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Abstract:-In this investigation, thermo-hydraulic performance of rectangular ducts roughened with a new configuration of
‘broken arc rib combined with staggered rib piece’ on one broad wall is determined. The duct has aspect ratio (AR) of 12 and the
Reynolds number (Re) ranged from 2000 to 16000. To simulate the indoor testing of solar air heater, the roughened side of
rectangular duct is heated with constant heat flux electric heater while the remaining three walls are insulated. These boundary
conditions correspond closely to those found in solar air heaters. Five broken arc rib combined with staggered rib roughened
plates having arc angle of 15°, 30°, 45° 60° and 75° have been tested. The relative staggered rib size, relative staggered rib
position, relative roughness height, relative gap size, relative gap position and relative roughness pitch were fixed as 4, 0.6, 0.043,
1.0, 0.65 and 10 respectively. The thermo-hydraulic performance parameter based on equal pumping power (), friction factor (f)
and Nusselt number (Nu), are found to be more at arc angle () of 30° than at other arc angles. The highest value of thermo-
hydraulic performance is 2.33 corresponding to Reynolds number of 12000.
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1. Introduction

The thermal performance of conventional solar air heaters is significantly enhanced by the use of artificial rib roughness on
the underside of absorber plate due to restriction caused in development of viscous and thermal boundary layer. But the increase
in heat transfer is accompanied by increase in friction power penalty. Early studies on heat transfer and friction factor relates to
ducts roughened with transverse ribs (Han et al., 1978). It was then found that placing the ribs at an angle to the main stream flow
will result in greater heat transfer than ribs positioned at 90° to the mainstream flow. Studies by Han and Park (1988) and Park et
al. (1992) investigated the thermal performance of angled ribs. The results showed the heat transfer enhancement in angled rib
channels is significantly greater than the heat transfer enhancement due to orthogonal ribs. With the focus of rib roughness shifted
to high performance ribs, Han et al. (1991) studied continuous V-up and V-down ribs and Hans (2010) studied continuous multi
V-shape ribs. The result of these studies has shown that the continuous V-shape and multi V-shape ribs perform better than
inclined rib due to generation of more counter rotating secondary flow cells relative to inclined rib. Further, it was shown that gap
in continuous inclined rib (Aharwal, 2009), gap in continuous V-rib (Singh et al., 2011) and gap in continuous multiple V-rib
(Kumar et al., 2013) further enhance the heat transfer due to generation of more number of secondary flow cells and interruption
of growth of boundary layer downstream of a rib as secondary flow passes through the gap (Cho et al., 2003). In order to achieve
further enhancement in heat transfer, Patil et al. (2012) introduced staggered rib piece in the inter-rib space of V-ribs with gap,
Kumar and Kim (2015), Deo et al. (2016), Jin et al. (2017) and Patel and Lanjewar (2018) introduced staggered rib piece in multi
V-down ribs and reported significant improvement in thermo-hydraulic performance. The heat transfer enhancement was found to
be influenced by the introduced staggered rib piece scheme.

The past studies have shown that gap in V-ribs perform better than continuous V-ribs, and which in-turn performs better than
angled or orthogonal ribs. Besides, the studies have also shown that introduction of staggered rib piece in the inter-rib space of
ribs with gap perform better (Patil et al., 2012; Kumar and Kim, 2015; Deo et al., 2016; Jin et al., 2017; Patel and Lanjewar,
2018). The previous studies (Cho et al., 2003; Aharwal et al. 2009; Patil et al., 2012; Deo et al., 2016) have also shown that the
friction factor and Nusselt number of the roughened duct are strong function of rib angle (o). The past studies have shown that
that still no study is available on optimization of arc angle in case of broken arc rib roughness combined with staggered rib piece
roughness geometry for solar air heater. It appears fruitful to investigate the effect of variation in arc angle (o) of broken arc
shaped ribs combined with staggered rib piece roughness geometry. Therefore, the present study has been taken up to explore the
effect of arc angle on the heat transfer and friction in a high aspect ratio solar air heater duct roughened with broken arc rib
roughness combined with staggered rib piece. Experimentations have been conducted in the Reynolds number range of 2000-
16000 to generate data pertaining to heat transfer and friction for fully developed turbulent flow through an artificially roughened
solar air heater duct. Based on data generated, the variation of Nusselt numbers, friction factors and thermo-hydraulic
performance parameter of the system as function of arc angle have been determined to ensure the benefit of roughness geometry
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selected in this study. In the following sections, rib roughness geometry, range of parameters, experimental details, data reduction
and results are presented and discussed in the following sections.

2. Rib roughness geometry and range of parameters

Fig.1 shows the general geometry of broken arc rib combined with staggered rib roughness. The investigation was carried out
to determine the Nusselt number and friction factor due to change in angle of attack (o). Five roughened plates were prepared for
arc-angle (o) of 15°, 30°, 45°, 60° and 75°. The other roughness parameter i.e. relative staggered rib size (r/g), relative staggered
rib position (p /p), relative roughness height (e/Dy), relative gap size (g/e), relative gap position (w’/w), and relative roughness
pitch (p/e) were kept fixed as 4, 0.4, 0.043, 1.0, 0.65, and 10 respectively. Artificial rib roughness was created by fixing
aluminium wires of circular cross-section on the underside of absorber plates of solar air heater duct. The Reynolds number was
varied from 2000 to 16000 (8 levels).
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Fig. 1: Roughness geometry

3. Experimental Details

3.1. Experimental Setup

An experimental test facility has been designed and fabricated to study the effect of arc angle of broken arc rib combined with
staggered rib geometry on the heat transfer and fluid flow characteristics of a rectangular duct. A schematic diagram of
experimental setup is shown in Fig. 2. It consists of an entry section, a test section, an exit section, a flow meter and a centrifugal
blower. The rectangular duct has a flow cross-section of 300 mm x 25 mm. The length of entry section, test section and exit
section is 5500 mm, 1000 mm and 890 mm respectively. The recommended minimum entry and exit length is 5 VWH and 2.5
\WH respectively (ASHRAE standards 93-77, 1977). Therefore, the flow can be assumed to be fully developed in the entire test
section length. A longer exit section (890 mm length) is provided in order to minimize the end effects. The top side of the test
section is 1 mm thick galvanized iron (GI) sheet. 1 mm thick galvanized iron sheet having artificial roughness is used as the top
broad wall of the rectangular duct. The inner surface of remaining three sides of duct is also smooth sunmica. The absorber plate
is heated from the top by supplying uniform heat flux (1000 W/m?) by means of an electrical heater. In order to minimize the heat
loss from the topside of the heater assembly, the electric heater is fitted over a box made of 12 mm thick plywood, of size 2440
mmx390 mmx100 mm. The hollow inner space of the heater box is filled with glass wool (i.e. 76 mm thick). The complete duct
is further insulated with 50 mm thick polystyrene insulation having thermal conductivity of 0.037 W/m K to minimize heat loss to
the environment. The mass flow rate of air through the duct was measured by means of a calibrated orifice meter (calibrated
against a standard Pitot tube) in the flow line connected with an inclined U-tube manometer, and the flow was controlled by the
control valve provided. Calibrated thermocouples, prepared by butt welding of 0.3-mm-diameter copper—constantan wires were
used for temperature measurement. Nineteen thermocouples were used to measure the temperature of top surface of the absorber
plate at different locations. Five thermocouples were arranged span wise in the duct to measure the air temperature after the
mixing section and one thermocouple was used to determine the inlet air temperature. A digital temperature indicator was used
for the output of the thermocouples. The pressure drop across the test section was measured by digital micro-manometer of least
count 0.001 Pa.
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Fig. 2 Schematic of experimental setup
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3.2. Experimental Procedure

The experimental data on rib roughened duct pertaining to heat transfer and flow friction was collected in accordance with
recommendation of ASHRAE Standard 93-77 (1977) for testing of solar collectors operating in open loop flow mode. The
roughened plates having different values of arc angles were tested. In order to compare the results of the roughened duct with that
of smooth duct, a smooth plate operating under similar flow conditions was also tested. At the start of each set of experiment, it
was ensured that all instruments were working properly and there was no leakage at the joints. All the data was collected under
steady state conditions. For each set, at the start it takes 2-3 hours to reach a steady state. The steady state was assumed to have
been attained when no considerable variation in plate temperature and outlet air temperatures was observed over a period of 10
minutes. The parameters recorded for each set of experiment were inlet air temperature, outlet air temperature at five points in the
span-wise direction of the duct, temperature of the heated plate at nineteen locations, pressure drop across the orifice plate and
pressure drop across the test section.

4. Data Reduction
Mass flow rate (m) of air has been determined from the pressure drop across the orifice plate using the following relation:

s
— Epﬂﬂ' [ ﬁ"F:Il' }
M= Cd “‘lﬂ W
@
The heat transfer rate to the air is calculated as:
0, :mC'F{TH—I.} @
The heat transfer coefficient for the test section is calculated as:
)
Jli.l'J [T.m" - T}"‘" } (3)
The Nusselt number is calculated from the heat transfer coefficient (h) using the following relation:
hﬂh
Nuy=—=
dir (4)

The friction factor (f) is determined from the measured values of pressure drop across the length (Lf) of 1m in the test section
using the equation:
E{EP} pc.u'rDl'l
4L,G,." 5)

The thermo-physical properties of air used in the calculations corresponds to bulk mean air temperature.

5. Validity Test
For validation of experimental setup, the Nusselt number and friction factor for smooth duct were determined from
experimentation on smooth duct and their values compared with the values calculated from the correlations for smooth duct
available in literature. The values of the Nusselt number and friction factor for a smooth rectangular duct is calculated from the
Dittus—Boelter equation (Rohsenow et al., 1998) and modified Blasius equation (Bhatti and Shah, 1987) given below in Eqg. (6)
and Eq. (7) respectively.
Nu, =0.023Re™ Pr"™* (6)

f, =0.085Re™" (7

The comparison of experimental and predicted values of Nusselt number and friction factor is shown in Figs. 3 and 4. The
average absolute deviation of experimental values of Nusselt number is +3.9% from the values predicted by Eq. (6), and the
average absolute deviation of experimental values of friction factor is +2.5% from the values predicted by Eq. (7). Thus, a
reasonably good agreement between the predicted and experimental values ensures the accuracy of the experimental data
collected with the present experimental set-up.
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Fig. 3. Comparison of experimental and predicted values of Nusselt number (Nus) for smooth duct.
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Fig. 4. Comparison of experimental and predicted values of friction factor (fs) for smooth duct.

6. Results and Discussion

Figs. 5 and 6 show the variation of Nusselt number and friction factor with Reynolds number for different values of angle of
attack (a). It can be seen that for all Reynolds number as the arc angle increases from 15° to 30°, the Nusselt number and friction
factor increase and the both decrease with further increase in arc angle from 30° to 75°. This variation in Nusselt number and
friction factor is due to interaction of boundary layer on upstream side of the rib and secondary flow along the rib. The boundary
layer is due to main flow with the roughened surface and originates from flow reattachment point between the ribs up to the
succeeding downstream rib. The strength of secondary flow along the rib changes with change in arc angle of rib. These two
factors determine the value of Nusselt number and friction factor at different values of arc angle. The results agree with earlier
study on V-down rib by Han et al. (1991) and Singh et al. (2011).
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Fig. 5. Variation of Nusselt number with Reynolds number for different values of arc angle (a).
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Fig. 6. Variation of friction factor with Reynolds number for different values of arc angle (o).
It can also be seen from Fig. 5 and Fig. 6 that the solar air heater duct roughened with broken arc rib combined with staggered
rib piece result in higher Nusselt number as well as friction factor as compared to smooth conventional solar air heater duct. So a
performance parameter needs to be determined that takes into account both Nusselt number and friction factor to evaluate the
effectiveness of rib roughened surface. A thermo-hydraulic performance parameter based on equal pumping power (7) defined by
Webb and Eckert (1972) takes into account both the Nusselt number and friction factor enhancement. It is defined as:

( Nue/Nu, )
(f1£.)" ©)

The value of this parameter greater than unity indicates it is overall advantageous to use roughened surface as compared to
smooth surface. Fig. 7 shows a plot of this parameter as a function of Reynolds number at different arc angles for broken arc rib
combined with staggered rib. For all angles of attack, the value of a is more than unity. Hence the performance of broken arc rib
combined with staggered rib roughened solar air heater duct is better as compared to smooth duct. The thermo-hydraulic
performance parameter is more for arc angle of 30° for the range of Reynolds number investigated, thereby indicating that it is
advantageous to use broken arc rib combined with staggered rib roughened solar air heater with 30° arc angle as compared to
other arc angles. The highest value of thermo-hydraulic performance parameter obtained is 2.33 at Re = 12,000.
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Fig. 7. Variation of thermo-hydraulic performance parameter with Reynolds number for different values of arc angle (a).
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7. Conclusions

Based on the experimental investigation on broken arc rib combined with staggered rib roughened solar air heater duct for
different arc angles, following conclusions can be drawn:

i. The variation in arc angle has strong influence on Nusselt number and friction factor.

ii. For all Reynolds number, the Nusselt number and friction factor increases with arc angle from 15° to 30° and both
decreases with further increase in arc angle from 30° to 75°.

iii. The thermo-hydraulic performance parameter indicates that it is advantageous to use broken arc rib combined with
staggered rib roughened solar air heater with arc angle of 30° as compared to other values of arc angles and smooth surface. The
highest value of thermohydraulic performance parameter is 2.33 at Reynolds number of 12000.

Nomenclature

A, absorber plate area, m?

A, cross-section area of the orifice, m?

Cu coefficient of discharge of orifice

C, specific heat of air at constant pressure, J/kg K
Dy hydraulic diameter of duct, m

e rib height, m

/Dy relative roughness height

f friction factor of roughened duct

fs friction factor of smooth duct

Gair mass velocity of air, kg/s m?

h convective heat transfer coefficient, W/m?K
H duct depth, m

Kair thermal conductivity of air, W/m K

L test section length for pressure drop measurement, m
m mass flow rate of air, kg/s

Nu Nusselt number of roughened duct

Nus Nusselt number of smooth duct

P pitch of the rib, m

P/e relative roughness pitch

Pr Prandtl number of air

Qu heat transfer rate to air, W

Re Reynolds number

Tm bulk mean air temperature, °C

Ti inlet air temperature, °C

T, average outlet air temperature, °C

Tom Mean plate temperature, °C

W width of duct, m

a angle of attack, °

AP, pressure drop across orifice plate, N/m?
AP pressure drop across length L¢, N/m?

pair density of air, kg/m3

B ratio of orifice diameter to pipe diameter
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