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ABSTRACT

Three-sides artificially roughened solar air heat@erform better than one-side
roughened ones under identical operating conditibhe present paper is an outcome of
the experimental investigations conducted uponethend one-side concave dimple
roughened duct3.he present investigation is carried out undemtiass flow rate range
(0.0060-0.0250) kg/s, relative roughness pitch)(B/¢6 and relative roughness height
(e/Dr) 0.018-0.045. Thermal performance characteristicshree-sides and one-side
roughened duct has been analyzed, compared ardhteali The variation in plate
temperature along the test length of the rougheéuetihas an appreciable impact on the
heat transfer from the plate to the underside figwair. The collector’'s surface
temperature is found to be 21% lower in the thidessthan the one-side roughened duct.
Plate temperature excess for both three-sides ameside roughened duct has been
analyzed and compared. The plate temperature exarge for three-sides roughened
duct is significantly lower (12.5-28.5 °C) compar¢al one-side roughened duct
(17.5-35.5 °C). The augmentation in fluid (air) pamature flowing under three-sides
concave dimple roughened duct is found to be 34.8¥e than one-side roughened
duct. The augmentation in thermal performance due toptwvision of roughness
geometry in the form of concave dimple shape on ttivee-sides over one-side
roughened duct is found to be 39-56% for varying @nd 44-51% for varying &/
depending upon the operational mass flow rate ofaad roughness geometry. The
maximum thermal efficiency is obtained at relatreeighness pitch of 12 and relative
roughness height of 0.036. The results for efficieratio along with parametric variation
influence on performance of the roughened ducts la¢éso been discussed in detail.

KEYWORDS

Three-side roughened duct, One-side roughened Betative roughness pitch,
Relative roughness height, Thermal performanceieRlmperature excess.

INTRODUCTION

The thermal efficiency of non-roughened at platdas collector is low compared to
solar water heater due to the fact that convediaa transfer coefficient and thermal
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capacity of air is low [1]. As a result, there ismmmmum transfer of heat from the collector
surface to the under-flowing air resulting in highmllector temperature and lower
thermal efficiency. Higher plate temperature leadsigher heat loss to the surroundings
[2]. Numerous researchers have worked on methadsatbuld result in an appreciable
augmentation in the heat transfer rate from therdes surface to the under-flowing
fluid (air). This can be done in multiple ways like&creasing the surface area of the
collector or by providing artificial roughness dretair side of the collector surface [3-6].
Providing artificial roughness is an efficaciousheique to enhance the heat transfer
coefficient and hence thermal performance [7]. fAigl roughness of different
geometries under varying geometrical parameterdbas used by various researchers
that have yielded better results in terms of hesatsfer and thermal performance [8-9].
Figures 1 and 2 show different roughness geomaitridsr varying orientation used by
various researchers.
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A brief description of different flow patterns due the provision of artificial
roughness under different roughness geometriegesepted in Figure 3. Atrtificial
roughness applied to the absorber plate may beavémgular, circular cross-section,
dimples, protrusions, fins, wedge, chamfered, discribs, etc. For circular ribs or
rectangular wire of small diameter aligned paradletransverse to the flow direction, it
has been discovered that flow gets separated mesibs and re-adheres in the vicinity of
inner rib space at a p/e value of 7 or more [10f Taminar sub-layer lying near to the
ribs get destroyed completely at the reattachmemttpresulting in enhanced heat
transfer coefficient in the vicinity of roughnesoyded. As soon as the reattachment
point is reached, the boundary layer redevelopeanstream flow resulting in less heat
transfer in the presence of roughened elements (anrribs) that extends up to the
beginning of next re-attachment point [11].

For a collector having chamfered ribs aligned pody at relative roughness pitch
p/e 5, strenuous eddy shedding is observed comparesiqéiare or negatively
chamfered roughened collector. Reattachment effeébhe case of chamfered ribs is seen
at relative roughness pitch p/e as low as 5 therethycing the recirculating flow region
and laminar sub-layer thickness [11]. The literatureveals that heat transfer
augmentation is more when the roughness elemeatslgned at inclination or are
v-shaped roughened instead of transverse rouglpagtesn [12]. When the ribs are in
v-pattern or inclined to the flow, secondary flofloyw of heated air in contact with
roughness element) is induced due to the inclinatb ribs as shown in Figure 3.
The heated air tends to move towards the side watlase of inclined ribs [13]. In case
of v-up or v-down pattern, the heated air movesarals the side walls and centre of ribs,
respectively. Thus the entire absorber plate i®sag to the primary air (axially flowing
air) which is at comparatively lower temperaturehmespect to the secondary air,
resulting in more heat transfer from the collecorface to the under-flowing air [14].
Temperature along the central axis of the flowingisshigher in the case of v-down
roughened collector than v-up rib arrangement bexaacondary flow moving towards
the central axis gets intermingled with the axiaf (primary flow) causing additional
turbulence resulting in higher heat transfer [15-16
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Solar air heater roughened with crossed wires nassin Saini and Saini [17], the
flow of air under expanded metal mesh was quiteptern It was noticed that the heat
transfer augmentation was not much for 0 < p/& due to the fact that flow was
dominated by vortex formation. For the plate comfegion of 7 < p/e 25, there is an
appreciable increase in heat transfer augmentbhgoause of presence of re-attachment
effect and secondary flow.

The heat transfer augmentation due to provisiorartificial roughness is often
followed with the pressure drop enhancement acrb&s duct. Pressure drop
enhancement is caused mainly due to increase agtiofial resistance offered by the
roughened element to the flow. The literature reagabove indicates that there is an
appreciable augmentation in both heat transferfiacttbn factor, as both have a strong
dependence on flow and geometrical parametersm@ptionditions were defined for
artificially roughened solar heater, which wouldegbetter performance under minimum
loss for a given flow and geometrical conditionsadadet al. [18] carried out
investigations on three-sides artificially roughérsolar air heater and concluded that

roughness Reynolds number, - — Re = 23 always corresponds to the optimal

thermohydraulic performance under varying set dties for p/e, é)n and Re used
separately or combined. Hence, roughness shoulgredaded such that maximum
thermal enhancement is achieved at minimum pressopepenalty [19].

It is clearly depicted in the literature of artiity roughened solar air heater that most
of the roughness provided is in the form of witbsy wire mesh, expanded metal mesh,
fins, etc. All these roughness geometries wouldirecga complex manufacturing process
and also contribute to the extra weight of the dheoplate. Providing roughness in the
form of dimples is considered as effective rougBrgsometry as it is easy to fabricate,
especially if dimples to be formed are of spherigdéntation and concave in nature [20].

Most of the studies in the literature have remaihedted to only one side of the
absorber plate (top side) while the bottom and swdds do not participate in heat
transfer process. If roughness is provided tovileeside walls, they can participate in the
heat transfer augmentation process resulting ira@preciable enhancement in heat
transfer.

Keeping in mind the above works, the present ingagon is based on three-sides
(top and sides) artificially roughened solar aatees, embossed with concave dimples of
varying height and pitch as roughness element PJ1-Phe objectives of the present
work are:

- To develop such solar air heaters and carry outraxents under actual outdoor

conditions and collect various sets of data for-side as well as three-sides
roughened solar air heaters;

To reduce the experimental data to work out theriakefficiency results in such

solar air heaters and validate them with availalali;

To discuss the effects of roughness and flow patensmen thermal performance
of such solar air heaters.

EXPERIMENTAL SET-UP

The test setup used for experimentation in thegmtasork has been fabricated as per
the guidelines of ASHRAE Standard for testing rceamggd solar collectors under actual
outdoor conditions using open loop system [23].

Figure 4shows the actual and schematic layout of the exy@stal setup developed
with quality plywood and wooden boards. The selupdcommodated with three ducts
parallel to each other namely A, B and C as shawfigure 4. The present investigation
employs the duct A and C containing one- and tlsides roughened absorber plates
respectively.
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Line diagram of the experimental set-up

1. Trapezoidal shaped air inlet 10. Selector switch

2. Non-roughened duct section 11. Digital voltmeter

3. Insulation between entry and 12. Converging section
test length 13. Cylindrical pipe

4. Roughened duct section 14. Orifice-plate

5. Insulation 15. Flange couplings

6. Thermocouple 16. U-tube manometer

7. Thermometer 17. Blower

8. Glass covers 18. Motor

9. Copper wire 19. Variac

Figure 4. Actual and schematic diagram of experiaieset-up of roughened duct

The test setup is, 2.13 m long, 0.7 m wide and BOmgh. Three ducts each of width
200 mm are formed to accommodate the absorbespiseh duct is 2,130 mm long out
of which 1,500 mm length is the test length and B08 is entry length. Only the test
length is instrumented and the remaining 500 mmyéahgth serves the purpose of flow
stabilization [24]. For one-side roughened duaigtiness is provided at the bottom (air
flow side) of the absorber plate, two sides arelated, top side is provided with 4 mm
thick glass cover and the bottom is insulated bgmseof the wooden part of the duct. For
three-sides roughened duct, roughness is providédecthree sides, i.e., one top and two
side walls of the absorber plate. Three-sides rength duct contains three side glass
covers (250 mm x 50 mm x 50 mm) and bottom sidgl@ti®n. The two ducts used in the
experimental setup are similar in all terms of disiens and orientation so that heat
transfer and thermal performance characteristics = directly compared. The sun
facing sides of the absorber plates are paintel #ck colour of high absorptivity to
absorb maximum possible incident solar radiatiolh.ti#e joints were perfectly sealed
using lightly moistened putty and m-seal to ensurair-tight setup. Calibrated copper
constantan thermocouples are used to measuret@haperatures as shown in Figure 5.
Eighteen thermocouples were used to measure the f@mperature whose output is
given by a digital voltmeter assembled in the segip out of eighteen thermocouples
were placed on the top of one side roughened chaciad thermocouples were placed on
three sides roughened (six on top and six on sidéds)wabsorber plate. Digital
thermometer was used to measure the air temperddwiag inside the ducts. Before
starting the experiment, it was ensured that al ¢éxperimental components were
working properly. The blower was switched on atO@6hour in the morning and the
readings were taken from 10:00 hour, four hoursradkposure of the absorber plate to
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solar radiation and to achieve stagnation gap kexwlee absorber plate and glass cover.
The desired flow rate of air through the duct weagutated using an auto variac.
The readings were taken at intervals of 15 min fidh®0 to 15:00 hours for six clear sky
days at six different mass flow rates for eaclo$¢he absorber plate.

Figure 5. Thermocouple positions located on topsadd walls of the absorber plate

The geometrical and roughness parameters of theriexgntal setup and the
experimental outdoor conditions, like mass floverambient temperature, wind speed,
global radiation, etc. used during experimentaticmmentioned in Table 1.

Table 1. Range of flow and geometrical parameters

S. No. Name of parameter Symbolic representation Rangpefating parameter
1. Flow rate of air 0.0060-0.0250 kg/s
2. Relative roughness pitch p/e 8-16
3. Relative roughness height Da/ 0.018-0.045
4, Ambient temperature T 24-44 °C
5. Insolation I 720-960 W/m
6. Wind speed s 0.5-3.5 m/s

DATA REDUCTION

The useful heat gain from the heated absorber pdatee underside flowing fluid
(air) can be evaluated using the values air ieleieratureT|) and air outlet temperature
(To). Thus:

Q,=mG(T-T) (1)

where is mass flow rate of air art@}, is specific heat capacity of air flowing throudpet
roughened duct.

The mass flow rate prevailing through the roughedadt is determined using
pressure drop (Po) across the orifice plate [25]:

0.5

2r ,DP sing

1- b° @)

m=G A

The mean temperature of the absorber plate hasdadariated based on readings of
digital voltmeter that reads the output of thermques placed om' different locations
of the absorber plate as:




1 ,
Tpm :E ‘ Tpi L\ (3)

whereL is test length of collector.
The mean temperature of fluid (air in the presaseg is simply the arithmetic mean
of air inlet and outlet temperatures and henceutatied as:

(T+T,) 4

Dn is the hydraulic diameter of the duct and is extdd as:

D :ﬂ
" [2w+ H) ®)

whereL, H andW are length, height and width of the roughened degpectively.

The thermal efficiency of artificially roughenedaoair heater is defined as the ratio
of useful heat gainQu) per unit area of the absorber plate to the indidaermal
radiation upon it and is calculated as:

-Q
"= (6)

whereQuis useful heat gair, is incident thermal radiation arA}, is aperture area of
collector.

The pressure drop was determined for the test hedghO0 mm using Darcy
Weisbach equation:

_4f rLv?

b 2D,

(7)

wheref is co-efficient of friction, is density of airl. is length of the absorber plakéis
velocity of flow andDn is hydraulic diameter.

MEASUREMENT UNCERTAINTY

The experimental data recorded during investigaditen differ from the actual data
due to a lot of unaccountable factors while periagrexperiments. This deviation of the
recorded data from actual data is called as uningrtd he uncertainty prevailing in the
measurement of various parameters has been calduitdiowing a procedure suggested
by Klein and McClintock [26].

The uncertainty analysis has been carried out Hier éntire set of parameters
investigated within the operating range and theetamty variation of various
parameters obtained is presented in Table 2.

Table 2.Uncertainty range in measurement of operating patam

S. No. Operating parameters Uncertainty range [%]
1. Mass flow rate of air 1.43-2.76
2. Useful heat gain by air 1.85-3.10
3. Thermal performance of roughened duct 2.57-4.20

(



RESULTS AND DISCUSSION

Rigorous experimentation has been performed and fdat both three-sides and
one-side roughened ducts have been recorded simaalialy at different mass flow
rates. The test run for one set of absorber plasesssix clear sky days as each day had a
fixed mass flow rate. Following parameters were snead during each of those days
[27]:

- Pressure drop across orifice metePq);
Pressure drop across the dud@{);

Temperature of the collectory);

Temperature of the air in the roughened diigt (
Ambient air temperaturel();

Solar radiation intensityl).

Variation in ambient conditions

Figure 6 typically shows the variation of solarieditn intensity [W/ni] and ambient
temperature [°C] on a clear sky day with respectlacal time [hh:mm] during
experimental period (10:00 to 15:00 hours). It barseen that as the day progresses, the
intensity of solar radiation increases remarkabpy ta 12:30 hours after which it
decreases. Ambient temperature increases monoignass shown in Figure 6.
The maximum value of solar intensity and ambientgerature was recorded at 13:30
hours respectively as 920.97 W/and 41.73 °C.

Figure 6. Variation of global intensity and ambigsmperature with time

Validation

The thermal efficiency values for three-sides ané-side roughened duct are shown
in Figure 7. The present experimental values ofrntla¢ efficiency for one-side
roughened duct was found to be in range and cordpee with a similar duct model of
Saini and Verma [28]. Three-sides dimple rougheswdr air heater data is not available
for direct comparison. Since one-side dimple romgigdesolar air heater data compare
well, the results for three-sides concave dimpilghened ones are worth to be valid and
hence have been utilized further. The percentagenreviation of thermal efficiency for
one- side roughened duct was found to be +3.6%. allignentation in the value of
thermal efficiency for three-sides roughened duotmvcompared to one-side roughened
duct was found to be in the range of 28-41%.
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Figure 7. Experimental values of thermal efficiefaythree- and one-side roughened ducts

Plate and air temperature along test length

Figure 8 shows the variation in air and plate terajpee for three-sides and one-side
artificially roughened collector along the testdén It can be observed that the rise in air
temperature for three-sides roughened duct is tharethe temperature rise for one-side
roughened duct along the test length of the caledtleanwhile, for plate temperature,
one-side roughened duct experiences more tempenaserthan three-sides roughened
duct due to minimal heat transfer to the under iih@wfluid (air) along the test length of
the collector.

Figure 8. Variation in plate temperature along kesgth

Plate excess temperature for one- and three-sidmsgghened ducts

The mass flow rate affects the thermal performar@atificially roughened solar air
heater to a great extent. Figures 9a and 9b shmyddte temperature excess for one side
and three sides roughened duct respectively. Tate pémperature excess (difference
between plate mean temperature and ambient tempeyatf both three sides and one
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side roughened duct decreases with an increadevinrate of air. Providing artificial
roughness on the collector’'s surface results innarease of convective heat transfer
coefficient of the flowing air under the roughersiatt with the increasing mass flow
rate. This is attributed to an increase in usetdtlgain, consequently reducing plate
temperature, which in turn reduces the heat losm fthe collector to the nearby
surroundings. The effect of increased convectivat ti@nsfer coefficient on the plate
temperature can be seen in Figures 9a and 9b wWeepbate temperature excess has been
plotted against increasing mass flow rate. Theegi@inperature excess range for three-
sides roughened duct is convincingly lower, 12.%2& than one-side roughened duct
which is 17.5-35.5 °C. Hence, three sides roughehed having a high rate of heat
transfer operates at lower plate temperature iaguht higher thermal efficiency due to
reduction in heat loss from the absorber plate.

Figure 9a. Plate temperature excess vs.  Figure 9b. Plate temperature excess vs.
(one-side roughened duct) (three-sides roughened duct)

Thermal performance

A comprehensive thermal performance study of comehmple roughened solar air
heaters have been carried out for a wide rangdoaf &nd geometrical parameters.
The results are shown as thermal efficiency versass flow rate. The mass flow rate
( ) has been varied from 0.0060 kg/s to 0.0250 Kigis. relative roughness pitch (p/e)
has been varied from 8 to 16. The relative roughihesght (dDn) has been varied from
0.018 to 0.045.

It can be seen from Figures 10 and 11 that witlnareasing mass flow rate, the
thermal efficiency of both three-sides and one-sideighened duct increases.
Three-sides roughened solar air heater is signifigamore efficient than one-side
roughened solar air heater. As a matter of fad, titgher efficiency of three-sides
roughened duct is attributed to increase in heatster coefficient due to higher
turbulency of air. Apart from the top absorber @Jairoviding roughness to both the side
walls of the roughened duct in case of three-sideghened solar air heater enhances the
useful heat gain of the under flowing fluid (aieducing absorber plate temperature that
results in reduced heat loss from the roughenddir

Hence Figures 10 and 11 represent the thermal rpeaftce of the present
experimental investigations for both three-sided ame-side roughened solar air heater
under varying condition of , p/e and &bn. At lower mass flow rates, the thermal
efficiency of both one-side and three-sides rougheatucts increases as any of the above
mentioned parameters increases. It has been fhwaddr the present geometry used,
thermal efficiency is maximum corresponding to p/d2 and dbn = 0.036 for both
three-sides and one-side roughened duct. At higteess flow rates ( > 0.0250 kg/s),
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there is not much difference between thermal perémce of one-side and three-sides
roughened duct. This is due to the fact that atdrgnass flow rates, air travels quickly
inside the roughened duct and it does not getcseffi time to get affected by the

roughness provided inside the duct. The rise imnthé efficiency of three-sides over

one-side roughened duct under varying relative maegs pitch (p/e) is found to be

44-56% and that of varying relative roughness hgigbn) is found to be 39-51%.

Figure 10. Thermal efficiency vs. mass flow rateatying p/e

Figure 11. Thermal efficiency vs. mass flow rateatying eDh

Figure 12 has been drawn to see the maximum enimamterate in thermal
performance of three-sides dimple roughened ones those of one-side roughened
ones for the range of roughness and flow parameteestigated. The augmentation in
thermal efficiency due to the provision of concavmple shape on the absorber plate is

shown in Figure 12 that represents the variatioeffafiency ratio — with the mass

flow rate. According to the present investigatithre maximum rise in thermal efficiency
of three- sides roughened duct over one-side rowgghduct is achieved corresponding
to =0.015 kg/s. Beyond this mass flow rate, theinsefficiency is lower.
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Figure 12. Efficiency ratio vs. mass flow rate

Pressure drop analysis

Atrtificially roughened solar air heaters are oftdraracterized by the rise in pressure
drop across the roughened duct, which results imam®ment of friction co-efficient
leading to a higher pumping power requirement. Nlme researchers have worked on
different roughness geometry, trying to optimize geometrical parameter to obtain a
minimum rise in friction co-efficient. The effect celative roughness pitch (p/e) and
relative roughness height @) on the friction factor with increasing mass floates is
shown in Figures 13 and 14, respectively.

Figure 13 shows the variation in friction factor. wsass flow rate with increasing
relative roughness pitch ratio. It is evident #sthe mass flow rate increases, the friction
factor decreases monotonously. For both the roughencts, friction factor decreases
with increasing relative roughness pitch. The maximand minimum friction factor for
both three sides and one side roughened ductdaset at the relative roughness pitch
values of 8 and 15 respectively.

Figure 13. Effect of relative roughness pitch brior one- and three-sides roughened duct

Figure 14 shows the variation in friction factor. msass flow rate with increasing
relative roughness height ratio. It can be conduthat as the mass flow rate increases,
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the friction factor decreases with decreasing irsdabughness height. Efforts should be
made to optimize the geometrical parameter to aehieaximum heat transfer rate at a
minimum rise in the co-efficient of friction. Theaximum and minimum friction factor
for both three-sides and one-side roughened dwdttesned at relative roughness height
ratio of 0.045 and 0.018, respectively.

Figure 14. Effect of relative roughness heightfofor one- and three-sides roughened duct

CONCLUSIONS

In the present work, experimental investigationultss in terms of thermal
performance for both three-sides and one-side mnggh duct has been discussed.
The standard mean deviation of thermal performaeselts for three-sides compared to
one-side roughened duct is found to be +3.6%. Huse for such deviation has been
accounted as variation in ambient condition likéasoadiation, wind speed, ambient
temperature, convective heat transfer coefficispécific heat capacity of air, etc. and
also uncertainty in measurements.

The augmentation in fluid temperature for threeesidccompared to one-side
roughened duct is found to be 34.87%. In the cdsplaie temperature, one-side
roughened duct is at a higher temperature compareulee-sides roughened duct due to
least contribution towards useful heat gain andemuweat loss to the surroundings.
The abatement of plate temperature in three-sidegpared to one-side roughened duct
is found to be 14.45%.

The plate temperature excess (mean absorber péatgetature — ambient
temperature) for three-sides roughened duct isifeigntly lower (12.5-28.5 °C)
compared to one-side roughened duct (17.5-35.5wWi@¢h clearly indicates that the
three-sides roughened duct operates at compasatoxeer temperature, hence it has a
higher thermal efficiency and less heat loss frobmabsorber plate surface.

The augmentation in thermal efficiency due to irogfion of roughness in the form of
concave dimple shape on the absorber plate in-Hides roughened duct is found to
more than one-side roughened duct. The augmeniatioand to be 44-56% for varying
p/e and 39-51% for varying®4. The maximum enhancement in efficiency ratio s
to be 1.35 corresponding to= 0.015 kg/s.

The augmentation in friction factor of three-sidesighened duct over one-side
roughened duct for varying relative roughness p#ot relative roughness height was
found to be 11-34% and 15-41%, respectively, inrtimge of parameters investigated.
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NOMENCLATURE

Ao area of orifice plate [Ah
Ap area of absorber plate
Cd coefficient of discharge [-]
Co specific heat capacity [J/kgK]
d pipe diameter [m]
D orifice plate diameter [m]
Dn hydraulic diameter [m]
eDn relative roughness height []
f co-efficient of friction [-]
g acceleration due to gravity [Mls
h heat transfer coefficient [WAK]
H height of the absorber plate [m]
I insolation [W/m?]
L length of the absorber plate [m]
mass flow rate [kg/s]
p/e relative roughness pitch [-]
Qu useful heat gain [W]
Tim fluid mean temperature [°C]
Ti air inlet temperature [°C]
To air outlet temperature [°C]
Tom plate mean temperature [°C]
T ambient air temperature [°C]
W width of the absorber plate [m]

Greek symbols

ratio of pipe diameter to orifice diameter [-]
inclination of U-tube manometer [°]
density [kg/m?]
th thermal efficiency [%0]
P pressure drop [Pa]
T temperature drop [°C]
Subscripts
a air
d duct
f fluid
o] orifice
1r one-side roughened
3r three-side roughened
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