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ABSTRACT

Metal duct or channels of rectangular cross section with black selective coating has an application in solar air
heaters. Increase in heat transfer rate is achieved by suitably modifying the absorber surface with fins, corrugations, honey
comb structure etc. In the present article numerical study is performed using computational fluid dynamics (CFD) on a
rectangular metal duct having transverse square wire rib roughness of small diameter created artificially on the absorber
surface. The design parameters of the analysis are the flow Reynolds number, hydraulic diameter roughness pitch and
height. The 3D analysis is performed using ANSYS FLUENT 12.1 code with Renormalization-group (RNG) k-¢ model
having the mesh model under five lakh nodes to investigate the heat transfer and fluid flow characteristics. The results of
smooth duct are compared with results from literature and found to be in good agreement. The ratio of increase in heat
transfer to friction factor referred as energy gain ratio with the use of artificial roughness is estimated for range of
parameters and optimum performance condition is arrived. The maximum value of energy gain ratio is about 1.31 times

more compared to the plain duct for the range of operating parameters investigated.

Keywords: solar air heaters, artificial roughness, energy gain ratio, CFD, heat transfer enhancement.

INTRODUCTION

The conversion efficiency of most of the solar
thermal devices are found to be less because of poor heat
transfer rate between the surface absorbing the radiant
energy from sun to the fluid to be heated. A solar sir heater
is thermal device used for space heating, drying
agricultural products, curing of industrial raw material
etc., One important aspect of solar air heaters are that they
do not require continuous maintenance because of its
simple design [1]. For enhancing the heat transfer
performance between the fluid and the hot surface, passive
techniques were used by researchers since no external
source is required in the system except additional power
[2].

The heat exchange process can be increased by
different passive techniques such as rough surfaces,
treated surfaces and extended surfaces along with insertion
of turbulent promoters in the annulus of heat transfer
region [3]. Joule [4] was the first to use the concept of
artificial roughness for heat transfer enhancement and the
technique was used by many researchers in their
experimental investigations specifically in the area of gas
turbines, electronic equipment, heat exchangers, etc. Kays
[2] studied the thermal characteristics using thin wires of
small diameter having relative pitch in the range of 10 to
20. Similarly, heat transfer studies with modified absorber
plate configurations were carried out by Gupta and Garg
[5] to study the performance of different solar air heaters.
The effect of heat transfer coefficient using transverse ribs
is studied by Prasad and Mullick [6] and tried with
experimental studies to determine an optimum roughness
parameter for attaining maximum heat transfer. V-shaped
ribs were used by Momim et al., [1] in their experimental
studies to study the heat transfer and fluid flow of solar air

heaters having rectangular duct and ribs placed underneath
the absorber plate. Many researchers has under gone
experimental studies on application of artificial roughness
to absorber surface of the solar air heater but a few
researchers have performed simulation studies on increase
of the heat transfer rate and fluid flow analysis to validate
the experimental results [7-16]. Karuppa Raj and Srikanth
[17] performed CFD simulation on shell and tube heat
tube heat exchanger to study the heat transfer phenomenon
by varying the baffle inclination. Sekhar et al., [18]
studied the heat transfer and fluid flow characteristics
inside a pipe using nanofluids and twisted tapes by
experimental analysis and showed enhancement with use
of passive techniques and nanofluids for solar
applications.

Most of the CFD simulations performed
considering artificial roughness provided by ribs of
different cross sections was of 2-dimensional form. Saha
and Acharya [8] studied heat transfer and turbulent flow
characteristics of rotating ribbed ducts of different aspect
ratios using averaged Navier-Stokes procedure. Numerical
investigations in a tube with circular cross-sectional rings
were carried out by Ozceyhan et al., [9]. The effect of
thermal boundary conditions on heat transfer in rib-
roughned passages was carried out by laccarino et al.,
[10]. Chaube et al., [14] reported the results of CFD their
studies performed on solar air heaters with absorber
surface having provided with artificial roughness to study
the effect of roughness on heat transfer. The artificial
roughness provided on the absorber plate will affect the
heat transfer since the laminar sub-layer formed close to
the absorber plate is distrubed and the flow becomes
turbulent [15]. Yadav and Bhagorai [19] had presented a
detailed review on heat transfer and fluid flow analysis on
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solar air heaters using artificial roughness and stated that
for two-dimensional CFD simulation of solar air heater
Renormalization-group (RNG) k-¢ model yields the best
results compared to other turbulence models. CFD
simulation predicts the exact physical phenomenon of
fluid flow happening in a duct with great accuracy and a
few groups have tried the simulation of solar thermal
devices. However, the results of CFD depend on the
computational limitations and flow pattern considered.

In the present work, numerical investigation
using CFD is carried out on a rectangular duct of a solar
air heater having small transverse square ribs of 1mm’
attached on the absorber plate. Three -dimensional
analysis is performed with the fluid flow assumed to be of
turbulent nature. The top surface of the duct is subjected to
constant heat flux boundary condition while the lower
surface is insulated. The square ribs are provided on the
surface beneath the top surface of absorber plate and the
other three surfaces are assumed to be smooth. The results
from the analysis are compared with experimental results
available in literature.

The objectives of the present work are:

a. To study the characteristics of heat transfer and fluid
flow inside the rectangular duct by varying the
roughness pitch, roughness height, relative roughness
height and

b. To arrive at an optimal square rib dimension in terms
of energy gain ratio.

To the authors best knowledge three dimensional
CFD analysis on solar air heating duct having small
diameter transverse square ribs below the absorber plate is
scarcely available in open literature till now.

CFD SIMULATION

This section explains about the procedure adopted
in solving the 3-dimensional simulation of solar air heater
duct with artificially roughened transverse square ribs on
surface. To perform the CFD simulation ANSYS
FLUENT (version 12.1) is used to solve the equations of
conservation equations for mass, momentum and energy.
The details of the model are as shown in Figure-1. The
assumptions considered in the computational analysis are
as follows:

a) The fluid flow is turbulent fully developed, steady and
three dimensional

b) The thermal conductivity of the duct wall, absorber
plate and rib material are independent of temperature

c¢) The duct wall, absorber plate and rib material are
homogenous and isotropic

d) The fluid is assumed to be incompressible in the
operating range of the solar air heaters since the
density variation along the width and height is very
less

e) The walls in contact with the fluid are assigned with
no-slip boundary condition

f) The radiation heat loss and other losses are negligible

The rectangular duct of the solar air heater having
the height (H) of 20 and 15 mm and width (W) of 100 mm
was considered. The depth of the duct has been taken as
640 mm as shown in Figure-1. The solution domain used
for the numerical analysis has been generated using ICEM
software as shown in Figure-1.

\

245 mm v )
z

Figure-1. Geometry of three-dimensional computational
domain.

Table-1. Range of parameters.

S. No. Parameter Range
3800-20000
1. Reynolds number(Re) (6 values)
2 Hydraulic diameter 26.087.33.33
(mm)
. 5-6.67
3. Duct aspect ratio (W/H) (2 values)
Heat flux or
4. Insolation(W/m?) 1000
Roughness height (mm) 1
6. Relative roughness ratio 0.0333,0.03833

Table-2. Thermophysical properties of fluid and absorber
plate considered for the analysis.

Absorber
Property Air Plate
(Aluminium)
Density, p (kg/m’) 1.225 2719
Specific
heat,C,(J/kgK) 1006.43 871
Viscosity,u (N/m?) 1.789x107 —
Thermal conductivity,
K(W/mK) 0.0242 202.4

The duct length was divided into three regions i.e., entry
region, test section and exit region as per the ASHRAE
93-2000 recommendations [20]. The top surface of the test
section i.e., absorber plate, was subjected to uniform heat
flux and 1000 W/m? is considered for the computational
analysis. Artificial roughness with square ribs was
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considered at the inner side of the top surface of the duct
while the other three sides were considered as smooth
surfaces. The mesh for the model was done by hexagonal
meshing with 3D blocking using ANSYS ICEM CFD
v12.1 software. The entry and exit regions were created
with coarse mesh where as the test section was generated
with a fine mesh upto 0.001 mm so as to capture variation
of both the thermal and velocity boundary layers. Also, the
quality of mesh obtained was checked for all the elements
and it was found to be at an angle of 90° with determinant
as 1 confirming the uniformity in meshing obtained. The
entry, test and exit regions were named as fluid inlet, fluid
inner core and fluid outlet, respectively. The fluid inlet and
exit regions has one lakh and 60000 elements where as the
fluid inner core has got 2.8 lakh elements to examine the
fluid flow and heat transfer critically at the fluid-rib
regions. The simulations were carried out with varying
number of grid points ranging from 214345, 398478 and
467566 nodal points, but no appreciable change in result
were observed beyond 398478 nodes for square smooth
duct. Similar grid independence studies were carried out
for the simulations carried out. The fluid and solid
interface (FLSO) is defined at the fluid and the rib
interface. RNG k-¢ turbulence model was considered as
suggested by previous researchers, since changes of the
velocity stream lines are minimal. The operating range of
parameters considered for the analysis and the
thermophysical properties of fluid and material are shown
in Table-1 and respectively.

DATA REDUCTION

The degree of utilization of input to the system
represents the performance of any system. To design a
solar air heater, thermal and hydraulic performance is to
be analyzed at different operating conditions. The thermal
performance corresponds to the heat transfer to the
flowing fluid and hydraulic performance concerns to the
pressure drop in the duct [21].

Figure-2. Visualization of the uniform mesh of the
computational domain.

The heat gained by the flowing air through the
duct is given by Yu = MCp(T, =T} (1)

The wall heat transfer coefficient at the test
section is given by:

Qu

=4
A(Tpm —Ty) @)

T is the bulk mean temperature of the air in the duct
The Nusselt number is calculated by:

. hDh
Nu =
Kair 3)

The calculated Nusselt number is verified with
empirical correlation available in literature for smooth
duct of a solar air heater i.e., Dittus-Boelter correlation
given by equation (4) below.

Nu = 0.023Re%8py04 )
Friction factor is calculated by using pressure

drop, AP across the length of the test section and is
calculated by:

e

2p5° ®)

f:

In a solar air heater, the heat transfer to the fluid
should be maximum to maximize the performance of the
system with minimum power consumption to discharge
the fluid. The important parameter to evaluate the system
having artificially roughened dust to that of the smooth
duct is given by Energy gain factor, which gives the
thermal enhancement ratio as defined by Webb and Eckert
[22].

Nug

Energy gain factor = ?,—""" (6)

15

Where [ is the friction factor of the smooth duct given
by Blasius equation [23]

fs = 0.079Re"028 (7

If the energy gain factor is more than unity, it
ensures the effectiveness of the enhancement device and
can be used to optimize the design parameters for better
performance of the system.

RESULTS AND DISCUSSIONS

The performance of the solar air heater having
rectangular duct having artificially roughened square ribs
below the absorber surface is studied by varying the
Reynolds number of flow using 3-D CFD analysis. The
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effect of flow and design parameters on the heat transfer
and friction characteristics in a rectangular duct of a solar
air heating system is simulated using CFD in this analysis.
The enhancement in heat transfer and friction factor values
for duct having artificial roughened square ribs is
compared with smooth duct under similar operating
conditions. To validate the suitability of the present
turbulence model considered, turbulence models such as
Standard k-&¢ model, Renormalization group (RNG) k-¢
model, and Shear Stress Transport (SST) k-® models have
been tested for smooth duct in order to find out the validity
of the models. It is found that the results of Nusselt
number and friction factor obtained from RNG k-& model
for smooth tube is in good agreement with the literature
results of Yadav and Bhagoria [19] and Dittus-Boelter
equation as shown in Figures 3 and 4 respectively thus
validating the present model.

EFFECT OF REYNOLDS NUMBER

Figure-5 shows the variation of average Nusselt
number for different hydraulic diameter and Reynolds
number of flow. The average Nusselt number is found to
increase with increase of Reynolds number due to
enhancement in turbulence intensity resulted by increase
of turbulence dissipation rate and kinetic energy [19].
Figure-6 shows the variation of friction factor for
increasing Reynolds number and various hydraulic
diameters of duct and it can be observed that at lower
values of hydraulic diameter the friction factor is slightly
less. The contour plot of temperature distribution at the
outlet section and along the length of the smooth duct dust
is shown in Figure-7 at Re=3800. Figures 5 and 6 also
depict that there is an enhancement in Nusselt number
with provision of artificial roughness at the absorber tube
bottom surface but there is also a considerable increase of
pressure drop. Figures 5 and 6 reveals that the
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Figure-3. Comparison of Nusselt number for varying
Reynolds number with literature for a smooth duct.
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Figure-4. Comparison of friction factor for varying
Reynolds number with results of literature for
a smooth duct.

increase in Nusselt number enhancement ratio for
roughened absorber surface is about 2 to 2. 6 times
compared to the smooth duct with an increase of 1.7 to 2
times the pressure drop. It can be noticed from the graph
Figure-6 that friction factor reduces with increase of
Reynolds number because of suppression of viscous sub-
layer near the wall. So, for a particular value of relative
roughness pitch and relative roughness height, the value of
Nusselt number increases and friction factor decreases
thus validating the experimental results of Prasad and
Mullick [6] reported for square ribs. A temperature rise of
18°C at the outlet and 8°C along the length of the duct
from the inlet section is observed from the temperature
profiles shown in Figures 7 and 8 respectively. The peak
value of temperature at the outlet section is observed at the
top-heated wall of absorber plate and then it decrease as
the distance from the wall increases. Similarly, the air
temperature is high at the end of the duct is observed as
the air flows towards the outlet section. However, no
change in temperature is observed in the entry section of
the duct. Heat transfer characteristics can also be well
understood with the help of contours of turbulent kinetic
energy. The contour plot of turbulence kinetic energy for
smooth duct is shown in Figures 11 and 12 for two
different Reynolds number. Since the RNG k-¢ turbulence

2
model is used, U, = pC K is considered as the
£
turbulence viscosity, where an increase of k value in the
flow field also increase the heat transfer rate. It is observed
that there is considerable increase in turbulence intensity
factor by an order of 30 times for increase in Reynolds
number from 3800 to 20000 for smooth duct. The
turbulent kinetic energy plot for a duct with artificial
roughness at Re=10000 is shown in Figure-15 for a fixed
value of roughness height and pitch. Figures 14 and 16
show the temperature and velocity distribution along the
length of the duct at Re=10000. It can be observed from
the results that the increase in friction factor for roughened
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absorber is 3 times when compared to smooth duct. The
Energy gain ratio, which is the ratio of increase in heat
transfer to the increase of friction factor with the use of
roughened absorber, is found to decrease with increase of
Reynolds number as shown in Figure-17.
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Figure-5. Nusselt number of smooth rectangular duct
for varying Reynolds number and hydraulic diameter.
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Figure-6. Friction factor of smooth rectangular duct
for varying Reynolds number and hydraulic diameter.
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Figure-7. Contour plot of temperature distribution
at the outlet section of the duct at Re=3800.
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Figure-8. Contour plot of temperature distribution at
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Figure-9. Temperature distribution along the duct at
Re=3800 for smooth duct.
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Figure-10. Temperature distribution along the duct at
Re=20000 for smooth duct.
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Figure-11. Turbulent kinetic energy distribution at
Re=3800 for smooth duct.
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Figure-12. Turbulent kinetic energy distribution at
Re=20000 for smooth duct.
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Figure-13. Temperature at outlet Re=10000 square ribbed
artificial roughened duct.
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Figure-14. Temperature distribution at Re=10000.

CONCLUSIONS

CFD studies are carried out on a rectangular duct
of a solar air heating system having varied hydraulic
diameters to analyze the heat transfer and friction
characteristics with smooth as well as along the duct
length with square ribbed surface below the absorber plate.
For the CFD analysis roughness ratio of 0.03 and
roughness pitch of 14.29 is considered and heat transfer
characteristics are analyzed by varying the hydraulic
diameter. The results show that there is considerable
enhancement in heat transfer followed by increase in
friction factor also.
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Figure-15. Turbulent kinetic energy along the length at
Re=10000 with artificially roughened square ribbed
surface.
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Figure-16. Velocity distribution along the duct for
Re=10000 with ribbed surface.
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Figure-17. Variation of Nusselt number enhancement
ratio with Reynolds number.

An increase in Nusselt number enhancement ratio
of 2.6 times for the absorber plate with ribs is observed to
that of the smooth duct at Re=3800. Also, for an increase
of Reynolds number by 5.26 times, the value of Nusselt
number rise by the order of 4.16 times in the case of
smooth duct. However, the increase of Nusselt number for
the same Reynolds number of flow in the absorber with
artificial roughness is observed to be 3.19 times but
compared to smooth duct the value is more. One of the
important observations from the analysis is that though the
hydraulic diameter of the duct is changed no considerable
change in the Nusselt number and friction factor is
observed as shown Figures 5 and 6. It is found that the
energy gain factor values vary between 1.17 and 1.31 for
the range of parameters investigated. It is observed that
roughened duct gives better energy gain for the studied
range of Reynolds number. In order to validate the present
numerical model, the results are compared with available
experimental results under similar flow conditions. So, it
can be concluded that a lot of duct material can be saved
for air heating since change in hydraulic diameter could
not result any change in heat transfer and provision of
artificial roughness at the absorber surface result in better
heat transfer.

Nomenclature

A Surface Area of the duct, m’

C Specific heat of the fluid, KJ/Kg-K
D diameter, m

f Friction factor

h Heat transfer coefficient, W/m’K
H height of the duct, mm

K Thermal conductivity, W/m?

L length of the duct, m

m mass flow rate, kg/s
Nu Nusselt number

Pr Prandtl number

Q heat flux, W/m®

Re Reynolds number

T Temperature, °c

W width of the duct, mm
Greek symbols

P Density, kg/m’

AP Pressure drop, Pa

& Dissipation rate, m?%/s’

k Turbulent kinetic energy, m%/s’
9 Kinematic viscosity, Ns/m*
0] Specific dissipation rate, 1/s
I Turbulence viscosity
Sub-scripts

b fluid bulk

h hydraulic

pm plate mean

R duct with ribbed surface

s smooth duct

w water

u useful
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