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Abstract

Solar air heaters have been used for many applications requiring low to medium grade thermal energy,
like, space heating and cooling, agricultural drying, timber seasoning, mainly due to their low
manufacturing cost, simple design, operating and maintenance. Several designs for the enhancement
of heat transfer coefficient and hence the improvement of thermal performance of solar air heaters
have been proposed and investigated by a number of investigators. Such designs are honeycomb
collector, corrugated absorber, V- shape absorber, extended surfaces absorber, double-exposure
collector, two pass collector, packing of porous material in air flow channel i.e. packed bed absorbers
and use of artificial roughness on the absorber plate. The artificial roughness has been used as an
effective means for improvement of thermal performance of solar air heaters. However, this result in
increase in friction factor for fluid flow. A number of investigators have studied the phenomenon of
heat transfer enhancement in solar air heater duct in form of small diameter wire, expanded metal foil,
wire screen metal mesh, at the bottom side of absorber plate. However, literature is incomplete for use
of rhombus shape as a turbulent promoter in solar air heaters.

Introduction

Among solar collectors, solar air heaters occupy an important place. Solar air heaters are mainly used
for drying or curing agricultural products, heating space for comfort, wood seasoning, and curing
industrial products such as plastic. Cheaper and easier to install than other solar collectors. In general,
solar air heaters are well suited for low and medium temperature applications because their design is
relatively simple. However, its usefulness as an energy harvesting device is limited by its low thermal
efficiency, mainly due to the low convective heat transfer coefficient between the absorber plate and
the flowing air, leading to high plate temperature and heat loss. Several methods have been proposed
by researchers to improve the thermal efficiency of solar air heaters.

Therefore, the most acceptable method is to use artificial roughness with different shape and size on
the absorber plate. By providing artificial roughness, the thermal efficiency of a solar air heater can be
improved. With a roughened surface, we can increase the heat transfer coefficient, so that turbulence
can arise. In order to achieve the maximum heat transfer coefficient, turbulence must be created near
the surface of the absorber plate. Thus, the most promising technique for creating turbulence is to
create an artificial roughness on the absorber plate. One of the effective methods to increase the heat
transfer rate and increase the turbulence inside the channel using half diamond surfaces.

In this chapter the parametric analysis has been carried out analytically to investigate the performance
of solar air heater using half rhombus absorber plate. Various parameters like temperatures, air
velocity, and mass flow rate have been measured by different types of equipments. Here experiment
performed at different temperatures at inlet and outlet section and thermocouples have been used at
different positions for measuring the temperature at different locations. The characteristics of solar air
heater have been performed at different mass flow rate. The experiment has performed between two
kinds of ducts, one is smooth absorber plate and other is roughened absorber plate. In this study, it is
found that the maximum heat transfer occurred at roughened absorber plate as compared to smooth
absorber plate. The change in the mass flow rate appreciably affects the performance because the value
of the air side heat transfer coefficient is relatively low. So in order to obtain complete information on
a solar air heater, it becomes necessary to conduct tests over a range of mass flow rates with each flow
rate yielding its own efficiency curve.
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The pictorial view of absorber plate with artificial roughness of half rhombus shape is given below in
figure 1. This absorber plate is of galvanized iron (GI) having thickness of 0.8 mm. wires are attached
on absorber plate in half rhombus shape. The material for wire is aluminum wire of diameter 2 mm.
The length and width of absorber plate are 1400 mm and 330 mm respectively.

Fig. 1. : Pictorial view of Artificial Roughness with shape of 3/4" rhombus.

EXPERIMENTAL PROCEDURE
The assembly was mounted on wooden stands such that the suction side of the blower is aligned

with the pipe connected to the air heaters and flow strengtherners in horizontal position as shown in
Fig 3.1. All the components of the set-up were cheked for their positioning so that the collector covers
and absorbers are in a horizontal position. The joints between the entry and exit sections as also the
other points of possible leakage were properly sealed. All the thermocouples were tested for their
correctness while in situ. Precaution was taken so that connector was not exposed to direct solar
radiation which might lead to erroneous results. All other measuring instruments i.e. orifice meter
microvoltmenter, U-tube manometer were properly checked.
The collectors were tested in a horizontal position using an open-loop flow system proposed in
ASHRAE 93-97 [64]. Tests were conducted under controlled conditions of mass flow rate (i.e. flow
Reynolds number) and the roughness parameters (p/de, de/Dn) and under outdoor conditions with
varying values of solar radiation intensity and ambient temperature. Test data were collected at hourly
(half hourly in some cases) intervals each day between 10.00 AM to 2.00 PM in the month of Feb 2022
to June 2022. The following parameters were measured.

i) Pressure difference across orificemeter.

i) Pressure drop across the duct.

iii) Temperature of the absorber plate

iv) Temperature of air in the duct.

V) Ambient temperature.

vi) Intensity of solar radiation.

In 240 number of runs, 5 set of roughened absorber plate, each under six values of flow rates
were tested (Table 3.1)
Table 1: Range of Parameters Investigated, prandtle number (air at average temperature) of 0.7

I‘:it Un No. Date Re mkg/s | pmm | demm | p/de | de/dh
1 2 3 4 5 6 7 8 9
1 26.2.2022 0.033
2 29.2.2022 0.044
3 3.2.2022 | 3000- 0.05
1 4 422022 | 8000 | 0.053 3412 | 0412 | 8.28 | 0.0141
5 5.2.2022 0.058
6 5.2.2022 0.067
7 10.3.2022 0.033
8 12.3.2022 | 3500- | 0.044
2 9 1532022 | 8500 0.05 3312 | 041 8.07 | 0.0137
10 17.3.2022 0.053
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11 19.3.2022 0.058
12 22.3.2022 0.067
13 25.3.2022 0.033
14 28.3.2022 0.044
15 31.3.2022 | 3500- | 0.05

3 16 2.4.2022 | 8500 | 0.053 3312 | 041 > 0.0137
17 4.4.2022 0.058
18 7.4.2022 0.067
19 9.4.2022 0.033
20 11.4.2022 0.044
21 14.4.2022 | 3500- | 0.05

4 9 1742022 | 8500 | 0053 2.208 | 0508 | 4.34 | 0.0137
23 19.4.2022 0.058
24 21.4.2022 0.067
25 23.4.2022 0.033
26 26.4.2022 0.044
27 28.4.2022 | 3500- | 0.05

5 58 3042022 | 8500 | 0053 1.814 | 0.508 | 3.58 | 0.0137
29 2.5.2022 0.058
30 5.5.2022 0.067
31 8.5.2022 0.033
32 10.5.2022 0.044
33 12.5.2022 | 3500- | 0.05

6 32 1552022 | 8500 | 0053 4618 | 0508 | 8.87 | 0.0137
35 17.5.2022 0.058
36 19.5.2022 0.067
37 22.5.2022 0.033
38 24.5.2022 0.044
39 26.5.2022 | 3500- | 0.05

7 20 5752022 | 8500 | 0.053 3.175 | 0508 | 6.24 | 0.0137
41 29.5.2022 0.058
42 30.5.2022 0.067
43 1.6.2022 0.033
44 2.6.2022 0.044
45 3.6.2022 | 3500- | 0.05

8 26 | 562022 | 8500 | 0053 | 24 | 2%4 | 5 | 001
47 6.6.2022 0.058
48 7.6.2022 0.067
49 8.6.2022 0.033
50 9.6.2022 0.044
51 10.6.2022 | 3500- | 0.05

9 =5 12620221 8500 | 0053 2.208 | 2.208 | 4.34 | 0.0137
53 13.6.2022 0.058
54 14.6.2022 0.067
55 15.6.2022 0.033
56 16.6.2022 0.044
57 18.6.2022 | 3500- | 0.05

10 £g 1962022 | 8500 | 0053 1.814 | 1.814 | 3.58 | 0.0137
59 20.6.2022 0.058
60 21.6.2022 0.067
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EXPERIMENTAL DATA

The raw experimental data during experimentation which included thermocouples reading, air
mass flow rates, pressure drop in ducts, ambient temperature and intensity of solar radiation had been
tabulated. Table 3.1 shows the data collected during a typical run for a particular set.
Table 2 Thermocouple Reading °c

UGC Care Group | Journal
Vol-12 Issue-09 No. 03 September 2022

1l t2 t3 t4 5 t6 t7 8 t9 t10 111 t12
R | 334|348 | 349 | 349 | 353 | 352 | 388 | 359 | 358 | 39.9 | 40.2 | 404
S | 326 | 336 | 338 | 338 | 342 | 343 | 346 | 347 | 343 | 373 | 37.3 | 374
R | 343|347 | 349 | 352 | 353 | 355 | 355 | 349 | 358 | 39.9 | 404 | 40.6
S | 336|338 | 338|341 | 343|343 | 345 | 346 | 349 | 37.8 | 38.8 | 38.3
R | 345|349 | 351 | 3563 | 353 | 355 | 356 | 358 | 359 | 37.2 | 40.9 | 41.2
S | 338|338 |339 | 341|344 | 347 | 348 | 349 | 37.7 | 353 | 39.1 | 39.9
R | 352|353 | 357 |39 |359 358|362 | 364 | 366 | 37.8 | 41.2 | 423
S | 343|344 | 348 | 34.7 | 348 | 349 | 349 | 347 | 349 | 357 | 39.1 | 39.7
R | 3.9 39362364 | 368|369 372|374 | 372 | 379 | 423 | 42.8
S | 348|347 | 349 | 349 | 372 | 372|381 | 381|349 | 378 | 418 | 41.3
Table 3: 1, ta, Atand h as a function of time during the day (Room No. H.T. Lab)
Time AM/PM 10.00 11.00 12.00 1.00 2.00
I, mv 8.2 8.9 9.3 9.8 9.6
ta, °C 29.9 30.2 314 32.12 34.6
tr °C 38 40 43 45 46
TB,°C 39 41 43.5 45.6 45.6
h w/m2k 19.7 20.5 20.8 20.9 21.6
Nu 34.2 35.6 35.9 36.2 36.3
hs w/m2 18.3 18.4 18.6 18.8 18.8
Nus 23.2 23.1 23.2 23.2 23.2

Results and Discussion

Altogether in 45 number of test runs, raw experimental data were collected for 05 set of
roughened solar air heaters, simultaneously with the smooth ones. For a particular test run, mass flow
rate in the roughened and smooth collector remained the same.

The value of the hydraulic diameter D of the solar air heater ducts (both smooth and roughened)
has been worked out to be 0.042 m.

The raw experimental data were reduced to work out for the values of the results with respect
to heat transfer which have been represented through the different Tables and figures as follows:
4.1 Heat Transfer
Fig4.1,4.2,4.3,4.4,4.5 and 4.6 represents the heat transfer results in the form of Nusselt number for
smooth and roughened collectors. The analytical and experimental values of Nusselt number for
smooth and roughened collectors have been compared. The analytical values of Nusselt number have
been worked out using the following Egs. (1) and (2) from reference Prasad and Saini (1988):

Nus = 0.0158Re%8 (4.1.1)
f 0.9p;-05
Nu, = (aJreor (4.1.2)
1+\/f72 [4.5(e+)°-28Pr°-57—0.95(P/e)°'53]
Where, e* = €/, ( /f/2> Re (4.13)
f= 22k (4.1.4)
and f; has been taken from references Sheriff and Gumley(1966), Written as under:
2
fr = (4.1.5)

[0.95(”/6)0'53+2.5111(13/26)—3.75]2
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The values of are taken from the Moody Chart.
The Experimental values of the heat transfer coefficient for smooth and roughened collectors
have been found out from Eq. (4.6) as under:
hC,(to — t;) = hA.(t, — to) (4.1.6)
Which have been further used to obtain the values of Nusselt number for smooth and roughened
collectors from the following equation:

UGC Care Group | Journal
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Nu=hD/k (4.2.7)
Table Heat transfer data for Roughened collector

4.1 (P/e=40; e/D=0.071)

Re Tp| TO Ti ma h Nur
2077 | 65 | 42 31 | 0.02 |21.66025 | 31.37002
4067 | 66 | 39 30 | 0.03 | 2253772 | 32.64084
6078 | 66 | 40 30 | 0.035 | 29.05941 | 42.08604
7737 | 61 | 39 29 | 0.04 | 40.9199 | 59.2633
10080 | 62 39 28 | 0.045 | 48.43125| 70.14
Table Heat transfer data for Roughened collector

4.2 (e/D=0.119; P/e=40)

Re Tp| TO Ti ma h Nur
2077 | 60 | 42 29 | 0.02 | 34.86384 | 50.49246
4067 | 60 | 42 28 | 0.03 |52.55313 | 76.11142
6078 | 60 | 41 28 | 0.035 | 51.64911 | 74.80216
7737 | 59 | 40 28 | 0.04 |56.84295 | 82.32427
10080 | 62 | 40 28 | 0.045 | 55.23421 | 79.99438
ngle Heat transfer data for Smooth collector

Re Tp| TO Ti ma h Nus
2077 | 60 | 34 29 | 0.02 |9.283271 | 13.44474
4067 | 60 | 33 28 | 0.03 | 12.51265 | 18.12177
6078 | 60 | 33 28 | 0.035 | 13.9791 | 20.2456
7737 | 59 | 33 28 | 0.04 | 17.30795 | 25.06669
10080 | 59 | 33 27 |0.045 | 23.35797 | 33.82878

Table 4.1 and 4.2 represents the raw data for heat transfer coefficient and Nusselt number for

corresponding values of Different Reynolds numbers and for the particular value of relative roughness
pitch (P/e) equals to 40 and relative roughness height (e/D) equals to 0.071 and relative roughness
pitch (P/e) equals to 40 and relative roughness height (e/D) equals to 0.119, for roughened absorber
plates respectively. Table 4.3 shows the same but for smooth absorber plate.
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Fig. 4.1 represent typically the comparison of the experimental and analytical values of Nusselt
number in smooth and roughened solar air heaters for a given value of relative roughness height (e/D)
equal to 0.071 at values of relative roughness pitch(P/e) of 40. Fig. 4.8 represents the effect of relative
roughness pitch (P/e) for a given value of relative roughness height (e/D) on heat transfer. The
experimental and analytical values of Nusselt number compare well with a percentage mean deviation
of +6.0, 7.0 and 7.2. For relative roughness pitch (P/e), equal to 40, 50 and 60 respectively for the flow
Reynolds number varying from 2077 to 10080. The experimental and analytical values of Nusselt
number compare well with a percentage mean deviation of +6.0, 7.0 and 7.2. For relative roughness
pitch (P/e) equal to 40, 50 and 60 respectively which is +6.0 in case of smooth collector for the flow
Reynolds number varying from 2077 to 10080. The Values of the mean deviation have been found
out as under.

Deviation = (Experimental values - Analytical values) / Experimental values.

Within the range of the parameters investigated, percentage mean deviation between the experimental
and analytical values of Nusselt number has been found in the range of -4% to +13.06% for the
roughened collectors and -16.2% to +3.7% for the smooth collectors.

Now, that the experimentally and analytical results on the heat transfer have been found to
compare reasonably well, Fig. 4.8 have been drawn typically to see the effect of roughness parameters
relative roughness pitch (P/e) and relative roughness height (e/D) respectively, on Nusselt number in
roughened collectors, as also to compare with the Nusselt number in those of the smooth collectors at
the same values of flow Reynolds Number. It could be seen the effect of relative roughness height
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(e/D) for a given value of relative roughness pitch (P/e), that the value of Nusselt number increases
with the increase in the value of relative roughness height (e/D). At a flow Reynolds number of 10080,
the values of Nusselt number in rough collector are about 63.36, 72.83 and 74.08 for the respective
values of relative roughness height (e/D) equals to 0.071, 0.095 and 0.119 at a given value of relative
roughness pitch (P/e) equals to 40, whereas it is 21.7 in case of smooth collector.

Fig. 4.9 and 4.10 show the comparison of effect of relative roughness pitch (P/e) and effect of
relative roughness height (e/D) on heat transfer of roughened solar air heater. Within the range of the
parameters investigated, the value of the “Enhancement Factor (Nur/Nus),” has been found out to be
in the range of 2.5 to 3.9, the higher values corresponding to the smaller value of relative roughness
pitch (P/e) and higher values of relative roughness height (e/D). It is to mention that reattachment of
free shear-layer with the surface is necessary for effective heat transfer from the surface, which may
not occur for the value of P/e less than 40 As it becomes like smooth surface. For relative roughness
pitch, P/e, value higher than 40, lesser number of roughness element (rhombus shape sheet) on the
collector have a lesser effect of induced turbulence in the viscous sub- layer, resulting in reduction of
heat transfer and hence lower the Nusselt number.

THERMAL PERFORMANCE

The solar air heaters, operating without recycling of air, thermal performance has been
represented on the basis of outlet air temperature (Gupta and Garg, 1967). The following equations
have formed the basis of representation of thermal efficiency:

Nen = Fr(ta) — FRUL (8o — ) /1 (4.2.1)

Nen = MCp(to — )/ (4.2.2)
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Fig. 4.11 Comparison of analytical and experimental thermal performance of roughened
solar air heater at different relative roughness pitch (P/e)
ks ' Ple=i0; e D=0.071
08 R
| e
) 60 TR
A o -a
o
) 50
- LY
:; a4
0.4( - : —A
Sl
).35 - —
A )
).30
A
e 00055 00060 O C'IZlE-S 00070 © Clbf’: }C'EIE)J 0.0085
(T-T
Fig. 4.14 Comparison of analytical and experimental thermal performance of

roughened solar air heater at different relative roughness height (e/D)

Page | 164 Copyright @ 2022 Authors



Dogo Rangsang Research Journal
ISSN : 2347-7180

UGC Care Group | Journal

Vol-12 Issue-09 No. 03 September 2022

0o e/D=0.119: Ple=40
"”vﬁ yUC T
g5 '_.7___ @ Analytical v
| a8 - ®- Expenmental n,
Y —a— Analybcal n
08 5 4 - Expenmental n,
-
= 054
= A ?
' . . y
04 Y ~
- T -
A T
03+ o
) 0 O'JE-S ’ DO-CfSG 0 022'35 ’ 0 C‘EJT':‘ : D C;I-TS ) 0 D'JG'J ; UGE‘&-‘D
(T,-T)
Fig. 4.16 Comparison of analytical and experimental thermal performance of
roughened solar air heater at different relative roughness height (e/D)
08
Ple=40
. Ple=d0
074 - =0 ®—¢D=0.071
T —o— ¢/D=0.095
= e —w—e/D=0,119
06+ - ° - - 4 -Smooth duct |
S, L= -Smeo.
g 054 .
& -
044 S A :
3
034
02 T T T T T T T
00055 00060 00065 00070 00075 0000 00085
(TQ'T.)"
Fig. 4.18 Effect of relative roughness height (e/D) on performance of roughened  solar

air heater

0.70
i —— Present work, P/e=40 & e/D=0.071
0.65 - —@— Present work, P/e=50 & ¢/D=0.071
1 —&— Present work, P/e=60 & e/D=0.071
- A - present work, Smooth duct
0.60 —&— Prasad (2013), P/e=10 & e/D=0.011
4 =<~ - Prasad (2013), Smooth duct
0.55
0.50
cl_n ]
1 0.45
& _
0.40 S A
0.35 - LN
] T A )
0.30 <>~_‘<> ‘‘‘‘‘‘‘‘‘ o "‘~--__~A
1 B -
0.25 T T T T T T T T T T T T
0.0055 0.0060 0.0065 0.0070 0.0075 0.0080 0.0085

Fig. 4.19

Page | 165

(T,-THN

roughened solar air heater

Comparison of effect of relative roughness pitch (P/e) on performance of

Copyright @ 2022 Authors



Dogo Rangsang Research Journal UGC Care Group | Journal
ISSN : 2347-7180 Vol-12 Issue-09 No. 03 September 2022

08

074 "

064 e %

'
*
¢ ou

00056 00060 O l_'r:.)c'fl a IZIEI?ﬁ 0 -J:)?S 0 ljv'llalll 0 0085
(T=T M
Fig. 4.20 Comparison of effect of relative roughness height (e/D) on performance of
roughened solar air heater

The performance of solar air heaters is a strong function of mass flow rate, which necessitates
that, in order to obtained a reasonably reliably information with regard to the thermal performance of
solar air heaters, each mass flow rate results in a efficiency curve. Fig. 4.11 represent typically the
analytical and experimental performance characteristic of the roughened collectors for relative
roughness pitch (P/e) equals to 40’ for a particular value of relative roughness height (e/D) equals to
0.071 and also for smooth collectors at various mass flow rates. Similarly, Fig. 4.14 represent typically
the analytical and experimental performance characteristic of the roughened collectors for relative
roughness height (e/D) equals to 0.071 for a particular value of relative roughness pitch (P/e) equals
to 40 and also for smooth collectors at various mass flow rates.

It is obvious from Fig. 4.18 that for a given mass flow rate, the performance of roughened solar
air heater increases with decreasing value of relative roughness pitch (P/e) and increasing value
of relative roughness height (e/D). For instance, Fig.4.2.7 at a given mass flow rate m = 0.045 and
relative roughness pitch (P/e), equals to 40 the values of thermal efficiency of roughened solar air
heater are found to be about 66.7%, 69.4% and 73.7% for relative roughness height (e/D), equals to
0.071 respectively as compare to about 41.7% for that of smooth solar air heater. Similarly, in fig.
4.2.8 at a given mass flow rate m = 0.045 and relative roughness height (e/D), equals to 0.071 the
values of thermal efficiency of roughened solar air heater are found to be about 67.7%, 60.9% and
52.5% for relative roughness pitch (P/e), equals to 40 respectively as compare to about 41.7% for that
of smooth solar air heater. Fig. 4.19 and 4.20 show the comparison of effect of relative roughness pitch
(P/e) and effect of relative roughness height (e/D) on performance of roughened solar air heater.
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Fig. 4.35, 4.36, 4.37, 4.38 and 4.39 shows the values of hourly variation of average temperature
of collector (Tp), average temperature of outlet air (To) and average temperature of inlet air (T;) for
different values of mass flow rate. The range of average temperature of collector (Tp), average
temperature of outlet air (To) and average temperature of inlet air (T;) have been found to be 60 to
78°C, 38 to 46°C and 29 to 34°C for a particular value of mass flow rate, m, equals to 0.020 kg/s.

It is also seen from the figures that the average temperature of collector (Tp), average
temperature of outlet air (To) and average temperature of inlet air (T;) gets decreases as the value of
mass flow rate increases.

CONCLUSION
Present investigation of rhombus shape roughened solar air heater has been proposed and used

to predicts to heat transfer, thermal performance and friction factor with relative roughness pitch (P/e),

relative roughness height (e/D) and Reynolds number. The following conclusions have been derived

on the basis of the results and discussions:

1. The average Nusselt number tends to increase as the Reynolds number increases in all cases.
The average Nusselt number tends to decrease as the relative roughness pitch (P/e) increases
for a fixed value of relative roughness height (e/D) and it also tends to increases as the relative
roughness height increases for a fixed value of relative roughness pitch.

2. The maximum enhancement in the Nusselt number has been found to be 3.89 times over the
smooth duct corresponding to the relative roughness height (e/D) of 0.119 and relative
roughness pitch (p/e) of 40 at Reynolds number of 10080 in the range of parameters
investigated.

3. The maximum enhancement in the friction factor has been found to be 3.42 times over the
smooth duct corresponding to the relative roughness height (e/D) of 0.119 and relative
roughness pitch (P/e) of 40 at Reynolds number of 10080 in the range of parameters
investigated.

4. The thermal efficiency of roughened solar air heaters increases with the increasing values of
flow Reynolds number and relative roughness height for a given value of relative roughness
pitch.
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