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Abstract

The present paper studies the thermal perforenahsolar air heater which is artificially rougleehby providing multiple arcs
with gap shaped roughness element. As thermaliexifiy of smooth collector is quite low, hence thera need to augment
heat transfer from the absorbing surface. The @xgetation has been carried out for Reynolds nur(lR&rranges from 2100-
21000, relative roughness heighkt¥) of 0.044, relative roughness pitch (p/e) of 8atiee gap distanced(x) range of 0.25-
0.85, relative roughness widtk\Vfw) ranges from 1-7, relative gap widtyd) range of 0.5-2 and arc angle)(of 60°. The

thermal efficiency is found to be best for relatgap distanced(x), relative gap widthd/e) and relative roughness widttw)
values are 0.65, 1.0 and 5 respectively.
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1. Introduction

Easy access to a low cost reliable power suispdyprerequisite for the economic developmentwaelttbeing of all sovereign
nation states. The economic activity and develogroésociety would have been very much limited aestrained without the
heat and electricity from fossil fuel combustioreriewable energy is expected to play a crucial imlthe quest towards a
sustainable society in this century. It has enomsnpotential to meet the growing energy requiremaitshe increasing
population of the world, while offering sustainalsiglutions to the global threats of climate charigee eco-friendly nature and
free availability of solar energy in abundance #re two factors that have made solar energy fav@ihong other alternate
sources of energy. Solar energy has a potentidulfdl the energy requirements of all human madestems provided
technologies are developed to tap the potentiabt#r energy (Chamoli, 2013). Considerable effaresbeing made to develop
technologies to tap the great potential of solargn

Air is generally used as a heat transferringdfin many types of energy conversion systems. rSaifaheater is a type of heat
exchanger where heat has been carried away byamr the heated absorber plate. These find sevemlications in space
heating, seasoning of timber and crop drying. Salarheaters have been fabricated in variety ofigihss They include
overlapped, spaced, clear and black glass platege ssmooth metal sheets, flow through stackedestior mesh, corrugated
metal plates, finned metal sheets and others. Fhgaasing beneath the plate or underlying air agsseduces downward heat
loss; and one or two covers of glass or transpauestic provide resistance to upward convectiah raliation heat losses.

Solar air heaters, being inherently simple and phase most widely used collection devices. The i@aue of heat transfer
coefficient is generally attributed to the preseata viscous sub-layer, which can be broken byiging artificial roughness on
the heat transferring surface (Kumar, 2010).

The thermal efficiency of solar air heater ingmlly found to be low because of their low heahsfer capability. In order to

make solar air heaters useful the thermal perfoomareeds to be increased by augmenting the hewtfdracoefficient. To
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augment the heat transfer coefficient there is edne make the flow more turbulent. Heat transfeefficient enhancement
techniques are generally divided in two groups; elgnactive and passive. The active techniques regexternal forces, e.g.,
acoustic, surface vibration or electric field eand passive techniques require special surface gfegni.e. rough and external
surface, fluid additives and swirl flow devices (War, 2010). It is for this purpose, artificial rdugess has been used. The
artificial roughness is creating roughness in tloevfpassage which will make the flow to be morebtdent. The artificial
roughness could be of several shapes such as dimaikter wire, V-shaped, wedge shaped ribs etaséer and Saini, 1988;
Varun et al., 2007; Singh et al., 2011; Varun et2008; Bhagoria et al., 2002). Several investigainvestigated fully developed
flow in solar air heaters duct with small protrusion the absorber plate (Yadav et al., 2013). Wa# known that although the
thermal efficiency of a solar air heater can badased by providing artificial roughness, but goaktan result in substantial
increase in friction losses and hence greater poeguirement from blower or fan. In this work theinperformance has been
evaluated for various geometrical parameters dfically roughened duct. Multiple arcs shaped rbogss elements provided
with gaps has been used as roughness elementthedavsorber plate.

Various studies, using different roughness genaseare available in the literature. The georestimclude transverse, inclined,
arc shape and V-shape. The studies are primardicaied to rectangular duct but few have been déelicto triangular passage
also. However, some investigators have worked tar sir heaters using CFD. Studies carried oubtomgare the CFD simulation
with experiments for same conditions and the resale found to be satisfactory. CFD studies hefjpce time as compared to
experimental studies and have been found to hawd ggreement with the experimental results.

2. Details of Experimental Set-Up

An experimental test facility was designed amloricated to study the effect of multiple arcs vgdp shaped roughness elements
on heat transfer and fluid flow characteristicslife diagram of experimental set up is shown inuFégl. It consists of an entry
section, test section, exit section, transitiortisac(plenum), a flow measuring (orifice plate) amatentrifugal blower with two
control valves. A wooden rectangular duct was hguansize of 2500 mm x 250 mm x 25 mm (LxWxH) andvjated with an
entrance section, a test section and an exit seaifolengths 900 mm, 1000 mm and 600 mm respegtiasl per the
recommendations of ASHRAE Standard (1977). An dletieater was fabricated over the asbestos slyestranging five loops
of nichrome wire in parallel and series combinatidrich is having a size of 1000 mm x 250 mm.

The heat flux in this case varies from 0-120arWith the help of a variac. A mica sheet of 1 miickhess was placed over
the heater to ensure uniform radiation on the diesgplate. The glass wool was used as insulatisidénwooden panel to reduce
top loss from the heater. Artificial roughness wasated on the underside of plate by pasting $ofhiaum wire having a shape
of multiple arcs with gap. The pressure drop actbssest section was measured using micro-maneoraténg a least count of
0.01 mm of water. The temperatures at various loeatwere measured using calibrated Copper-Comstahermocouples of 16
SWG. They are connected to digital milli-voltmetkerough selector switch to indicate temperatur@eldiagram of roughness
geometry and locations of thermocouples on therales@late is shown in Figures 2 and 3, respegtivedble 1 shows the range
of parameters studied.
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Figure 1: Line diagram of experimental set up
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Figure 2: line diagram of roughened absorber plate
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Figure 3: Locations of thermocouple on absorbetepla

Table 1: Values of flow and roughness parameters.

S. No Parameter Range

1 Reynolds numbeiRg) 2100 - 21000
2 Relative roughness pitcp/€) 8 (fixed)

3 Relative roughness heigle#/D) 0.045 (fixed)
4 Arc angle §) 60° (fixed)

5 Relative gap widthg(e) 05-2.0

6 Relative gap distance/k) 0.25-0.85

7 Aspect ratio\(WH) 10 (fixed)

8 Relative roughness width{w) 1-7

2.1 Experimental Procedure

The experimental data related to heat trangier flow friction was collected in accordance witletASHRAE Standard for
testing in open loop flow mode. In this study, eas roughness parameters were investigated iaivieekoughness width (W/w),
relative gap distance (d/x) and relative gap wigdte). Before the start of experimentation joints o ttuct, pipes and plenum
were thoroughly checked with the help of bubblesrieure that there was no leakage in the entirepsedeven values of air-flow
rates (Reynolds number) were considered for egquh ¢f absorber plate at a fixed heating of 1000 ¥Vthe micro-manometer
and U-tube manometer were leveled properly withhikp of spirit level. Blower was switched on ataf control valves were
adjusted to give a set value of mass flow ratehefair through the duct. All the data were recordader quasi-steady state
conditions that were assumed to have been attaihed the absorber and outlet air temperatures tldewdate over a period of
5-10 minutes. The following parameters were meakfoeeach set of readings:

(i)  Air temperature inside the duct (inlet, outlet)
(i)  Absorber plate temperature at 12 points.

(i)  Pressure drop across the test section

(iv) Mass flow rate of air with the help of orificaeter
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3. Data Reduction

The experimental data which was used to caleulatt transfer and pressure drop is collecteeathp procedure described in
section 2.1. Heat transfef) was estimated to see the effect of roughnessnedeas on its thermal performance. The equations
used in this section are used to calculate massriibe and by using mass flow rate useful heat iga@stimated. After calculating
useful heat gain, Nusselt number has been estimated

_ 2PAR,
m=CyA, Py 1)
The calibration of orifice-plate was carried ouingsa standard Pitot tube which gives a value 600or coefficient of discharge
(Cg)-Where,

APO = 9.81,0Ah0 (2)

Q :me(to —t) €)

and  h=— (4)
Ap (t p —t¢ )

where,A, is area of absorber platg,andt, are mean values of fluid and absorber plate teapes, respectively. The Nusselt
number Nu) is calculated by using following relationship.

Nu = hTD (5)

For the calculations, air properties were takemesmonding to bulk mean air temperature. The ematysis has been carried out
as per the method proposed by Kline and McClin{d&63). For all the roughened plates investigateel maximum error values
for non-dimensional number are given below.

Reynolds Number: + 2.41%

Nusselt Number: + 7.91%

4. Thermal Perfor mance

As per recommendations of ASHRAE, thermal efficien€a solar collector can be expressed by follgnequation (Varun et al.,

2008);
T —t
n= FR{(TG)_UL( : | aﬂ (6)

The relationship between the collector efficienagtor (F') and the heat removal factog)(Fs given as;

F, = Amcp h-Expl-A.U F/mc,) @

cYL
For a particular case of a solar air heater witleaycling and when inlet air temperature coincittesambient (i.ef; - t,), Eq. 7

reduces ta=Fg (ta) which results are efficacious due to various pi@rameters. In view of these limitations, Biordial.
(1988) has proposed the following equation forcégficy of solar air heaters.

H=Fo{(TO()‘UL(t°|_tiﬂ @

Where, Fis the heat removal factor referred to the ouéletperature and can be expressed as;

ey [Explu, F /6c,)-1] )

F =

L

Eq. 9 indicates that a plot of efficiency agairfgt{)/I] will result in a straight line whose slopeFgJ, and ordinate axis intercept
is Fo(7a), if Fo, U and (fa) are not very strong functions of operating pari@ngelike mass flow rate, intensity of solar raidiat
ambient temperature and wind velocity variationgtifter, thermal performance can also be expresaseldbon temperature gain
produced by the collector and is expressed as;
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n — GCp(tlo _ti) (10)

5. Results and Discussions

Thermal performance of collectors roughened wwitlitiple arcs with gap shaped geometry has beatuated and presented.
Fig. 4 shows the effect of thermal performangg) (with Reynolds number on relative roughness w{ilthw) for a fixed value of
relative roughness heigh#/D) value of 0.045, relative gap width/€ = 1), arc angled = 6C), relative gap distancel/k) value of
0.65 and relative roughness pitgile(= 8). Variation of thermal performancs;, of smooth collector with respect to Reynolds
number has also been plotted to show the enhant¢emehermal performance by providing multiple anih gap shaped
roughness on the underside of the absorber plate.
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Fig. 4: Effect of thermal performance with Reynotdsnber for various values @f/w
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Fig. 5: Effect of thermal performance with temparatrise parameter for various valued/\@iv

It has been observed from the figure that the thégfficiency of roughened collector is higher ontparison with that of smooth
collector. The maximum thermal performance of ramgd collector has been found to increase from €3@.83 with an
increase in Reynolds number from 2100 to 21000Wéw value of 5. For smooth collector increasehartmal efficiency for
Reynolds number has been found to be 0.21 to THi5.can be explained that with the increasBanturbulence decreases which
leads to increase in heat transfer. This figure atentions thaty, increases with the increase\Mw and attains a maximum
value atW/w of 5. With further increase in W/wjy, starts decreasing. This is due to the fact thgliraan of ribs helps in creating



39 Pandey and Bajpai / International Journal of Engineering, Science and Technology, Vol. 8, No. 1, 2016, pp. 34-42

secondary flow and this flow promotes turbulenca&ing and increase iNu takes place. With the increase in number of arcs
(W/w), it would increase number of secondary flow whictreases heat transfer. By further increase ds @reyond 5), it may
result in the flow separation from top of rib swéa hence reduction in heat transfer is noticedgfset al., 2014). Fig. 5 shows
the variation of, with respect to temperature rise paramet8vlj for different values of relative roughness wid&esult shows
that with the increase idT/l thermal performance decreases.
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Fig. 6: Effect of thermal performance with Reynofadsnber for various values gfe
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Fig. 7: Effect of thermal performance with temparatrise parameter for various valuegtef

Fig. 6 shows the effect of thermal performangg) (with Reynolds number on relative gap widtiie] for a fixed value of
relative roughness heigh#/D) value of 0.045, relative roughness widthi\y = 5), arc angled(= 6C), relative gap distancel/k)
value of 0.65 and relative roughness pitpfe € 8). This figure shows thay, increases with the increase in ugte value of 1,
afterwards it start decreasing with the increasg/én The air passing through gap creates turbulena®ahstream side. This
change ingy, is due to gap which effects on air velocity pagdimough gap and also area disturbed by this {iBingh et al.,
2011). Larger the value of gap width, smaller isvalocity through gap and higher the downstreastudbance area. It appears
that with the increase igfe beyond 1, the flow velocity through gap will reéugnd it is not strong to accelerate flow through.g
The effect of secondary flow on heat transfer issignificant. Therefore, increment iy, not occur. Fig. 7 shows the variation of
Ny With respect to temperature rise paramet8vlj for different values of relative gap width. Rasshows that with the increase
in AT/1, thermal performance decreases due to decreasasis flow (turbulence) rate of air.

Fig. 8 shows the effect of thermal efficienay, with Reynolds number on relative gap distand&)(for a fixed value of
relative roughness height/D) value of 0.045, relative roughness widW\{ = 5), arc angleo = 6C), relative gap widthd/e)
value of 1 and relative roughness pitple(= 8). It is evident from the figure that, increases with an increasedx upto 0.65
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and after that it starts decreasing with furtheréase ird/x. This increase imy, is due to increase in flow mixing and turbulence
resulting from accelerated flow through the gapslobserved that if gaps were created near apgareit helps in increasing
local Nu which leads to increase in heat transifet iacrease imy, takes place. If the gaps are created too nearew, &wo high
local Nu region generated downstream of gap and regionawestap and no significant increaseNn is observed and there is no
increase iny. Fig. 9 shows the variation ofy, with respect to temperature rise paramet8vlj for different values of relative
gap distance. Result shows that with the increagd/l, thermal performance decreases due to decreasass flow (turbulence)
rate of air and maximum performance is obtainediforvalue of 0.65.
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Fig. 8: Effect of thermal performance with Reynofdsnber for various values dfx
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Fig. 9: Effect of thermal performance with temparatrise parameter for various valuesltf

CFD analysis were performed on different configiora of circular sectioned arc shaped ribs whiehpaovided number of gaps
on the absorber plate for values of Reynolds numibars accounts for different combinations of Regsonumber Re),
roughness pitchp] and number of gapf@). CFD approach was used to predict Nusselt nurgith@rand friction factor f). The
thermo-physical properties of air are assumed tatbha temperature of 300 K. The analysis is caraetusing FVM (finite
volume method) and the flow governing equationsdiseretized using second order upwind scheme . SIRELE (semi implicit
method for pressure linked equations) algorithenigployed to estimate pressure-velocity coupledutations.
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6. Conclusions

In the present work, objective of detailed irtigegtion was to see the effect of multiple arcshwgap shaped roughness elements
on thermal performance of solar air heater. Reddige also been compared with smooth duct. A sggmif enhancement in
thermal performance has been obtained by using a§ypeughness on the absorber plate. The maximuoewaf 77, has been
obtained for e/D, p/ey, W/w, g/e and d/x values of 0.045, 8,°68, 1 and 0.65 respectively. The research findiay be used to
increase the net heat input for various drying i@pfibns like seasoning of wood or room heatingliapfions. The results shall be
well suited to maximize the heat gained from s@&aergy. The research finding also presents a liilmitahat the user has to
choose a roughness geometry depending upon sex@ssible geometries available. The paper also doesliscuss about the
manufacturing aspect in context to absorber plites with roughness geometries. Each type of ggoyrexplored has its own
functional aspect in context to advantages andidaatages but the manufacturing considerationstmaajifferent.

Nomenclature

A Area (nf)

Cp Specific heat of air (J/kg-K)
Cq Coefficient of discharge

D Hydraulic diameter (m)

e Rib height (m)

e/D Relative roughness height
4h, Head difference in manometer (m)

H Height of duct (m)

h Heat transfer co-efficient (W/K)
k Thermal conductivity (W/m-K)
L Test section length (m)

m Mass flow rate of air (kg/s)

Nu Nusselt number

p Pitch (m)

p/e Relative roughness height

Pr Prandtl number

Qu Useful heat gain (W)

Re Reynolds number

to Air outlet temperature (K)

t Temperature (K)

AT/ Temperature rise parameter

v Mean flow velocity in duct (m/s)

W Width of duct (m)
Wiw  Relative roughness width

Greek Symbols
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a Arc angle (°)
p Density (kg/m)
B Ratio of orifice diameter to pipe diameter
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