms which is freely available, and easily accessible and of course is nonpolluting in nature. It is considered to be an indispensable source of energy to meet the growing demand for the
sustainable development and to control the global climate change. The need to enhance the thermal performance of
heat exchangers, consequently, effecting energy, material, and cost savings as well as a consequential mitigation of
environmental degradation had led to the development and use of many heat transfer enhancement techniques.
There are several devices like solar water heater [1-2] and solar air heater [3-4] are used to harness the solar energy.
Many researchers have conducted numerical study of solar air heater [5-9]. CFD is a vital tool to analyze thermal
systems [10-11].

Kumar et.al [12] carried out 3D CFD investigation of solar air heater using broken curved ribs and concluded that
these ribs augmented thermo-hydraulic performance. Gupta and Varshney [13] carried out CFD study of solar air
heater, they concluded that by incorporation of sectioned tapered rib thermal performance of Solar air heater
enhances. Gupta et.al [14] concluded that transverse ribs enhance the heat transfer rate of air flowing in solar air
heater duct.

2.1 Objectives of Present Work
The objectives of the present work are shown as follows:
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(1) To study the effect of variation in the Reynolds number (Re = 3000, 6000, 9000, 12000, 15000, 18000) on
the fluid flow characteristics, heat transfer characteristics, and friction characteristics.
(2) To study the effect of variation in the dimple pitch height and boot shaped ribs distance (p/e = 12 – 24) and
the fluid flow characteristics, heat transfer characteristics, and friction characteristics.
(3) To study the effect of variation in relative roughness height (e/Dh) = 0.030.

3. METHODOLOGY
3.1 INTRODUCTION
The section represents the design and CFD analysis of a solar rectangular model which consist different roughened
parts as S-shaped with gap and protrusion dimple roughness. The model of solar air heater is designed in
3-Dimensional form by software Ansys workbench. Ansys fluent provides dealing with all modeling in case of any
type of working fluid can be accomplished. Analysis of the rectangular channel was done by Computational fluid
dynamics (CFD) and the design is taken in the form of 3-Dimensional CFD.

In the section CFD is used for calculation of the construction of the model and is devoted to solve the all types of the
energy equation. The study of the model created to analyse the working fluid flow as air and heat transfer
enhancement characteristics in a rectangular duct with different variation in the combination of S-shaped and
protrusion dimple ribs roughness. Here, the selection of suitable turbulence model made on the basis of the
literature survey and experimental research paper. The computational processes in solving the simulation using the
ANSYS-CFD are presented in the following subsections.

This model is used to define the condition of heat transfer and friction factor in the solar Rectangular channel. The
some parameters had taken from validated paper V-shaped, Multi v-shaped, and Multi v-shaped with gap
geometries roughness which contain Heat transfer, friction factor, solar air heater, CFD, artificial roughness
presented by Ravendra Kumar Ray and Dr. A. R. Jaurker.

Figure 3.1 Design of the combination of Continuous S – shaped with gap roughness and Protrusion dimple shaped
roughness.
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3.2 PARAMETERS
S. NO.

PARAMETERS

RANGE OF VALUES

Rectangular channel Total Length, L

1500 mm

Channel Entrance Length, L1

400 mm

Channel Test Length, L2

900 mm

Channel Exit Length, L3

200 mm

3

Channel Width, W

200 mm

4

Channel Height, H

30 mm

5

Relative Roughness Pitch, p/e

12, 16, 20, and 24

6

Hydraulic Diameter,

52.18

7

Relative Hydraulic Diameter Ratio ,

0.030

8

Roughness ribs Height, e

1.6 mm

9

Uniform Heat Flux, I

1200

10

Reynolds Number, Re

3000, 6000, 9000, 12000, 15000 and 18000

1

2

Pitch
11

space

S-shaped

with

between

the

protrusion

continuous 19.2, 25.6, 32 and 38.4
dimple

rib

Roughness, P
12

13
14
15

16

17
18

Diameter of the protrusion dimple shaped, 0.3 mm and 0.5
Dp
Space pitch between the protrusion dimple 0.7 mm
Shaped, Pd
Prandtl Number, Pr

0.707

Width of the continuous S-shaped roughness 40 mm
rib, ⱳ
Relative channel width to S-shaped rib width 5
ratio, W/ⱳ
Gap between the S-shape and protrusion 0.5 mm and 1.5 mm
dimple, Gsp
Gap between the continuous s-shaped, g

0.6 mm

In the solar rectangular duct quadrilaterals and hexahedral meshing is used, quadrilateral for Protrusion dimple and
hexahedral for s-shaped with gap roughness. When adaption is employed appropriately the resulting mesh is most
favourable for the flow solution. Thus, to avoid wastages of the computational resources the addition of
unnecessary cells was stopped. As shown in table after 796554 numbers of cells and number of nodes are used
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236789, the variation in the value of heat transfer is negligible. The grid independence table 3.2 shows the perfect
number of cells and nodes where the variation in the Nusselt number is negligible.

3.3 Grid Independent Test
S. No.

Number

Number

Nusselt

of nodes

of cells

number

1

156648

456447

58.9592

2

197065

780990

79.0655

3

276789

1296554

38.3556

4

312344

1567677

38.9577

3.4.1 Continuity equation
The mathematical expression of the principle of conservation of mass applied to an elemental control volume
within a fluid under motion is known as continuity equation and is given by:
⃗

⃗

⃗⃗⃗

(3.1)

This is the mass continuity equation for three - dimensional steady flow fluid and it has no breaks in it.

3.4.2 Momentum equation
It is based on law of conservation of moment or on momentum principle for turbulent flow field, which state that
the net force acting on a mass acceleration fluid equal to the change in momentum of flow per unit time in the
direction.
X- Momentum equations:
(⃗

⃗

⃗

⃗
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Y- Momentum equation:
(⃗

⃗

⃗

⃗

⃗⃗⃗

⃗

)

Z – Momentum equations:
(⃗

⃗

⃗

⃗

⃗⃗⃗

⃗

)

3.4.3 Energy equation
Assuming that the flow is steady and incompressible with constant thermal conductivity no compression work and
without heat generation for steady turbulent flow:
In this case no viscous heating,
⃗

⃗
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3.5 Validation
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Figure 3.2 Validation with Experimental research paper results of Ravendra Kumar Ray and Dr. A. R. Jaurker.

4. RESULTS AND DISCUSSION
4.1 VELOCITY CONTOUR
Velocity contour in presented by the help of Ansys fluent workbench which is performed in the form of graph after
conclusion the numerical investigation of the designer of the solar absorber rectangular plate. The velocity contour
is a verification method of the average velocity of the working fluid flowing in the designed rectangular channel
and the velocity of the working fluid as air circulated around the cross sectional area of the solar air heater.

Figure 4.1 Variation in the velocity contour

The figure 4.1 shows the variation in the velocity contour with respect to the variation in the parameters. There are
number of parameters used to examine the contour graph when contour required explaining the number of variation
like variation in the Reynolds number. The figure shows the change in the velocity of air at the gap g = 0.6 mm
taken between the continuous s-shape, the gap g = 0.6 mm is a more desired part of the solar absorber plate to
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passes the air and circulation around the surface. We can see that reattachment zone is a mixing flow of the warm
and cool air as upward and downward flow. The upward and downward reattachment zone calculate the heat
transfer characteristic at space between the s-shaped with gap and between the protrusion dimple Gsp = 0.5 mm and
protrusion dimple Dp = 0.3 mm. the velocity changes from 0 m/s to 25.55 m/s at Reynolds number Re = 18000 and
more successful relative roughness pitch p/e = 20.

250

Gsp = 1.5 mm at p/e = 12
Gsp = 1.5 mm at p/e = 16
Gsp = 1.5 mm at p/e = 20
Gsp = 1.5 mm at p/e = 24

Nusselt number

200

Dp = 0.3 mm, e/Dh = 0.03, g = 0.6 mm

150

100
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0
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9000

12000

15000

18000

Reynolds number
Figure 4.2 shows the variation in the Nusselt number with respect to the Reynolds number

0.025

Gsp = 0.5 mm at p/e = 12
Gsp = 0.5 mm at p/e = 16
Gsp = 0.5 mm at p/e = 20
Gsp = 0.5 mm at p/e = 24

Friction Factor

0.02
0.015
0.01
0.005

Dp = 0.3 mm, e/dh = 0.03, g= 0.6 mm
0
3000

6000

9000

12000

15000

18000

Reynolds number
Figure 4.3 shows the variation in the friction factor with respect to the Reynolds number Re = 3000 – 18000
This figure 4.2 shows the comparison between the Nusselt number and Reynolds number Re = 3000 – 18000. In
this figure can see that the maximum Nusselt number of the solar rectangular channel Nu = 218.2725 is obtained
when the space between the s-shaped with gap g = 0.6 mm and protrusion dimple increase Gsp = 1.5 mm at
diameter of the protrusion dimple Dp = 0.3 mm and relative pitch roughness p/e = 20, at p/e = 12 we obtained
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minimum Nusselt number Nu = 140.6336 at same fixed values given in the figure, at relative pitch roughness p/e =
16 the Nusselt number is Nu = 173.348, at relative pitch roughness, p/e = 24 the maximum nusselt number starts to
decrease and finally achieved Nu = 185.45796. These results of the inserted roughness parts in the smooth solar
rectangular channel also compared with smooth rectangular channel and in case of smooth channel the Nusselt
number is Nu = 48.23088.
In this figure 4.3 the comparison between the friction factor and Reynolds number Re = 3000 – 18000 for the
variation in the relative pitch roughness p/e = 12, 16, 20, and 24. In the figure can see that the friction factor
increasing with increasing in the relative pitch roughness (p/e = 12) because less reattachment zone deform around
the roughness and low heat transfer generated in the region and another section low Reynolds number (Re = 3000)
where friction factor increased the main reason is low velocity or recirculation of warm air around the surface due
to the problem air is trapped and produced high stress in the designed part. The maximum friction factor Fr =
0.01554118 at relative pitch roughness p/e = 20 the space between s-shaped with gap, g = 0.6 mm and protrusion
dimple Dsp = 0.5 mm and diameter of the protrusion dimple Dp = 0.3 mm, and at p/e = 12 the minimum friction
factor Fr = 0.01092649 at the same space Dsp = 0.5 mm and diameter of the protrusion Dp = 0.3 mm, at p/e = 16 the
friction factor Fr = 0.01237849 and at p/e = 24 the friction factor Fr = 0.01431569 starts to decrease with compare
to the p/e = 20. All the results are compared with smooth friction factor Fr = 0.00660241.

4.4 Thermal hydraulic performance
The thermal hydraulic performance so solar absorber channel in which roughness is used based on the working
fluid as air velocity and temperature. The thermal performance is increased with turbulence of the working fluid
and Thermal hydraulic performance is given by the scientific researcher Webb and Eckert.
ɳ=

(

⁄
(

⁄

)

(4.1)

)

3.5
3

THPP, η

2.5
2

1.5
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1
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0.5
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Figure 4.4 shows the variation in the thermal hydraulic performance with respect to the Reynolds number
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5. CONLUSION
The following conclusions have been examined on the basis of the given numerical investigation.
1. The presented results calculated from the designed solar absorber rectangular channel which is based on the k-e
turbulent model. This k-e model is more effective near the wall and around the roughness to calculate and capture
the successfully heat transfer and friction characteristic surface area of the solar air heater.
2. The introduction of the rectangular channel with artificial roughness enhances the heat transfer and friction factor
coefficient compared with smooth channel.
3. The heat transfer rate increased and friction factor decreased with increased in the Reynolds number with respect
to the various values of the parameters.
4. The maximum Nusselt number Nu = 218.2725 is obtained at relative pitch roughness p/e = 20, space between the
s-shaped with gap g = 0.6 mm and protrusion roughness Gsp = 1.5, diameter of the protrusion roughness Dp = 0.3
mm and Reynolds number Re = 18000.
5. The minimum friction Fr = 0.00872538 is examined at the relative pitch roughness p/e = 12, space between the
s-shaped with gap g = 0.6 mm and protrusion dimple Gsp = 0.5 mm and diameter of the protrusion roughness Dp =
0.5 mm and Reynolds number Re = 18000.
6. The heat transfer rate as Nusselt number increased in the range of 2.3 – 4.5 times as compared to smooth channel
and the friction factor increased 1.3 – 3.8 times as compared to the smooth duct.
7. The maximum thermal hydraulic performance η = 3.11747136 obtained at the space between the s-shaped with
gap g = 0.6 mm and protrusion roughness Gsp = 1.5 mm and Diameter of the protrusion roughness Dp = 0.3 mm.
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