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Abstract

In this work, the efficiency of a new solar air heater with a conical concentrator, which can track the sun from sunrise to sunset, was
investigated under forced convection conditions of air. The collector, whose absorber was arranged as a two-pass exchanger and mounted c
the focal axis of the conical concentrator, was tested for a number of tilting angles and a variety of air mass flow rates.

In addition, major operation parameters related to efficiencies of the collector and heat flow in the absorber were determined and correlated
with each other and compared with flat-plate solar collectors.

The highest efficiencies and maximum increase in the air temperatures were obtained atlt#8)4and the lowest mass flow rate,
respectively. Although, the efficiencies were similar, the maximum outlet temperatures of the air were found to be approximately twice and
heat transfer rates inside the absorber were higher than those reached by conventional flat-plate solar air heaters.
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1. Introduction layouts. The fact that the air has low thermophysical prop-
erties imposes the need to create a fully developed turbulent

Solar collectors have a wide range of applications such asflow in order to increase the heat transferred between the
drying of agricultural products, space heating and air condi- absorber and the air stream. Thus, in the literature various
tioning, industrial processes (textile, paper, etc.) and greencollector designs have been postulated and tested for the ob-
house heating. Improving their performance is essential for jective of meeting this requirement. These include: the flat
commercial acceptance of their use in such applications. Inplate absorbers with the air flowing above, below or on both
the solar air heaters, energy in the form of radiation is trans- sides of the absorber [1-3]; V-folded absorbers in which the
ferred into air and even in the warmest climates, the flux of air flows parallel to the V-channels [4,5]; finned absorbers
incident solar radiation is approximately up to 11002 [6,7] and integrated collector/storage systems in which the
without optical concentration. The solar air heaters occupy heat storage tubes are transversely arranged inside the col-
an important place among solar heating systems because olector and air flows across these tubes [8] and flat and cylin-
availability, minimal cost and the direct use of air as the drical metallic porous absorbers [9,10] and fabric polyester
working substance reduces the number of required systemporous absorbers with plastic covers [11]. Jet plate solar col-
components. The primary disadvantage of solar air heaterslector [12] is another design in which multiple jets from the
is the need for handling relatively large volumes of air as a air stream below the absorber are mixed with the streams
working fluid with low thermal capacity. flowing above the absorber. Most of these collectors men-

Many studies have been made on the enhancement ofiioned above have the dimensions of 5 to 10 m lengths, 0.6
thermal performance of the solar collectors, using diverse to 1.3 m widths and 3 to 13 cm heights.
materials of various shapes and different dimensions and Concentrating collectors provide energy at temperatures

higher than those of flat plate collectors. They concentrate
T Corre . and re-direct solar radiation into an absorber and usually re-
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Nomenclature

Ag view area of the concentrator............ il T, outlet air temperature ..................0 °C
Ay recCeiVerarea............coouvviunnunn s ~fn T, absorber plate temperature.............°C
Cp specific heat capacity of the air. ... 2. K1 UL overall heat loss coefficient .. . . .. w—2K-1
DH hydl’auhC d|ameter ........................ m AT air temperature r|Se; T() _ T‘l ____________ °C
F! collector efficiency factor qu heatflux............................ Wi—2
g R ;ﬁ”fij:)t(or efficiency factor Kgm-2 Ou heattransferrate......................... W
h film heat transfer coefficient . .. . . wi2.K-1 Greek symbols
I direct solar radiation................. W2 o absorbtivity of the absorber
JH ColburnJ factor fraction of the radiation reflected on the
k thermal conductivity of the air wh-1.K-1 Y - -
Lf the lenath of ab ork))/ert be e m absorbing surface of the receiver
S ube ...l -

m mass flgow rateofair.................. kgt 7 cpllect_o ' efﬁqency 1
Re Reynolds number wr viscosityofair..................... kops™
Pr Prandtl number 0 slope angle of collector
S Stanton number 0 reflectivity of the concentrator

) i i -3
T, ambient temperature ................... °C of densityofair....................... ko
Tf local air temperature ...................°C T transparent cover transmittance
T; inlet air temperature .................... °C (ra). the effective transmittance absorbance product

(i) reflective and (i) refractive units. These types focus on collectors are necessary to gain additional data on the utili-

a line in cylindrical concentrators or on a point in circular sation of solar energy.

ones. Concentrating solar collectors of different geometric  In this study, therefore, a solar collector with conical con-

shapes, sizes and orientation are in use today. Many of thesgentrator having a cylindrical absorber for heating air is de-

have quite novel and unique appeal. Much of the novelty are signed, constructed and tested in the forced convection con-

related with the means making the collectors more efficient ditions. The primary consideration in designing such a col-

in collection of solar radiation. lector is to attain high collector efficiencies and thus to ob-
Conical parabolic collectors have a very high concen- tain _air flows at higher temperatures than those from con-

tration ratio. Smith [13] patented a collector with a coni- V(_entlonal flat-plate collectors. For_thls _respec_t, the collector

cal surface, which directed convergently reflecting rays at differs from most collectors described in the literature.

an absorber positioned in the central focal axis. Uroshe-

vich [14] patented a focusing-type solar collector system

which consists of a parabolic tough with an interior reflec- 2. Analysis

tive surface that faces the main reflector of the collector.

McLean [15] describes a system using fibre optics in afixed = The commonly accepted method for measuring the steady

ray to maximise the variations of the sun inclination as it state efficiency of solar collectors depends on the following

travels through the sky. equation [20].
Evacuated tubes are used to reduce heat losses from the
receiver. Some of the earlier patents are those of Mather and’ = Fr(ra)e — FRUL(T: — Ta)/1 (1)

Sherlock [1§], in whigh the tu.be was placed in atransparfent In this equation three parameterB( (ta). and Up)
Pyrex glass jacket. Sims [17]invented a solar energy receiveryegcrine the performance of the collector. These parameters

which could also be used as a high concentration ratio 4.¢ girectly associated with the design of the collector, flow

compound parabolic collector. O’Neill [18] has a patent on qnditions and construction materials.

a curved prismatic Frensel-type lens. Winston [19] invented  Hotte| and Whillier gave [21] an equation, which enables

a solar collector with a refractive element and an ideally one to compute the heat removal factor. Following this work,

contoured wall with a reflective surface. Bliss [22] derived several efficiency factorg’(values) for
Although, the collectors of focusing type are used exten- different types of collectors. These equations given below

sively in liquid heating, there is not much work on their us- with the description of efficiency factors apply to water type

age in air heating. Also, any conical focusing system track- collectors and to one special case of air type collectors.

ing the sun have not been met among the collectors men-

tioned above. So, it can be considered that studies on suchf& = (GCp/UL)[1— exp(—F'UL/GC))] (2)
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F’ = (actual useful heat collectionrate Table 1
x (useful heat collection rate obtainablewith entire ~ Error sources in the system
collector surface at average fluid temperattte Parameters Error
Fr = (actual useful heat collectionrate Errors in temperature measurements:
x (useful heat collection rate obtainablewith entire ~ Thermocouple errors +025-0.5C
. . _Ije Errors due to fitting elements +0.1°C
collector surface at fluid entering temperaya Measurement errors 10.25°C

Eq. (1) is known as the Hottel-Whillier—Bliss equation or Total potential error in recording each temperature = :0.367-0.567C
the generalized performance equation. The usefulness of itSviean error in determining
development is evident by considering the following three timesof periodical temperature measurements = =0.1 min

steady-state thermal performance expressions. Errors in flow rate measurements
Error due to anemometer +0.1 ms2
= I — T, —T,
qu = (T)e UL(Tp —Ta) (3) Error due to leakage +0.1ms™ 1
qu = F’[(ra)el —UL(Ty — Ta)] 4) Total potential error in flow rate measurements = +0.1414 ms—1
qu = FR[(‘L'a)eI —Ur(T; — Ta)] (5) Error in solar energy measurements:
The prediction of thermal performance of a collector, =" due to piranometer +001 W2
P P ' Errors due to fitting elements +0.1 W-m~2

requires firstly determination of collector parameters for
(ra)e, Ur and insertion of ambient values fbrandT7,, then
the difficult task of estimating absorber plate temperafiyre
by Eq. (3). Average fluid or fluid inlet temperatures are used Other errors=+0.1-0.2%
in Egs. (4) and (5), respectively. They are often known or can
be more accurately estimated or specified. Similar efficiency
expressions may be written for concentrating collectors as
shown below:

The useful energy per collector apertu®y /A,, of a

Total potential error in solar energy measurements = +0.1 w-m—2

Total potential error due to sun tracking system = +0.5°

where,Rey =GDpy/uy andPr = purCp/ky.
Average values of the heat transfer coefficient so deter-
mined have been used to evaluate the Stanton number and

concentrating air collector operating under assumed steady-JH factor:
" L _ b
thate conditions is given beli‘w [23] S— o (10)
L= FrI(yta)ep — FRUL = (T; — Ty) (6) Lo
Aq Aq T =S(Pr)? (11)

The term,(yta).p, represents the optical properties of
the system. The intercept facter,is defined as the reflected
fraction of the incident radiation on the absorbing surface of
the receiverz is the transmittivity of transparent cover.
andp are the absorptivity and the reflectivity of the absorber
and concentrator, respectively.

Overall collector efficiency,;, is then given by the
following equation:

Because the accuracy of the temperature measurements
are main error sources (Table 1) in the results, error estima-
tion depend mostly on mean reading errors of the thermo-
couples at six points and the numerical accuracy of the other
parameters. Considering the relative errors in the individual
factors denoted by, error estimation was made using the
following equation and they have chang&éo 1.05-1.50.

2 2 211/2
n= 2V b rarap— FRUL&(TZ Ta) o V= [(eD)? + (2)% + -+ + (x0)7] (12)
Aql Aq 1

The following equation can also be used to estimate the , i i
collector efficiency values. 3. Heater detailsand instrumentation
n=mCp/Aa)(To — T}) (8) The experimental set-up and the important size parame-

Eqg. (7) indicates that a plot of efficiency againgt — ters of collector are shown in Fig. 1 and in Table 2, respec-
T,)/1 will result in a straight line whose slope and intercept tively.
areFrUL A, /A, and Fr(yTa).p, respectively. Thus, if the The conical solar collector was constructed from 0.5 mm
optical properties of the system are knowfx, andU;, can thickness stainless steel sheets and mounted on the main
be determined. iron pipe outer surface of which painted with black collector

The general methodology [24,25] was approved and usedpaint. This assembly was placed on a four-wheeled table
to find heat transfer rates and coefficients in the absorber.by means of two arms, which could also serve to set the
The forced convection heat transfer coefficient for a smooth collector tilting.
absorber can be obtained from the Blasius and Dittus— The copper absorber tube placed on the focal axis of the
Boelter equation. concentrator was arranged as a two-pass exchanger. Outer

ki~ 08e.06 surface of this_tube is also painted with black collector paint
h= O‘OZSD_HReH Pr ) and cupped with a transparent glass tube.
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Table 2

The characteristics of conical solar collector

Ay 0.295 n?

Ag 2.22 nf

B (koni i¢ agist) 78

Collector tilt, & 28°.4,33.4,38.4

Absorber Copper

Absorber inner diameter 10.0cm

Absorber outer diameter 10.2cm

Transparent cover Bore silicate glass
(ng =1.473,7 = 0.9183,
pq =0.0697,a = 0.012

Cover inner diameter 11.4cm

Cover outer diameter 12.0cm

Black collector paint o =0.98,6 =0.88

(yta). for black collector paint 0.9012

Concentrator 18-10 Cr—Ni stainless steel

y 1[26]

radiation was measured with a Kipp—Zonen solarimeter
connected to a recorder.

The air was supplied by a small blower at the inlet port
of the main iron pipe and it's flow rate was measured with
an anemometer at the exit as well as wind speeds. Air
temperatures at the inlet, outlet and 0.46 m equally distanced
five points in the space along the length of the absorber
and ambient temperatures were measured at 30 minutes
intervals by Fe-constantan thermocouples connected to a
3 multi channel-temperature measurement unit.

Alr

outlet

4. Resultsand discussion

B=74° 4.1. Collector efficiency

Concentrator

Main iron tube The experiments on the performance of solar air heater
Q\\ were carried out from July to September in 1999 (Edazi
Air Turkey, local latitude is 38%.
inlet Typical hourly values of global and direct solar radia-
— Copper tion recorded with pyranometer and ambient temperatures
—— Transparent cover between 7 a.m. and 5 p.m. are shown in Fig. 2. The fig-
(b) ure indicates that the direct and global solar radiations are
at their highest values at noon (at about 12.30 p.m.) as ex-
Fig. 1. (a) Solar air heater with conical concentrator. (1, photocells; 2, pected. The diffuse radiation slightly decreases as the time
absorber; 3, conical concentrator; 4, conical concentrator supporting frame; passes afternoon.
5_, _tracking l_mit;_ 6, temperature measurement u_ni_t; 7, the arms for s_etting The performance tests have been carried out according
tilting; 8, main air flow tube; 9, moving arm and drwmg system for tracking; to the international standard methods [23,28]. In the exper-
10, collector table; 11, wheels); (b) the schematic view of absorber tube. . . i
iments, the mass flow rate of air and the tilting angle of the
solar air heater are varied from 30 to 70tkg® and from
The system is able to rotate via two satellite antenna 28.4 to 38.4, respectively.
motors to face conical concentrator continuously towards  The different curves given in Fig. 3 show the variation in
the sun. The motors driven by two photocells located on the the daily mean temperatures of the air stream at a number
head of the absorber sustained the movement and maintainedf points along the length of the main tube. The horizontal
tracking from sunrise to sunset. All the details of the solar air axis values in this figure show the distances from the tube in-
heater are given elsewhere [27]. let. Then, 0.92 m distance coincide U-section of the absorber
The air heater was oriented to south and tilted to form tube and 1.84 m tube outlet accordingly. The temperature of
angles of 28.4, 33.4 or 384between main tube and the air in the absorber tube is seen to decrease steadily with
horizontal surface (local latitude 38)4 The incident solar  its mass flow rate and increase along the tube length for all

1,2,3,4,5 Thermocuple location
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Table 3
Operating conditions and rises in the air temperatuseE)(in some studies on flat-plate solar collectors
Operating conditions TPC) AT (°C) n Reference
collector length= 3.66 m 20 3166 - [29]
Re= 10" 40 1611 -
collector length=9.10 m, [30]
1 =800 Wm™2, m =504 kghr—1 - 234 0.3991

m = 862 kghr—1 - 17.4 0.5029
1 =950 Wm~2, collector length=5 m, [31]
G =0.027 kgsm2
Flow above and below 24 13 -
V -folded absorber 25 8 -
Corrugated duct absorber 25 15 -
G =0.011 kgsm2
Flow above and below 24 19 -
V -folded absorber 25 15 -
Corrugated duct absorber 25 29 -
The length of absorbet 1.56 m at solar noon [32]
Single pass — 17.2 0.58
Double pass - 23.88 068
Single channel design with single air flow between absorber and bottom plates
with no isolation [1]
m =936 kghr1, v=063ms1, 1 =900 Wm~2, Re=3300,L = 6.75 m, 335 161 -
Same, with bottom isolation provided:
m=972kghr 1, v=062ms1 1 =900 Wm~2, Re=3400,L =9 m, 337 252 -
Double channel design with single air flow between absorber and bottom plates
and bottom isolation provideet = 93.6 kghr 1, vV =048 ms™1,
1 =900 Wm?2, Re=3300,L =9 m 537 341 -
Double channel design with double air flows between top glass and absorber
plate and between absorber and bottom plates and with bottom isolation provided
m =46.44 kghr-1, v =050 ms™1, 1 = 694 Wm~2, Re=4900,L = 5.9 m 332 257 -
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Fig. 2. Hourly variation of solar radiation and ambient temperature.

normal to the view surface longer times before and after the
noon. The conical collector set at local latitude angle can re-
ceive solar radiation vertically and complete reflection to the
absorber occurs only on the summer days between 9—-10a.m.
and 14-15 p.m. As the incident solar radiation in these peri-
ods is less intensive than that at noon, the air passing through
the absorber is heated lesser compared to the other setting
angles. The maximum air outlet temperatures at this tilting
vary from 68°C to 82°C depending on the mass flow rate
of air as shown in Fig. 4. These temperatures are approxi-
mately twice those reached by conventional flat-plate solar
collectors with empty air space. Some collectors acquiring
similar temperature differences and efficiencies are seen to
have absorber lengths at least twice that of the present col-
lector (1.84 m) as are given in Table 3 [29-32].

The changes in the air temperature 1i8g — 7;) against

the tilting angles. The decrease in the temperatures of air atdirect radiation and airflow rate are shown in Figs. 5 and 6,
high rates is not so much as expected, implying somewhatrespectively. Each line in Fig. 5 was drawn by using regres-
enhancement in heat transfer because of increasing turbusion equation, which fits best the changes in all the daily
lence. As shown here, air temperatures decrease with the antemperature and direct radiation values. The temperature
gle of tilting, the highest values are obtained at the lowest rise, AT, increases linearly with the incident direct radia-
28.4 angle of tilt and it is lowest at the local latitude value. tion reaching the maximum value at noon (800rv2) on

This may be attributed to one-dimensional tracking the sun the surface of the conical collector, and decreases with the
that enables conical concentrator to receive solar radiationincreasing air flux. The maximum temperature rise is ob-
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Fig. 5. The variation ofAT with the incident solar radiation for various

tilting angles and air flow rates.
Fig. 3. The changes in the air temperatures inside the absorber tube. gang
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Fig. 4. The changes in the maximum air temperatures inside the absorberFig. 6. The variation of the increase in the air temperatures recorded at solar
tube at solar noon for 284ilting of the solar collector. noon with the mass flow rates of the air for various tilting angles.
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Table 4
The increaseaT (°C) in the air temperatures at noon 91
Air flow rate (kghr—l) Tilting angle 81
28°.4 3.4 3.4 77
70 30.9 253 155 %]
60 34.1 26.3 15.8 = 5-
50 34.8 27.1 19.3 <,
40 36.4 32.1 22.9
30 37.2 32.9 30.9 39
2
14
0 T T T T T
20 30 40 50 60 70 80

m (kg/hr)

Fig. 8. The changes inT/I with air flow rates.

Fig. 7 shows variation of the collector efficiencies,
againstAT /I values for various tilting angles and air flow
rates. It is seen here that the useful ene@gy=mC,AT
and the collector efficiency increase continuously with the
airflow rate. In the same way, the data plotted in Fig. 8,
which depicts the variation in thaT /I values as a function
of mass flow rate of air, supports these results.

Fig. 9 shows the typical efficiency curves plotted using
Eqg. (7) at different tilting angles and air flow rates. The
conversion efficiency of incident solar radiation into heat
energy in the collector were computed by using data from
the daytime measurements between 11.00 a.m. and 2 p.m.
at the symmetrical times to the solar noon. Because they are
the values from the measurements before and after the noon,
the data points show a scattered pattern under and over the
regression line.

It is clearly seen here that, although the measured data
points are mostly scattered, they can still be used to evaluate
Fr(yta)ep and FRUL A, /A, coefficients in Eq. (7). from
the least squares fit of linear regression. A quantitative
comparison of the calculated thermal performance Bpd
values of the present solar collector is tabulated in Table 5
(©) and the effect of air flow rate on the efficiencies is shown
in Fig. 10. These values increase as the mass flow rate
of air increase. This may be attributed to the decreased
thermal losses to the ambient. The valuesFaf(y ta). 0o
Fig. 7. The changes in efficiencies witt /1 for various air flow ratesand ~ for 70 kghr~1 are much higher than those for the other

$=384°

O 70kg/saat
B 60kg/saat
0,44 A 50kg/saat
A 40kg/saat
O 30kg/saat

0,5 1

0,3

0,2 4

0,1 1

0 0,01 0,02 0,03 0,04 0,05 0,06 0,07
ATI

the tilting angles. air flow rates. The efficiencies anftk values considerably
increase as tilting angles decrease. This is due to better view
tained at 28.4 tilting angle and at the lowest 30 kg1 of sun at low angles. Although, instantaneous efficiencies

air flow rate. These results are expected, because more soicrease with both flow rate and temperature rise of the air
lar radiation fell vertically on the conical collector and more as implemented by Eq. (8), the rise in the air temperature
heat accumulation occurs in the absorber during the summerdecrease with air flow rate especially at the highest tilting
days at the tilting angle Edower than the local latitude. In  angle where solar radiation does not fell vertically on the
addition, outlet temperatures of the air increases due to it's conical concentrator even at noon. For this reason, the effect
prolonged contacting times at lower flow rates inside the ab- of air flow rate on the instantaneous efficiencies is more
sorbing tube. The increases in the air temperatures at noompronounced. The speed of the wind in the ambient air has
are compared quantitatively in Table 4. also some influence on the air temperature rise.
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Table 5
Performance and’z values of the conical collector for various mass flow rate of air
Air flow rate (kghr—l) Tilting angle
n Fr
2804 3.4 3.4 2804 3.4 3.4
70 0.5030 0.4990 0.2898 0.886 0.879 0.514
60 0.4071 0.4242 0.1963 0.717 0.747 0.346
50 0.3688 0.3315 0.1813 0.650 0.584 0.319
40 0.3492 0.3025 0.1785 0.620 0.533 0.314
30 0.2935 0.2531 0.1777 0.517 0.446 0.313
0,50 0,6
0,45 $=284"°
0.40 - n 0,51
0,35 0.4
0,30 - - ’
0,25 - N 0,31
0,20
0,15 0,21
A284°
0,10 o
i 334
0,05 A (a) 0.1 = .
0.00 . ® 384
=33.4° ' ' ' :
0,35 1 n 5 20 30 40 50 60 70 80
0.30 | " m(kg/hr)
0,25 - | | u] [m} Fig. 10. The changes in instantaneous efficiencies with air flow rates.
n 020 =
oLs A n section or so-called mixing-cup temperature. Daily average
’ o oo values of these temperatures and Eqgs. (9) and (11) were
0,10 - used to evaluate local heat transfer coefficients and Colburn
0.05 1 (b) factors. Known heat flux, local heat transfer coefficients

and local air temperatures were used to find absorber wall
0.00 a temperatures according t@ = (T, — Ty). The results of
these computations are given in Table 6.

0201 Film heat transfer coefficients h between air and inner
surface of the absorber tube and related Colblrfactors

0.15 1 computed for various mass flow rates of the air are given in
Fig. 11. They can reach up to 25-W2.K~1 at 70 kgh~1

0,10 1 air mass flow rate. The film heat transfer coefficients

E gg ‘ﬁﬁﬂi in the industrial air heating and cooling may be up to

0,05 + : 28 i%; 50 W:m~2.K~1 depending on the systems. But, they are

® 30 kg/hr () generally low in the operations utilizing solar air heating
0,00 : : : : : systems and are reported as below 15W?-K 1 [33]. The

0 0,002 0,004 0,006 0,008 001 0,012 relation between Re numbers and heat transfer coefficients

(Ti-Ta)/1 h and Colburn/y factors can be expressed best by power

models as following.
Fig. 9. The changes in instantaneous efficiencies for various air flow rates

and the tilting angles. h =0.0123Re)%7%%6  ( = 0.9997) (13)

Juy =0.0136Re) %1% (» =0.9890 (14)
4.2. Heat transfer inside the absorber tube
4.3. Economical analysis of the system
As the flow pattern of the air inside the absorber is
turbulent, it may be assumed that the temperature at any Economical analysis was carried out for 8 working hours
measurement point represents the air in the respective crossluring whole year to compare the annual total cost of the
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Table 6
Mean film and absorber temperatures, film heat transfer coefficients and Colburn factors at all the tilting angles and flow rates of the air
m Thermocouple 0 =284 0 =334 0 =384
(kg-hr=1) location Ty T, h Ty Ty T, h Ty Ty T, h Ty
70 1 3150 3534 2545 0.00298 36.65 48.04 2519 000295 36.74 46.06 2518 0.00295
2 3790 7235 2512 0.00294 4110 6520 24.99 000292 39.33 53.33 2506 0.00293
3 4510 84.48 2475 0.00289 4500 66.27 24.82 0.00290 4200 56.47 24.95 0.00291
4 5180 89.02 2439 0.00284 4820 6575 24.69 000288 4511 62.08 24.82  0.00290
5 5812  93.73 2405 0.00280 51.24 68.03 2455 000286 48.99 70.34 24.65 0.00287
60 1 3271  41.34 2245 0.00307 37.78 53.66 2221 0.00303 37.77 4656 2221  0.00303
2 4060 8198 2211 0.00302 42.80 69.24 22.03 0.00300 40.80 56.70 22.10  0.00302
3 4880  92.47 21.80 0.00297 47.00 69.29 21.87 0.00298 44.16 61.88 21.97  0.00300
4 5550 91.65 21.54 0.00293 50.93 71.95 21.72 0.00296 47.85 67.49 21.83 0.00297
5 5969 8252 21.37 0.00290 5439 73.00 2158 0.00293 51.10 6847 21.71  0.00295
50 1 3370 4594 19.35 0.00317 3820 5553 19.17 000314 38.76 50.85 19.15 0.00314
2 4340 92,75 19.00 0.00311 4364 7131 18.99 0.00311 4210 59.04 19.04 0.00312
3 5220 97.72 1871 0.00305 49.50 79.67 18.80 0.00307 4550 62.87 18.93  0.00309
4 5870 9276 1849 0.00301 53.00 71.13 18.68 0.00305 49.57 70.51 18.80  0.00307
5 6192 78.88 1838 0.00299 56.60 75.38 1856 0.00302 53.55 74.18 18.66  0.00304
40 1 3564 4634 1612 0.00330 36.61 5219 16.08 0.00329 40.00 52.75 1599  0.00327
2 4542 9315 1584 0.00323 44.88 8528 1585 0.00324 4288 56.90 1591  0.00325
3 5530 10450 1556 0.00317 53.26 94.80 1562 0.00318 47.70 71.32 1578 0.00322
4 6204 96.06 1537 0.00312 56.63 73.44 1553 000316 52.00 73.27 1566 0.00319
5 6445 76,64 1530 0.00311 60.75 8146 1541 0.00313 5526 7150 1556 0.00317
30 1 4046  54.49  12.69 0.00346 39.84 57.02 12,70 0.00347 4160 5592 12.66 0.00346
2 5257 109.20 1243 0.00338 49.39 93.77 1250 0.00340 45.30 62.36 1258 0.00343
3 6160 10455 1222 0.00332 57.82 97.61 1231 0.00334 50.40 74.14 12.47 0.00340
4 6661 90.70 1210 0.00328 61.44 78.66 1222 0.00332 5490 76.03 12.37 0.00336
5 6996 8617 12.03 0.00326 65.01 8214 1214 0.00329 57.62 70.47 12.31 0.00335
30 . . . .
following equation given by Mitchell [35]:
25 .
mﬁgﬂ:’ﬂn ACC =11+ ))"/tgep (15)
= 20 - ) .
& mmity Wherej, n and! are the annual interest rate taken as 10%,
§ 15 1 um allowed years for loann(= 5 years) and the capital cost
£ 10 | o respectively andyep is the number of depreciation years.
5 The operation cost (energy maintenance) is evaluated
using an electricity rate of US$ 0.0&vh—! and annual
0 maintenance cost of 2 to 5% of the capital cost [36].
0,005 - The annual total cost of the present system is compared
with various systems listed in Table 7. These systems have a
0,004 1 capital cost of 50 US$n—2 [37].
Ju 0,003 il Iﬂ:ﬂjmnrﬂ]ﬂ:lmammj When the first investment cost and the annual total cost
0.002 are considered, the present collector seems more economi-
] cal than the other systems. But, among the others, the cost
0,001 of 1 kWh heating is the lowest in the case of the conven-
0.000 tional air heater. As the absorbing surface (79) mf the
' ' ' ' ‘ conventional air heater is much more higher than the present
0 5000 10000 _ 15000 20000 25000

e

Fig. 11. The correlation betwed®e and/orh andJg .

collector (0.295 rf), more useful energy is transferred an-
nually into the airn(Q,), which reduce heating cost.
Investment and operation cost of present solar air heater
with conical concentrator and sun tracking mechanism are
in acceptable limits as is seen in Table 7. When it's

present solar air heater with the conventional solar air heatercost and ability to supply air at higher temperatures than

and a conventional electrical heater.

those supplied by conventional solar air heaters, it may

Assuming a depreciation period of 15 years [34], the be preferable in places where hot air is required. By
annual capital cost (ACC) is estimated according to the incorporating packing inside the flow channel of the air,
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Table 7
Comparison of the annual total cost in US$ for different systems
Item Systems
Conical air heater Solar air collecfor Conventional electric heafer
Capital cost 480 3500 300
Annual capital cost 554 37579 2000
Annual maintenance .8 7000 -
Annual energy cost 1368 8250 26280
Annual total cost 781 52829 26280
Cost of 1 kWh heating 0427 0018 Q091

* Values were taken from Abou-Ziyan et al. [37].

more enhancements in the efficiency of the system may be [4] B.F. Parker, M.R. Lindley, D.G. Colliver, W.E. Murphy, Thermal
realized. This could make the present collector economically ~ performance of three solar air heaters, Solar Energy 51 (6) (1993) 467

comparable with the conventional solar air heaters. 479. o
[5] K.G. Hollands, E.C. Shewen, Optimization of flow passage geometry

for air heating, plate type solar collectors, ASME J. Solar Energy
Engrg. 103 (1989) 323-330.
5. Conclusions [6] M.R. Diab, J.T. Pearson, Heat transfer characteristics of solar air heater
incorporating a finned absorber, in: 4th Internat. Conf. Mechanical
Power Engineering, 1982, Paper no. IlI-14, Cairo.

The following results may be drawn from the present [7] US, Department of Energy (Solar Energy), Research on the applica-

W_Ol’k in which forced-convection efficiencies and pr_incipal tions of solar energy to industrial drying or dehydration processes, in:
air flow and heat transfer parameters of the solar air heater  J.L. Butler (Ed.), Solar Crop Drying Conference Proceedings, 1977,
with conical concentrator have been studied. pp. 69-79.

Among the tilting angles tested, the lowest 28ig the [8] H.E.S. Fath, Thermal performance of a simple design solar air heater

with built-in thermal energy storage system, Renewable Energy 6 (8)

most efficient angle leading up to 50% efficiencies anéi®@2 (1995) 10331039,

air outlet tem.peratu.res atthe minimgm flow rate (301(6) [9] N.K. Bansal, R. Uhlemann, A. Boettcher, Plastic solar air heaters of
and the maximum increase (37Q) in the temperature of novel design, Report Internat. Buroder KFA-Julich Gmbh, Germany,
the air. April 1982.

The efficiency values acquired by the present conical so- [10] N.K. Bansal, D. Singh, Analysis of a cylindrical plate matrix solar air
. heater, Solar and Wind Technology 2 (2) (1985) 95-100.
lar Co”eCt_Or are close, but outlet tempe_ratures are apprOXI-[ll] M.N. Metwally, H.A. Heikal, Optimization of plastic bag solar air
mately twice those reported for conventional flat-plate solar collectors (PBSAC) for drying of agricultural products, in: Engrg. Res.

collectors without any packing in the passage space of the  Bull. of Univ. of Helwan (ERBUH), Cairo, Vol. 2, 1987.

air. [12] C. Choudhury, H.P. Garg, Evaluation of a jet plate solar air heater,
Film heat transfer coefficient between air and inner Solar Energy 46 (4) (1991) 199-209.
f f the absorber can reach up to 25vi-K-1 at [13] P.D. Smith, Solar collector with conical element, US Patent, 1977.
surface o P ! ’ [14] M. Uroshevich, Solar collector, US Patent, 1981.

70 kgh~1 air mass flow rate. [15] B.L. Mc Lean, Solar collector device, US Patent, 1989.

Further work is needed to elucidate the influence on the [16] P.E. Mather, S.T. Sherlock, Solar energy collector tube, US Patent,
efficiencies of some other parameters such as incorporating[ 1979. _
packing materials into the air passage and using selective 17] W.H. Sims, Evacuated envelope and solar energy receiver, US Patent,

. 1982.
absorption surfaces. [18] M.J. O'Neill, Solar collector and energy collection system, US Patent,
1978.
[19] R. Winston, Cylindrical radiant energy direction device with refractive
Acknowledgement medium, US Patent, 1978.

[20] ASHRAE Standard, Methods of Testing to Determine the Thermal
. . Performance of Solar Collectors, American Society of Heating,
This study was supporte b)_’_ the Research Foundation of  Refrigerating, and Air-Conditioning Engineers, New York, 1978, pp.
Firat University (Project No: FUNAF-296). 93-77.
[21] H.C. Hottel, A. Whillier, Evaluation of flat-plate solar collector
performance, Pub. No. 53, Solar Energy Conversion Research Project,
Mass. Inst. of Technology, 1955.
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