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Abstract

Artificial roughness in the form of
repeated ribs is generally used for enhancement
of heat transfer from heated surface to the
working fluid. This paper presents the
experimental investigation of heat transfer and
friction factor characteristics of a rectangular
duct roughened with repeated v-shape ribs with
and without gap on one broad wall arranged at
an inclination of 60° with respect to the flow
direction. A rectangular duct of aspect ratio of
(W/H) of 8, relative roughness pitch (p/e) of 10,
relative roughness height (e/Dy) of 0.030, and
angle of attack 60°. The heat transfer and friction
characteristics of this roughened duct have been
compared with those of the smooth duct under
similar flow condition. The effect of gap in v-
shaped rib has been investigation for the range of
flow Reynolds numbers from 5000 to 14000. The
maximum enhancement in Nusselt number and
friction factor is observed to be 2.57 and 2.85
time of that of the smooth duct.

Introduction

The thermal efficiency of solar air heaters
has been found to be generally poor because of their
inherently low heat transfer capability between the
absorber plate and air flowing in the duct. In order
to make the solar air heaters economically viable,
their thermal efficiency needs to be improved by
enhancing the heat transfer coefficient. In order to
attain higher heat transfer coefficient, the laminar
sub-layer formed in the vicinity of the absorber plate
must be broken and the flow at the heat-transferring
surface is made turbulent by introducing artificial
roughness on the surface. However, the artificial
roughness results in higher frictional losses leading
to excessive power requirement for the fluid to flow
through the duct. It is, therefore, desirable that
turbulence must be created only in a region very
close to the heat-transferring surface to break the
viscous sub-layer for augmenting the heat transfer,
and the core flow should not be unduly disturbed to
limit the increase in friction losses. This can be done
by keeping the height of the roughness elements
small in comparison to the duct dimensions

Various investigators have studied different
types of roughness geometries and their

arrangements to enhance the heat transfer from heat
transferring surfaces. Han et al. [1] investigated the
effect of angle of attack (a) and relative roughness
pitch (p/e) on heat transfer and friction
characteristics of rectangular duct with two
roughened side walls. They reported that the
maximum values of heat transfer coefficient and
friction factor occur at relative roughness pitch of 10
at an angle of attack of 45° compared to the other rib
arrangements under the requirements of same
pumping power. Kiml et al. [2] reported that the rib
roughness arrangement with an angle of attack of
60° shows better heat transfer performance
compared to that of the 45° rib arrangement. Hu et
al. [3] investigated the effect of inclined discrete rib
with and without groove and reported that discrete
rib arrangement without groove shows better
thermal performance than that of the discrete rib
with groove. Cho et al. [4] investigated the effect of
a gap in the inclined rib on heat transfer in a square
duct and reported that a gap in the inclined rib
accelerates the flow and enhances the local
turbulence which that will results in an increase in
the heat transfer. They reported that the inclined rib
arrangement with a downstream gap position shows
higher enhancement in heat transfer compared to
that without a gap i.e. of the continuous rib
arrangement. Han et al. [5] reported that the rib
configuration with relative roughness pitch of 7.5
gives higher enhancement in heat transfer than that
of the relative roughness pitch of 10 or 5. Taslim et
al. [6] investigated the heat transfer and friction
factor characteristics of a channel roughened with
angled and V-shaped ribs. They found that V-
shaped ribs pointing downward have a much higher
heat-transfer coefficient because the warm air being
pumped toward the rib-leading region increases the
apex region heat-transfer coefficients as compared
to that of the leading end region. Han et al. [7]
reported that 45° or 60° VV-shaped ribs facing upward
show higher heat transfer compared to
corresponding V-shaped ribs facing downward.
They found that V-shaped ribs facing upward forms
two pairs of rotating cells along each divergent axis
of rib, while in the case of V-shaped ribs facing
downward, two pairs of counter-rotating cells merge
resulting in a higher pressure drop and lower heat
transfer. Han et al. [8] investigated the combined
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effect of rib angle and channel aspect ratio. They
reported that the maximum heat transfer and
pressure drop is obtained at an angle of attack of 60°
and a square channel provides a better heat-transfer
performance than the rectangular channel. Cho et al.
[9] examined the effect of angle of attack and
number of discrete ribs, and reported that the gap
region between the discrete ribs accelerates the
flow, which increases the local heat-transfer
coefficient. In a recent study, Lau et al. [10, 11]
investigated the heat-transfer and friction factor
characteristics of fully developed flow in a square
duct with transverse and inclined discrete ribs. They
reported that a five-piece discrete rib with 90° angle
of attack shows 10-15% higher heat-transfer
coefficient as compared to the 90° continuous ribs,
whereas inclined discrete ribs give 10-20% higher
heat transfer than that of the 90° discrete rib. Han et
al. [12] carried out experiments to study the heat
transfer and pressure drop characteristics of a
roughened square channel with V-shaped broken rib
arrangement with the angle of attack of 45° and 60°
and reported that 60° V-shaped broken rib
arrangement gives better performance than 45° V-
shaped broken rib arrangement.

In view of the above, it can be stated that
discrete inclined or V-shaped rib arrangement yields
better performance as compared to continuous rib
arrangement. However, investigations have not been
carried out so far to see the effect of gap width
between the rib elements to form the discrete rib.
The present investigation was therefore taken up to
see the effect of gap in v-shape rib to form a discrete
rib. In the present work, experimental investigation
on the performance of solar air heater ducts, having
the absorber plate with artificial roughness in the
form of v-shape rib with and without a gap, has been
carried out. The flow Reynolds number has been
varied between 3000 and 15,000. The variations of
Nusselt number and friction factor as a function of
roughness parameters including gap position have
been evaluated to examine the thermo-hydraulic
performance of the system to ascertain the benefit of
this selected roughness geometry.

Experimental Setup

The experimental schematic diagram set-up
including the test section is shown in Fig.1. The
flow system consists of an entry section, a test
section, an exit section, a flow meter and a
centrifugal blower. The duct is of size 2042mm x
200 mmX20mm (dimension of inner cross-section)
and is constructed from wooden panels of 25 mm
thickness. The test section is of length 1500mm
(33.75 Dy). The entry and exit lengths were 192 mm
(7.2 Dy) and 350 mm (12 Dy,), respectively. A short
entrance length (L/Dy=7.2) was chosen because for a
roughened duct the thermally fully developed flow
is established in a short length 2-3 hydraulic

diameter [14]. For the turbulent flow regime,
ASHRAE standard 93-77 [14] recommends entry
and exit length of 5YWHand 2.5VWH, respectively.

In the exit section after 116 mm, three
equally spaced baffles are provided in an 87 mm
length for the purpose of mixing the hot air coming
out of solar air duct to obtain a uniform temperature
of air (bulk mean temperature) at the outlet.

An electric heater having a size of 1500
mm x 216 mm was fabricated by combining series
and parallel loops of heating wire Mica sheet of 1
mm is 'placed between the electric heater and
absorber plate. This mica sheet acts as an insulator
between the electric heater and absorber plate (Gl
plate). The heat flux may be varied from 0 to 1000
W/m? by a variac across it.

The outside of the entire set-up, from the
inlet to the orifice plate, is insulated with 25 mm
thick polystyrene foam having a thermal
conductivity of 0.037 W/m- K. The heated plate is a
1 mm thick GI plate with integral rib-roughness
formed on its rear side and this forms the top broad
wall of the duct, while the bottom wall is formed by
1 mm aluminium plate and 25 mm wood with
insulation below it. The top sides of the entry and
exit sections of the duct are covered with smooth
faced 8 mm thick plywood.

The mass flow rate of air is measured by
means of a calibrated orifice meter connected with
an inclined manometer, and the flow is controlled by
the control valves provided in the lines. The orifice
plate has been designed for the flow measurement in
the pipe of inner diameter of 53 mm, as per the
recommendation of Preobrazhensky [15]. The
orifice plate is fitted between the flanges, so aligned
that it remains concentric with the pipe.

The length of the circular Gl pipe provided
was based on pipe diameter d;, which is a minimum
of 10 d; on the upstream side and 5 d; on the
downstream side of the orifice plate as
recommended by Ehlinger [16].

In the present. experimental set-up we used
1000 mm (13 d,) pipe length on the upstream side
and 700 mm (9 d;) on the downstream side. The
calibrated copper- constantan 0.3 mm (24 SWG)
thermocouples were used to measure the air and the
heated plate temperatures at different locations. The
location of thermocouples on the heated wall is
shown in Fig. 1. A digital micro voltmeter is used to
indicate the output of the thermocouples in °C. The
pressure drop across the test section was measured
by a micro-manometer.

It is an open flow loop that consists of a
test duct with entrance & exit sections, a blower,
control valve, orifice plate and various devices for
measurement of temperature & fluid head.
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Parameter Value
Reynolds Number (Re) 3000 — 15000
Roughness height (e) 1.4mm
Relative  roughness  height
(e/ Dy) 0.030
Relative roughness pitch (p/e) 10
Heat Flux (1) 800W/m?
Angle of attack 60°
Channel Aspect ratio (W/H) 8
Test Length 1500mm
Hydraulic Diameter 44.44 mm
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1. Air inlet section 2. Test section 3. Air outlet
section 4. Varice 5. Selector switch 6. Mixing
section 7. G.I. pipe 8. Orifice plate 9. Inclined U —
Tube 10. Micro manometer 11. Flow control valve
12. Flexible pipe 13. Blower

Fig. 1 Schematic Diagram Showing Top View of
Experimental Setup

Roughness Geometry and Range of Parameters

The wvalues of system and operating
parameters of this investigation are listed in Table 1.
The relative roughness pitch (p/e) value is selected
as 10, based on the optimum value of this parameter
reported in the literature. Similarly, the value of the
angle of attack is chosen as 60° to achieve
maximum enhancement of heat transfer. The
arrangements of ribs on the absorber plate are
shown in order to investigate the effect.
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Fig. 2 plate representing V-shape without gap
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Fig. 4 photo graphic view of absorber plate
without gap

Fig.5 photo graphic view of absorber plate with
gap

Data Reduction

1. Average Plate Temperature

Fig. 3(b) Enlarge view of gap Average plate data temperature is determined as
follows:

Tow= | (TP1+TP2+Tps+ps+Tps+Tpe) / 6

2. Average Outlet Air Temperature
Similarly the average air temperature is
determined as :
Toav=
3. Pressure Drop Calculation
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(Tor+Tox +To3 +Toa) /4

Pressure drop measurement across the
orifice plate by using the following relationship:

AP, =Ah x9.81 X pm

Where

[P, = Pressure diff. across orifice meter

[m = Density of the manometer fluid

00h = Difference of liquid head in U-tube
manometer, m

4. Mass Flow Measurement
Mass flow rate of air has been determined
from pressure drop measurement across the orifice
plate by using the following relationship:

m=CyxAox [2p APy / (1-p1°°

Where -

m = Mass flow rate, kg / sec.

Cq4 = Coefficient of discharge of orifice i.e.
0.62

A, = Area of orifice plate, m?

© = Density of air in Kg/m®

0 = Ratio of orifice diameter to pipe
diameter. (d, / dy) i.e. 26.5/53 = 0.5

5. Velocity Measurement:

V=m/pWH

Where -

m = Mass flow rate, kg / sec

] = Density of air in Kg/nf

H = Height of the duct in m

W = Width of the duct, m
6. Reynolds Number

The Reynolds number for flow of air in

the duct is calculated from:

R=VD/v

Where -
[J [J = Kinematics viscosity of air agverage
fluid temperature

Dy, =4WH/ 2 (W+H)
7. Heat Transfer Coefficient
Heat transfer rate, Q, to the air is given

by:

Q,=mcp (to—t)

The heat transfer coefficient for the heated

test section has been calculated from:

h=Qa/ Ap (Tpav - Trav)

A, is the heat transfer area assumed to be
the corresponding smooth plate area.

8. Nusselt Number
Heat Transfer Coefficient has been used to
determine the Nusselt number defined as;

Nusselt No. (Nu) = h Dy/ K

Where k is the thermal conductivity of the air at the
mean air temperature and Dy is the hydraulic
diameter based on entire wetted perimeter.

9. Friction Factor

The friction factor was determined from the
flow velocity*V’ and the head loss ‘Ahy” measured
across the test section length of 1m using the Darcy—
Weisbach equation as

F= 2[(AP)d]Dh/ 4p|fV2

10. Thermo Hydraulic Performance
Thermo hydraulic performance is calculated by

Thp = (Nu/Nys) / (F./F)

Validation of Experimental Set-up

In order to validate the experimental set-up,
experiment have been performed by keeping all the
surfaces of the duct smooth and the results of
smooth duct wall compared with those of the
theoretical results Fig. 6 shows the variation of
nusselt number as a function of Reynolds number
for smooth duct. It is observe that the deviation in
the experimental results with theoretical is small.
This show good agreement between theoretical &
experimental results. similar results have been
observed for the friction factor as shown in Fig. 7
which again shows the good agreement between
experimental and theoretical results.
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Fig 6. Shows The Variation of Nusselt Number
with Reynolds Number
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Fig 7. Shows The Variation of Friction Factor
with Reynolds Number

Results and Discussion

Following results have been obtained from
the experiment. The variation of Nusselt number
with Reynolds number is shown in Fig. 8 It is seen
that the value of Nusselt number increases with
increases in Reynolds number. The value of Nusselt
number is varies from 20 to 80 in the range of
Reynolds number 5000-14000. The maximum value
of Nusselt number is observe for rib with gap
roughness arrangement. This may due to the fact
that the presence of gap produce more turbulence,

which enhances the heat transfer.
80 -
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—#—smooth
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T T 1
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Fig 8 Variation of Nusselt Number with Reynold
Numbers

The variation of friction factor with
Reynold number is shown in fig 9. It is seen that the
value of friction factor decreases with increas in
Reynold number. This may be due to the fact that as
the Renold number increases, the thikness of
boundry layer decreases therefore, friction factor
decreases with increase in Reynold number. The
maximum value of friction factor is observed for v-
shaped rib with gap roughness arrangement,
whereas it’s minimum value is observed for smooth
duct. The value of friction factor of v-shaped rib
roughness arrangement is lower than that of the v-
shaped rib with gap.

0.05
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F 0025 -

=—4—smooth
0.02 -
0.015 - == v-shap
0.01 - v-groove

0.005 -
0

T T 1
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Re

Fig 9 Variation of Friction Factor with Reynolds
Numbers

The variation of thermo hydraulic
performance with Renold number is shown in fig
10. It is seen that the value of Reynold number
increases with increas in thermo hydraulic
performance and after aftaining maximum value,
thermo hydraulic performance decreases with
increase in Reynold number. The value of thermo
hydraulic performance varies from 0.4 to 1.6 in the
range of Reynolds number 5000-14000. The
maximum value of thermo hydraulic performance
obseved for v-shape with gap and minimum value
is achieved for smooth plate.
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Conclusion

Hydraulic

The present work was undertaken with the
objectives of extensive investigation into v shaped
ribs as artificial roughness with and without gap on
the on broad wall of solar air heater. Experimental
setup for heat transfer and friction factor have been
design and developed. Data were collected for heat
transfer and friction factor of these artificially
roughened ducts. Results of artificially roughened
duct have been compared with those of a smooth
duct under similar flow condition to determine heat
transfer and friction factor. The major conclusion
draw from this investigation are given below-

Reynolds ~ Number 3000 — 15000
(Re)
Roughness height (e) 1.4mm
Relative  roughness 0.030
height (e/ Dy)
Relative  roughness 10
pitch (p/e)
Heat Flux (1) 800W/m?
Angle of attack 60°
Channel Aspect ratio 8
(W/H)
Test Length 1500mm
Hydraulic Diameter 44.44 mm

1 The value of Nusselt number increases
with increase in Reynold number. The
maximum value of Nusselt number is
observe for v-shape rib with gap
roughness arrangement because the
presence of v-shape with gap increases
the level of turbulence, which cause
enhancement in heat transfer.

2 The value of friction factor decreases
with increase in the value of Reynold
number. The maximum value of friction
factor is observe for v-shaped with gap
rib roughness arrangement. The value of

friction factor of v-shaped rib roughness
arrangement is less than that of the v-
shaped with gap.

It is observe that the value of thermo
hydraulic performance parameter
increases with increase in Reynold
number the maximum value of this
parameter is observe for v-shaped rib
with gap roughness arrangements.

Nomenclature

A Absorber plate area, m?

Aguct Flow Cross-section area = WH, m?

Ao Throat area of orifice plate, m

Ap Avrea of absorber plate, m?

As Area of smooth plate, m?

Cq Coefficient of discharge (0.62)

C, Heat of air at constant pressure,

Dy, Equivalent diameter of air passage,

Do Diameter of orifice plate, m

D Inside diameter of pipe, m

e Roughness height, mm

e/ D,  Relative roughness height

f Friction factor A

h Convective heat transfer coefficient,

Ah Difference of height on Manometer

fluid

I Heat Flux, W | m?

k Thermal conductivity of air, W/m- °c

m Mass flow rate of air, kg/s

Nu Nusselt number

p Pitch

ple Relative roughness pitch

AP, Pressure drop across orifice meter,

Q. Rate of heat transfer to air, W

Re Reynolds number

Ta Atmospheric temperature, °c

Trav Average temperature of air, °c

Ti Inlet temperature of air, °c

To Outlet temperature of air, °c

Tpav Average plate temperature, °c

\ Velocity of air, m/s

W/H Channel aspect ratio

Greek Symbols

B Ratio of orifice diameter to pipe
diameter

Nth Thermal efficiency

P Density of air, kg/m®

Pm Density of manometer fluid, Kg/m?®

V] Dynamic Viscosity, Kg/m-sec

v Kinematic Viscosity, m?/ sec
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