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Abstract : This paper presents the thermal hydraulic performance of a three dimensional rib-roughened solar air
heater (SAH) duct with the one principal wall subjected to uniform heat flux. The SAH duct has aspect ratio of
12.0 and the Reynolds number ranges from 2000 to 12000. The roughness has relative rib height of 0.045, ratio
of dimple depth to print diameter of 0.5 and rib pitch ratio of 8.0. The flow attack angle is varied from 35° to
70°. Various turbulent flow models are used for the heat transfer and fluid flow analysis and their results are
compared with the experimental results for smooth surfaces. The computational fluid dynamics (CFD) results
based on the renormalization k-epsilon model are in better outcomes compared with the experimental data. This
model is used to calculate heat transfer and fluid flow in SAH duct with the compound roughness of V-shaped
ribs and dimples. The overall thermal performance based on equal pumping power is found to be the highest (2.18)
for flow attack angle of 55°. The thermo-hydraulic performance for V-pattern shaped ribs combined with dimple
ribs is higher than that for dimple rib shape and V-pattern rib shape air duct.
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Nomenclature

D . Hydraulic diameter of air duct (m)
e : Rib height (m)
e/D : relative roughness height

E : Total energy (])

f . Friction factor

H : Depth of SAH duct (m)
L

: Length of test section (m)

Nu : Nusselt number

P : Rib pitch (m)

P/e : Relative roughness pitch
D . Pressure (Pa)

Pr : Prandtl number

Re . Reynold number

S : Modulus of strain tensor
s : Length of metal grit rib (m)
St : Stanton number

u : Velocity (m/s)

1% : Velocity of air (m/s)
SAH : Solar air heater

Greek Symbols

ave . Average

1, j, k @ Tensor for 1, j, k direction

S : Smooth surface
Subscript
a . Flow attack angle (°)

. Thermal expansion coefficient

(1/K)
u : Viscosity (Ns/m?)
1 . Turbulent viscosity (Ns/m?)
p . Density (kg/m?)
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n . Overall performance parameter

e . Energy dissipation rate (m%/s®)

1. Introduction

Solar energy is a type of clean and freely
available renewable energy that can be
simply utilized for heating applications upon
conversion into thermal energy by using solar
air heaters (SAHs). Due to their simplicity,
cheapness, and little maintenance requirements,
SAHs are widely used for solar energy
collection. However, Thermal efficiency of
SAH is significantly low because of low
convective heat transfer coefficient between
the absorber plate and air, leading to high
absorber plate temperature and greater amount
of heat losses to the ambient. It has been
found that the main thermal resistance to the
convective heat transfer is due to the
formation of boundary layer on the heat
transferring surface.!® Efforts for enhancing
heat transfer have been directed towards
artificially destroying or disturbing this
boundary layer. Although the use of artificial
roughness on the underside of the absorber
plate can substantially enhance the thermal
performance of the SAH due to increase in
heat transfer coefficient, however, it is
necessary that while creating turbulence to
break the laminar sublayer, the core flow
should not be disturbed so as to avoid
excessive friction losses. This can be achieved
by using artificial roughness with roughness

height being such that it does not project
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deep into the core but just projects out of
laminar sublayer.

The rib roughened surface has wide
application namely in cooling of gas turbine
blades, nuclear reactors, solar air heating
systems etc. The application of artificial
roughness enhances the heat transfer at the
cost of increased value of friction factor and
power penalty. The efforts of the researchers
are always directed towards the proper
selection of the shape and arrangement of
the artificial roughness, which modifies the
boundary layer, enhances the heat transfer
coefficient with minimum pressure drop i.e.
power penalty.>” The concept of artificial
roughness was first applied to enhance heat
transfer coefficients for in-tube condensation
of steam and since then many experimental
investigations were carried out on the
application of artificial roughness in the
areas of cooling of gas turbine, electronic
equipment’s, nuclear reactors, and compact
heat exchangers etc.”® Han et al.” experimentally
investigated the effects of rib shape, angle of
attack and pitch-to-rib height ratio on
friction factor and heat transfer coefficient.
Park et al? presented the results of heat
transfer and friction factor data measured in
short with

turbulence promoters. Lau et al.” carried out

five rectangular channels
experiments to study the turbulent heat
transfer and friction for fully developed flow
of air in a square channel with discrete rib

119 investigated the

turbulators. Zhang et a
effect of compound turbulaors on friction

factors and heat transfer coefficients in

rectangular channels with two opposite
ribbed-grooved walls. Prasad and Mullick'”
were the first who introduced the application
of artificial roughness in the form of small
diameter wire attached on the underside of
absorber plate to improve the thermal
performance of SAH for drying purposes.
Other detailed descriptions of several
experimental investigations on ribs with
different shapes may be found from the
references.’” ? Taslim et al.”” presented the
effect of V-shaped rib roughness with
variation of relative rib height, relative rib
pitch and flow attack angle on heat transfer
and friction factor in a flow through SAH
duct. They reported that the V-shaped rib
showed higher performance compared to the
angled rib. For the range of Reynolds
number and duct aspect ratio normally used
in SAH, the V-shape rib pointing downstream
results in higher heat transfer and friction
factor than those pointing upstream. Momin

% conducted an experimental study on

et al.
heat transfer and pressure drop for the
turbulent flow through a channel with one
wall roughened by using an V-shaped rib.
They varied the flow attack angle of the
V-shaped rib roughness and examined its
effect on the heat transfer and pressure drop
in an SAH. They observed that V-shaped
rib of an extended angled rib benefits in the
formation of two secondary stream cells as
compared to one in case of an angled rib
resultant in still higher heat transfer rate.
Saini and Verma®™ reported the experimental

results of the turbulent fluid flow and heat
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transfer characteristics in a rectangular air
channel with a dimpled roughness shape
attached to the underside of a heated plate.
They changed the range of Reynolds number
from 2000 to 12000 with the relative roughness
heights of 0.018-0.037 and the relative
roughness pitches of 8-12. For the range of
parameters investigated, Nusselt number
was found to be the maximum corresponding
to relative roughness height of 0.0379 and
relative roughness pitch of 10. Computational
Fluid Dynamics (CFD) is another approach
to solve the problem of fluid flow and heat
transfer in a rib roughness air duct. The
benefits of CFD in relation to experiments
are that it is much cheaper and less time
consuming. A critical review of literatures
on rib roughened air duct reveals that very
few studies are used CFD.% 30

To the best of our knowledge, no such
type of CFD study has been reported on an
artificially roughened air duct with V-shaped
ribs combined with dimple ribs. The purpose
of this work was to investigate fluid flow
and heat transfer -characteristics of a
three-dimensional rectangular duct of an air
duct with V with dimpled ribs by adopting
the CFD approach. A commercial CFD
software — ANSYS (Fluent 6.3.26) is used to
predict the heat transfer and flow characteristics
with V-shaped ribs combined with dimple
ribs on the heated plate as artificial roughness.
The main objectives of the numerical
analysis were as follows: (1) Investigate the
effect of flow attack angle on the average

Nusselt number, average friction factor, and

46

thermo-hydraulic performance parameters.
(2) Determination of the optimal thermo—-hydraulic
performance parameter under the same
pumping power constraint to examine the

overall effect of the flow attack angle.

2. Numerical procedure

2.1 Problem description

The three-dimensional air duct model,
depicted in Fig.1, has an L = 1000 mm while
the H is set equal to 25 mm and Wis 300
mm; the hydraulic diameter, D = 4A/P =
2H, is equal to 12.0 mm. The 3 mm thick
wall
constant heat flux of 1000 W/m?® has been
applied. The roughness parameters are
determined by rib height(e), rib pitch(P),

print diameter of dimple rib (dy), angle of

is made up by aluminum and a

attack (@) and the shape of the roughness
elements. For a specific roughness type, a
family of geometrically similar roughness is
possible to identify by changing flow angle
attack while maintaining constant, P/e,

e/D and e/d; The range of dimensionless

roughness parameters employed in this
investigation are given in Table.l.
Table 1 Range of parameters

Parameters Range
Reynolds number, Re 2000 - 12000
Relative roughness pitch, P /e 8.0
Relative roughness height, /D 0.045
Dimple depth/print diameter, e/d, 05
Flow attack angle, a 35° - 75°
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d«=Print dia of dimple rib_O =Angle of attack
P=Rib pitch

Fig. 2 Grid generation of different flow angle attacks

2.2 Grid generation

A grid independence check is essential in
order to get reasonable results, which are
independent of the number of grid cells. In
the present case, a number of runs on
different mesh density are made. To change
the grid density the grid adaption for
temperature gradient is used. If the results

from the finest and the next finest mesh are

nearly equal, the results are considered to be
grid independent. The results given here are
those obtained after satisfying the grid
independence test. The above analyses are
carried out using different selected turbulence
models to find out variation of Nus,. and
Bae with Re for the range between 2000 and
12000 and compared with the experimental
results. The different thermo physical of air
properties like thermal conductivity, viscosity,
specific heat, density involved are evaluated
at working pressure and temperature of air
in the duct. The different V-down shaped
ribs combined with dimpled rib shapes caused
Hence, the

possibility of using two—dimensional domains

secondary streams to occur.

and grids was ruled out. Therefore, 3-D
domains and meshes were selected, as
shown in Fig.2. In order to accurately study
the stream and heat transfer in the inter-rib
regions, adequate meshing at these places
was performed. In other sections, a coarser
mesh was applied. In the current work, the
grids were created using the ANSYS software.

2.3 Governing equations

Three dimensional CFD simulations of the
heat transfer and flow friction appearances
are conducted by using the ANSYS FLUENT.
The simulation was carried out in order to
calculate and explain the experimental
The CFD simulation

of the conservation

conditions. involves

numerical solutions
equations for mass, momentum and energy.
These equations for incompressible streams

can be written as follows.** "

Journal of the Korean Solar Energy Society Vol. 35, No. 4, 2015 47



[=8] BEeeA 8] g

Continuity equation:

—(puj) =0 (1)

Momentum equation:

0 __op 0| O 0
ox. (pulu]) T ow. ow. nl 8z,-+ 8x,-) )
J J J J z
_(puiuj)
Energy equation:
9 _ 0 |(p HyoT
axj(pui )= oz [(Pr+ Ut)BxJ] )

The Reynolds-averaged method of turbulence
simulation requires suitable modeling of the
Reynolds stresses, (pm) in Eq. (2). A
common technique employs the Boussinesq
approximation to relate the Reynolds strains

to the average velocity gradients.

The turbulent viscosity term can be
calculated from a suitable turbulence model.
The appearance of the turbulent viscosity is

specified as

2
= pC L 5)

roe

The transport equations for & and ¢ are:

9 _ 0 |, My 0k
awj (pku]-)— 8xj (M+ ak)axj} )
+ G, —o¢
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0 0 e\ 0€
—(peu;) = —{(,u-l——)—} (7)
oz J oz ) € 0,
€ €
+t O G Goppo
— U,
where G, =— (puiuj)% represents the

J
production of turbulent kinetic energy. The
boundary conditions for the V-shaped ribs
combined with dimple ribs are applied as

experimental conditions.” '®

60

I Experimental results (Smooth surface)
Nu_=0.023Re”Pr’*
so - I Renormalization k-epsiion model
[ Realizable k-epsilon model
I Standard k-epsilon model
[ SST k-omega model

20+
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(A) Re

I Experimental results (Smooth surface)
f=0.085Re "
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0018
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£
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|
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0.008 -
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(B) Re

Fig. 3 Comparison CFD and experimental results
2.4 Validation of numerical model

For validation of turbulence models, the

CFD results of Nus,. and £, were compared
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with experimental data for smooth surface
SAH duct. The following Dittus-Boelter and
modified Blasius equations for Nu and fwere

used, respectively.

Nus,,, = 0.023Re"*Pr’* (8)

fSupe = 0.085Re™ "% 9)

Fig.3 shows the CFD results of Nus,,. and
Bare against Ke for various models compared
with experimental results for smooth surface.
The results by using RNG k—¢ model shows
the best agreement with experimental results.
It is therefore, RNG k-¢ model has been
employed for the present CFD study.

3. Results and discussion

3.1 Thermal counters

Fig.4 shows the velocity profiles for the
V-down shaped ribs combined with dimple
ribs with different values of a = 35°-70°, and
kept other rib parameters used to roughened
an air duct with a fixed value of Re=8000.
It can be seen that the fluid temperature
increases along the distance of the air duct,
and the maximum fluid temperature is found
at the outlet of the air duct. In general, it can
be said that the augmentation of the heat
transfer for different rib surfaces is produced
by the increased turbulence. The supplementary
augmentation might be due to the involvement
of the secondary flow cells of the fluid along
the ribs, which transmitted heated air away

from the heated plate surface. It was found,

out of all the V-rib combined with dimpled
rib roughness shapes investigated, the flow
attack angle of 55° had the highest fluid
temperature (329 K) along the length of the
air duct. This may be explained by the fact
that shaping a long angled rib into a V-down
shaped ribs combined with dimple ribs helps
in the formation of two secondary flow cells
and these secondary flow cells are responsible
for increasing the fluid temperature along the

length of the channel by separating the flow.

(A) a=35°

Fig. 4 Velocity vector .vs flow attack angle (Re=8000)

3.2 Heat transfer and fluid flow
The effect of flow attack angle and its

location on an air duct heat transfer and fluid
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flow characteristics was investigated for
artificial roughened with V-pattern shaped
ribs with compound dimple ribs. The heat
transfer and fluid flow characteristics of the
V-pattern shaped ribs combined with dimple
ribs-roughened rectangular air duct were
calculated on the basis of numerical data
collected for wvarious flow and roughness
parameters. The present numerical results
on heat and fluid flow characteristics in a
uniform heat flux rectangular duct with the
V-shaped ribs combined with dimple ribs are
presented in the form of average Nusselt
number ratios and average friction factor
ratios. The average Nusselt number ratios
obtained under turbulent flow conditions in
all cases are presented in Fig.5. The average
Nusselt number ratios increases with increase
in Reynolds number as expected, due to
increase in turbulent intensity with flow
increase in Reynolds number, which leads to
higher heat transfer. This is seen from Fig.5
that flow attack angle value of 55° yields the
maximum heat transfer enhancement. This
trends associated is due to the reason that
the roughness interrupts the development of
the boundary layer of the fluid flow and
increase the degree of turbulence. For the
roughness with a=55° shows a higher heat
transfer rate and an enhancement of around
18796. The reason for average Nusselt number
attaining a maximum value corresponding to
the angle of attack value of 55° is separation
of the secondary flow resulting from the

presence of ribs and the movement of resulting
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vortices combining together to yield an optimum

value of angle of attack.

30

28]
>l - <
v
26 < v 4 H

v A
2.4 . “ ] '
2 4
e . i :
P 204 a=35
= . o
Z ‘ o =40
SF 18 : . =45
< 164 v a=50°
o a=55"
! Fixed Parameters 4 u=60°
124 & e/D=0.045, P/e=8.0, e/d =0.5 u=65"
104 . e u=70°
T . T T T T
2000 4000 6000 8000 10000 12000

Re
Fig. 5 Effect of flow attack angle on average Nusselt
number ratios

Fig.6 shows the effect of path lines flow
pattern on some selected flow attack angle
values for Re=8000. It

maximum heat transfer performance in the

1S seen that the

present case has at the flow attack angle of
55°. As the flow attack angle is changed to
a value below and higher 55° the flow is not
likely to reattach to the heat transferring
surface before it reaches the successive rib.
Therefore, the thermal performance of the
duct deteriorates with decrease in the flow
attack angle value below and higher 55°.
Enhancing the heat transfer by application
of roughness will increase the average
friction factor which boosts the pumping
power requirements. The variation of average
friction factor as a function of Reynolds
number for different values of flow attack
angle and fixed values of other roughness

shape parameters has been shown in Fig.7.
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Average friction factor increases with increase
in angle of attack, attains a maximum value
corresponding to angle of attack value of 55°
and decreases with further increase in angle
of attack value. The least and maximum
value of friction factor have been obtained
corresponding to angle of attack values of

70° and 55° respectively.

——, — Air Inlet
=S a=45° B2

Fig. 6 Path lines for different flow attack angles
(Re=8000)
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Fig. 7 Effect of angle of attack on average friction
factor ratios

3.3 Overall thermal performance

The numerical results predicted an increase
in average Nusselt number ratios (NVizyoNuSame)
with increasing flow attack angle, however
average {riction factor ratios(fe/fSa.e) also
increased. The air duct efficiency therefore
depended on these two parameters. The air
duct performance enhancement owing to the
rib roughness is normally evaluated on the
base of the overall performance parameter,
which includes both the thermal and hydraulic
concerns. The overall performance parameter
was defined as the overall enhancement ratio

and expressed as follows®":

n = (NCH/'H/NSCLUE )(fave/fsa’ue )033 (10)

It is apparent that only a heated surface
roughness that yields a performance parameter

The
higher the value of this parameter, the better

value greater than unity is useful.

the solar air channel performance. Fig.8
shows the overall performance parameter for
the air duct with different values of flow
attack angle for range from 2000 to 12,000.
It increased with increases in the flow attack
angle up to about 55° and then decreased
with further increases in the flow attack
angle at all values. It therefore attained a
maximum at a flow attack angle of about 55°.
The values of thermo—hydraulic performance
parameter determined for the shape of
V-shaped ribs combined with dimple ribs have
been compared with the values determined

23)

for dimple rib shape®, V-down rib shape®
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and V-down pattern rib shape.”” Fig.9 shows
the V-shaped ribs combined with dimple ribs
shape results in best thermo-hydraulic

performance among all the geometries
investigated. The effect of V-shaped rib
with combined dimple rib in SAH duct is
studied by comparing the thermo-hydraulic
performance results of present study with
other rib shapes (V-shaped rib, V-down
shaped rib and dimple rib) as presented in
Fig.9 The V-shaped rib with combined
dimple rib with flow attack angle of 55° was
considered for comparison as it yielded best
thermo-hydraulic performance. The rib height,
rib pitch and angle of attack roughness
parameters for other rib shapes (V-shaped
rib, V-down shaped rib and dimple rib) were
same. It has been clarified in some of the
previous studies that the propagation of
secondary fluid flow cells along the inclined
rib is responsible for the higher order of
turbulence and heat transfer in the inter-rib
region. The secondary fluid flow undergoes
a rise in temperature from leading to trailing
end of the rib. Due to higher heat transfer
performance of inclined rib, the V-shape rib
roughness has been developed for further
enhancement of convective heat transfer
rates.

The compound roughness of V-shaped
ribs and dimples considered here increases
local Nusselt number through the dimples. It
is noted that the higher heat transfer rate is
attributed to the interaction of secondary
flow through the dimple rib in V-pattern rib
with in main flow. The high velocity secondary

52

flow jet approaches the dimple rib with

V-pattern rib and produces additional
turbulence by separation and reattachment
on the top and the two sides of it. The
thermo—-hydraulic performance of SAH duct
roughened with V-shaped rib combined with
dimple rib shows higher than that roughened
with V-shaped rib, V-down shaped rib and

dimple rib as shown in Fig.9

Fixed Parameters
254 @/D=0.045, Ple=8.0, e/d =0.5
o -«

204 4 L4 b4 i

. H
& i l I

184 ]

3 :
1.6 4 ' iy "=35(,
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Fig. 8 Effect of angle of attack on overall thermal

performance
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Fig. 9 Comparison of thermo-hydraulic performance
with previous investigation
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4. Conclusions

On the basis of critical analysis of results
obtained from the CFD on SAH duct provided
with V-pattern shaped ribs combined with
dimple ribs yields the following conclusions
drawn:

(1) CFD method is used in the present work
for analyzing and optimizing the roughness
under consideration. The RNG &-¢ turbulent
model predicted very close results to the
experimental results, which yields confidence
in the predictions done by numerical
analysis in the present investigation.

(2) Both the average Nusselt number ratios
and average friction factor ratios are
strong function of flow attack angle. The
highest average Nusselt number ratios
and average friction factor ratios occur
at the flow attack angle of 55°.

(3) The maximum value of thermo- hydraulic
performance parameter is 2.18 corresponding
to the flow attack angle of 55°. The value
of thermo— hydraulic performance parameter
for V-pattern shaped ribs combined with
dimple ribs larger than that for dimple
rib shape and V-pattern rib shape SAH
duct.
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