Numerical investigation of the spiral solar air heater performance
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Abstract: This paper presengsnewdesign ofaspiralsolar air heatewith a90°turning of the air
inside thepassagewaypssembledetween the absorber and bottom platethe purposes of
mixing process andxtendng surface of heat transférat finally leads to higher performande
enhancehe thermakfficiency,an air gap iconsideredat the top othe solar collectorto reduce

heat lossThe proposed solarollector is simulated numerically biae Finite Element Method
usingthe COMSOL software The set of governing equatiofts both forced and free convection
turbulent air flovs are solvedbased on the RNGiK) t ur b u | .dmthe energyceduation
solution, the effect of surfage-surface radiation as an important phenomenon in solar collectors
is consideredNumerical results revealhigh thermal efficiency of 75% for the test case with 100
w fa solar heat flux and air mass flow rate of 0.01skGomparedo the conventionalsmooth

duct solar air heatewith 35% thermal efficiencythe designed solar collectoperates witha
higher performanceanda more than 10% increasén thermal efficiencys achieved due to the
applied techniquwith the limitation of pressure drop which is increases about three times in spiral

solar air heater

Keywords: Spiralsolar air heater, finite element methedficiency, Turbulentconvectionflow,

solar energy system



Nomenclature

A Area(T T Glass transmissivity
Air gap thickness (m) f Volumetric thermal expansion (1/k
b Height of the passageway (m ] Fluid Viscosity (Pa.s)
Fm Gas specific heat (kJ/kg K) J Fluid density (kg/n%)
h Convection coefficientw/m?K) t Dynamic viscosityi( 7O
k Thermal conductivity (WK 1) Il Turbulent kinetic enesg(i  70)
L Length of heater (mm) i Turbulent dissipationi ( 7O
a Mass flow rate (kg/s) 1 Thickness (m)
p Pressure (Pa) Subscript
q Heat flux W/i abs Absorber
Ra Rayleigh number amb Ambient
0, Indices
Re Reynolds number=, O T bp Bottom plate
T Temperature (K) g Glass
T Velocity component (m/s) in Inlet
(x,y) Coordinates (m) ins Insulation
Greek out Outlet
symbols
| Glass absorptivity t Turbulence
Glass reflectivity

1. Introduction

Radiativesolar energy ibothclean and abundamith a wide distribution anthany usesOne of

the well-known solar energyysens is the simple structureolar air heater (SAH), in which the
solar irradiation converts into air enthalfy providehigh-temperature dilow for usein many
applications such agehumidification, drying of agricultural products, energy storagdspace
heding. The main advantages of this solar colleet@thelow cost and easy maintenanbet the

heat convection coefficient between the flowing air and heated surfacevwsgloiMeads to a low
performanceThere are a huge number imerical and experiental studies for convection
enhancement. A review of various techniques for increasing the efficiency of SAHs was given by
Ahirwar and Kumai1]. That study concentrated éour methods including artificial roughness

and ribs on the absorber plate, jet impingement, padzciric fan and phase change material. It
was revealed that the maximum thermal hydraulic performance factor for noncircular ribs, ribs

with a rectangulacrosssection ribs with an equilateratrosssection and jet impingement are



equal to 1.44, 1.29, 2.1and 3.66respectivelyMost of the suggested methqguoisblished inthe
literaturedeal with convection augmentation by increasing the surface anficimogfof heat
transfer by employing finf2], artificially roughened surfacg8], vortex generatorgl], porous
segmentd5], Wavy channelg6], perforated absorber plates with different geomeffig¢sjet
impingement metho{B], converged shape of air dyét 10] and using radiating working gases
[11].

Recently, the author proposed a circular SARvhich the rotating air flow whiclhas a vortex
pattern inside thair vessebf the heater takes place due to entering the inlet floatamgential
direction from the inlet tube attached to the side {2&l]. Both numerical and experimental results
revealed about 100% increase in thermal efficiency compared to the conventional plane SAHs.
Some sudies have shown th#te presence @ spoiler inside SAHenhances the convection heat
transfer and leads to an increase in thermal effici€l®y14] In thenumerical anexperimental
study by Li [15], aduatspoiler SAHwas presented and examin®gda combiration ofa dual air
ductwith a serpentine passagayvit was revealed that the thernedficiency increasdsy 21.74%
compared withlthe conventionabAH.

Currently, the channgbf SAH are designed with serpentine passageway composed of spoilers.
The obtained findingshowed that serpentine SAH could improve peformance of solar
collectors but at the same time, a distimetirculatedsortexflow was formedat the end of baffle,
wherethe convectionairflow deflects 180° This process causesh@gh-temperatureecirculated

zone and leads to a logonvection coefficientTo removethis inability, a spiral solar air heater
(SSAH) is proposednd examined experimentally a paper by Jia et dll.6], in which there is

only a 90°turning of thechannel.The designed solar heater contains the insulation layer at the
bottom,andthe glass cover at the top, under which an absorber plate with spiral air passages is
installed.In that experimental work, it was reported that compared with the conmah&AH,

the ultimatethermalperformanceof SSAH is improvedand up to 65% thermal efficiency was
assessed

The effect of tk number of longitudinal side waltg flow and heat transfer behasaf a spiral

SAH was analyzed and examined numerically by Jia §1'4l. In accordance with the analysis of
the effective efficiencyand econond benefits, the spal SAH with two longitudinakide walls

was distinguished as the optimum structure. Also, the correlations of Nusselt number and pressure

drop of solar collector were found by applying the least equate method.



Four different types of spiral flow air colltors were examimtenumerically by Jia et dl18]. The

aim was to evaluate the effect of the baffle structure on the microsdugacteristics of the
airflow and convection heat transfer. It was revealed that the solar collector with two deflectors
has the optimum structure and maximum efficiency.

A new design of a SAH withspiral airflow path was studied both numerically andegxpentally

by Amara et al[19]. In simulations, the ANSYS FLUENT software was employed using the SST
turbulent model.Different baffle heights under different air mass floates were tested
numerically and the maximum thermal efficiency of 59% was obtained for the optimum design.
As a continuation of the gy in Ref.[16], and to obtaira higher peformance the present work
aims to design and examinan SSAH with a lower rate of heat losand increased thermal
efficiency. The installed baffles between the absorber and bottomplatd have formed as a
unit elemenprovidea spiral formfor the air passageway from the infetthe outlet sectiomside

the solar collectorlt is expected that a large amount of thermal energy is transferred into the
convective air flonat each passadpy the heated surfacé®m the above, beloyand theateral

sides by thebsorber, bottom platand the installed baffles, respectivelyisitonfiguration was

not applied in the SSAH in R€fl6], such thattie heated surfaces only con®the absorber
plate with the installed baffledlso, in the present solar collecta,lower rate of heat loss takes
place via the glass cover due to the considered air gap at thettapcoflector, which was not
applied in Ref. [16]In the numerical simulation, tmomentum and energgguations fothefree
convection airflonat the top ofthe collector and the forcecbnvection airflow through the spiral

air passagewagiong with the conduction equation for the solid parts are solved simultaneously
by the finite element method (FEM)he obtainechumerical data is depicted in terms of isotherm

plots and velocity and pressure distributions in different parts afdbigned SSAH

2. Computational model

Figs. 1and 2 illustratehe schematis of the analyzed SSAHThe present solar collector consists
of a glass cover, air gapndabsorber plate integrated with the bottom pldtee geometrical
dimensions with the values of some therpiysical properties atabulated in Tables. 1 and 2.

Airflow with the ambientemperature and fully developed velocity profile enters the heater with

& 18t (kg/s. The value of Reynolds number definet¥a® " w,, O ' becomegqual to7500

corresponds to the turbulent forced convection flawd fa thenaturalconvection flow inside the
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air gapwith the height ofa=2 cm the value of Rayleigh numbdrased on the temperature

differenceY’Y 1 &by the definition of Y &0 "QY'Ya®Ff | isgreaterthai¥dd v pm
denotes the turbulent regirf20].

Table 1: Material propertie$13]

Physical properties Absorber  Insulation Baffles Bottom plate  Glass cover
Conductivity [W/m.K] 400 0.036 400 400 0.8
Surface emissivity 0.97 _ 0.97 0.97 0.97
Reflectivity 0.03 _ 0.03 0.03 0.02
Transmissivity 0 0 0 0 0.95

Table. 2: Values of the geometrical parameters

Parameter a b 1 1 1 1 1
Value (mm) 20 50 4 4 4 4 50

To evaluate the performance of a solar collector, the thermal efficien@and thermohydraulic

efficiency,— , should be calculated via the following relati¢ns12]:
C, (Trou - T,
ht — p( mout II"I) (1)
qSUr‘I'A
1y
rlfx:p(-l-mout- T|n) - C( ,FX))
hthyd = qsun-A (2)

Based on Eq. 2, the pumping poweayL , is consideredvhen calculatinghe thermohydraulic

efficiency. In this equatiorparameter C is the factor due to the conversion of thermal energy to

mechanical energy, andist equal to 5.567, 12].
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2.1 Governing equations

The tensor notation ofthe RANS forms of thegoverning equationsvith the quaststeady,
incompressibleand threedimensional turbulent flopand the conduction equation for the solid

partscan be written as follows:

a) Forced convection inside the air passages

W _g (3)
M
A XK X |
5
ujﬂ:_“[(ﬂ ﬂ)]jJ ®)
J BoPr Prooxu
b) Freeconvection inside the air gap
W _ g (6)
X
PP RS gV I (7)
oMo Xu xTu
8

Where the source term, $g[1- 4T -T)]. is considered only for the momentum equation in

the z-direction due tahe buoyancy effect

c) Conductionequation for solid parts

u B +qSun
AR

Thesecond term in the LHS is considered only for theglzover due to itadiative absorption

(9)

across this element
It should be mentioned that based on the assumption of thesjeady condition, the thermal

storage inside the solar collector is ignored. This condition can be employed if there are not any



sudden changes in tbmate condition such as in the value of incident solar radiation and ambient
temperature.
Based on the applied - € turbulence model in the present RANS probliemthe analysis of
convection flows the turbulent kinetic energy and its dissipation rare computed byhe
following equationg21].

ry, bk =_ll[( ml-ﬂ) —{1 & s (10)

WK S M

(11)

He_ Mo R oo & o
= 1CmD) )ﬂ'j" =G Go

It should be mentioned that the choice of the applidée turbulence model is based on the
previous study by the author in which the numerical results by fowkwelln turbulence models

were compared and investigated for having more reliable raéstite analysis of rotating airflow

which is almost similato that happens iRef.[12]. More details about the governing equasion

and the applied turbulence model also the values of constants in these equations are reported in
Refs [12, 21]

2.2Boundary conditions

For velocity computationtheno-slip boundary condition is employed thesolid-fluid interfaces
Fully developed cold air flow entergith ambient temperature arlde imposednass flow rate.

Also, the pressure outlet @ppliedat the exit sectiorAt the upper surface aheglass cover and

lower surface ofheinsulation, the convection boundary condition gl "Q "Q hwas

considered. The radiative and convective parts of the equivalent convection coefficient are

computed agl2]:

T, - T (12)
Moy =5 g2

Tg - Tamb)
hconv :57 +3'&/wind (13)

Where the sky temperature can be calculated with the following relation:



T, =0.0552T 1% (14)

Also, a uniform heat fluof T | N is consideredn the upper surface tfe absorber

platedue tothe absorbedolar irradiation
2.3 Grid study

To find an optimum grid size and theeshindependentumerical solution,ive different meshes

were tested. The grid generation was done by clusterindghreesaterfacegand in the regionwith

high gradierg andalsoconsidering smaller medizesinside the velocity boundary layefThe

air outlet temperature foraeh case was obtained anket variation ofthis parametewith the
numberof elements is plééd in Fig. 3the optimum grid with 28000tetrahedraelements under

which the percentage of temperature change becomes less than 1% is chosen and used in all
subsequent simulation®uring the iterative numerical procedure based on the F&ai\olving

the set of governing equationthe converged solution for each of the dependariableswas
assumed to be achieved while the amount of residual in each of the equations including the
conservations of mass, momentwand energy and also tkeand- - equatiors becomdess than

p& 3 prt hbased on theonvergence curve plotted Fig. 4. Also, a schematic of the meshed

domain with the optimum number of grids is illustrated in Fig. 5.
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Fig. 3: Results of grid study for calculation of air outlet temperature



10°F “ . : ; . ]
107k — ]
.\\ ]
- \\ 4
s 107k \ N\
= F X v n
i C
L \ —
1073 =
I — Velocity u, Pressure p
1074L Heat transfer
F| — Turbulence variables

10 20 30 40 50
lteration number

Fig. 4: Variations of the residuals during iterative steps

2525
VAVAAN
LS
R S Rt )
ORESEEA AT
NGS5
), A

T

o 1'45:» 7

\\“\‘ Ay s .‘,._".l""
il

Fig. 5. Discretized computational domain
3. Validation

As noted in the introduction, the present designed SSAH is similar to the one studied
experimentallyby Jia et al[16]. A photo of the test systeexamined irthat workis shown in

Fig. 6. In the present designed solar collectoaddition to the elemds used in the structure

of solarcollector studied in Ref16], anextraair gap is considered at the tp having a

lower rate of heat losand the configurationf the absorber, bottom platand theinstalled

side wallsprovide a spiral shape for the air passageasya compact uniiTherefore, by
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eliminatingthe air gap and replacing the absorber plate with a glass covepireteanSSAH,

the two solar collectetbecome the sami.is expectedhat with thepresentonfiguration, the
extent oftheheated surface which is in contagtiwthe flowing air is increasedhich causes
convection augmentatioim addition to the benefit ahespiral form of air passagé&o validate

the obtaird resultsthe presentindings from the numerical simulation of the studied SSAH
in Ref.[16] are compared witlthe experimental data given ithat referenceFor this, the
computed aitemperature differencat different values of the solar irradiation atetted in

Fig. 7andcomparedagainst the experimerithis figure shows that much more thermal energy
is transferred into the airflow as the solar irradiation gets higher values. Compariseerbetw
the dah presented in Fig. $howsa good consistency, such tllaé maximum percentage of
error between the numerical and experimemrgsliltsis about7.5% that takes place #t

@ v TtZl . The difference between the results is due to the numerical and round of errors in

the CFD method and also theasurement mistakes during experiment.

Fig. 6. Photo of the test systeji6]
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Fig. 7: Validation of the numerical results with experiment, 1@t p TE@HO

4. Results

To assess the thmo-hydrodynamic characteristics of the designed SSAH and its abilitynvert

solar irradiation into air enthalpy, the numerical solution of the governing equations including the
veloaty, pressurgand temperature fdyoth free and forced convection air flows inside the heater
and the temperature distribution inside all solid &pts is obtainedin all simulations, the air
mass flow rateand the solar hedtux are kept constant equal to T8t & TQ N

p T TZTH , except in the calculations of Figs,Where the effectsf these parameters are under
study. The forced convection flow behavior is shown in Bifpy plotting the contours of velocity
magnitude inside the passageway of SSAH. The stagnant flows at the corners anghsies

fact thata slightincrease in the velocity magnitude along the flivection takes place due to a
density decrease in tlarflow towardthe outlet sectionThe temperature distribution inside the
whole part of solar collector is depicted in FigAs expected, the maximum temperature belongs
to the absorber surface whkea great part of the incoming solar radiation is absorbed. The surface
radiation between the heated absorber and the bottomratatding the installed side walédso

leads to a high temperature for the boundaries of the spiral air paSbagar gg at the top of

collector decreases the glass cover temperature and then the rate of heat loss via this element.
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Fig. 8: Velocity magnitude contour plot
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Fig. 9: Isotherm plots inside the SAH

Since, the inner region of the SSAH could not be seen in Fig. 8, an attempt is made in subsequent
figures to show the temperature variations inside the inner parts. For this, theofegjidiow is

chosen in Fig. 1@nd theisotherm plots are presentedthis figure As seena low-temperature

zone takes place at the vicinity thfe inlet section At the interfaces with the absorber, bottom

plate andside walls of the passagesdfective convetion heat transfer takes plastich leads to

the air temperature increase along the flow direction updoutletsection From all of the air
passages, the first pass is much more effective with the maximum air temperature ificrease.

should be notethat ane of the main factgrof convection enhancement in spiral heaters is the

mixing process rad breaking thermal boundary &yat the corners where thgflow turns 90 .
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Fig. 10: Isotherm plot inside the convection air flow

The absorber and bottom patvith theirinstalled side walls for the passage® the main
componentsfathe SSAH. The surfaces of thedements are heated due to the absorbed solar heat
flux and theinternalsurface radiationAs Fig. 11shows it is seen that these elements are not too
hot due tothe effective convection heat transfer with the flowing air. Also, there is a small
temperature variatioof less than 3 ©n the absorber surfadee to the higlthermal conductivity

of this element andhe uniform absorbed incident radiation at the tBpr the bottom plate
including theair passageshe minimum temperature takes platzseto the air inlet section where

the cold air enters into the heater ane thaximum temperaturenear to the central region.

55 55.5 56 56.5 57 57.5 40 45 50 55

a) Absorber surface b) Bottom plate surface

Fig. 11: Temperature distribution over tladsorber anflottom platesurfaces
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The isotherm plots inside the insulation are depicted in Bighdseen, there is a large temperature
gradient along the verticatdirection with more than2C temperature difference acrabe5 cm
thickness which is due to choosingell-insulatedmaterial for this elemenAlso, on each axial
plane, almost a uniform temperature takes place.

§/\

a) Upper view b) Lower view
- N — degC
30 35 40 45 50 55

Fig. 12: Isotherm plots inside the insulation layer

The temperature distributions on the boundary surfaces at the top and bottom of the SSAH, where
the heat loss to the ambient takes placepaesentedn Fig. 13. As seen, the glass surfasen

almost low temperature due to tle#fective role of air gapfrom below This is a desired
phenomenon that prevents a high rate of heat lbese compares the isotherms plotted in Fig.

13-a and b, it can be found that for the proposed SSAH, the main source of heat loss takes place

via the insulation surface whoagerage temperature is ab8U€ more than the glass cover.

) s

degC

_—
| — —— | degC 8 30 32 34 36 38 40
27.7 27.8 27.9 28

a) Glass surface b) Insulation surface
Fig. 13: Temperature distributions over thater surfaces of thglass cover and insulation
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To evaluate the values of convection coefficient along the flow passes, the Nusselt number defined
asl 6 (D TQis computed for each axial section perpendicular to the airflow direction from the
inlet to the outlet section and wsiriation is plottedn Fig. 14 This figure reveals a decreasing
trend of Nu along each of the flow passes due to growing the thermal boundarylsyefter

the 90degreeschange in flow direction at each of the corners, a slightly increase in convection
coefficient isdepicted in Fig. 14vhich is due to flow mixing and breaking thermal boundary layer

as airflow passes through these sections.

80

60 |

]
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g 40 First corner
% i
)
0
>
Z 20
i Last corner
0 71 . . . . 1 . . . . 1 . . . . 1 . . . . 1 . . . .
0 100 200 300 400 500

Lenght along flow direction (Cm)
Fig. 14 Variation of Nusselt number along the flow direction fritr@inlet to the outlet section

Fig. 15shows the air pressairfield inside the SSAH by plotting the isobar contours. The air
pressure drop along the flow direction at each of theaasagess clearly seen in this figure, such
that the overall pressure drop from the inlethi®outlet section in the studied test case with

mdt (£ MOis ¥ p X0 &ln comparison to the conventional smooth duct SAkich is also
simulated in the present work with5 Pa pressure drppf) p Y0 As relatively high This
behavior isdue to the spitdorm of the air passageway and the sudden change of flow direction

at the corners.
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Fig. 15: Isobar contours for forced convection airflow

As theperformance of SAHan be evaluated by the thermal efficiency defined in Edpelalue

of this parameteat three different air mass flow ratis calculated and shown in Fig. .1Results

reveal high thermal efficiencies for the proposed SSAH, even when the solar collector operates
under a low air mass flow raté=ig. 16also shows alight decrease in thermal efficiency as the
incident solar irradiation gets higher valu@s. danonstrated, up to 83% thermal efficiency is
calculated for the designed SSAH under the conditiondof T8t p E 9 and n

@ A, which is interesting.

1 I
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S 09T
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o L h= kg/
S 0.8 - — m = 0.012 kgls
o i m = 0.010 kg/s
S o7t
T wg/s
s

06

0.5k L

L | L L L L | L L L L L L L L | L L L L | L
600 700 800 , 900 1000
Sun heat flux (W/m")

Fig. 16: Variation ofthethermal efficiency with the sun irradiation

Finally, acomparative analysis igerformedin this paper tccompae the perbrmance of the
proposedsolar collector with the convectional plane SAH. For this purpose, a plane SAH with

length of 1m and the width of 0.5 m and the same values of the geonpsraaeters used in the
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design of SSAHoperating withd 1@t @£ #Q andn p 7T is simulated and the
isotherm plots in the whole region of solar collector and for the ctioweairflow are plotted in
Figs 17-a and b. As seenthe absorber teperature is very high in comparison to fhmeposed
SSAH From the numerical findings, one can compute the absorber average temperktQre&of
for the conventional type, while the value of this parameter for the designed SSARISTHi's
behavior leads to a higher rate of heat loss and low effici@iimeymain factor for this process is
the low convection coefficient between the heated absorber and airflow in conventional solar
collectoss, andthe thin heat penetration degdtbm theheated absorbénto the convection flow
shownin Fig. 17bis due to this factA comparisoris also made in Table, 81 which the thermal
efficiencies of these twanalyzedsolar collectors are tabulated at different air mass flows.rate
Noticingthefact that there israincreasing trendbr the thermal efficiency with thecrease of air
mass flow rateamore thanl00% efficiency increase is found for tdesigned SSAH compared

with the conventiongblane SAH.

Air out

Glass cover

Absorber

Air in Insulation

—— E—— degC
20 40 60 80 100

a) Isotherm plots inside the conventional plane SAH

degC

[ B
20 25 30 35 40 45 50 55 60
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b) Isotherm plots inside the domain of airflow

Fig. 17 Thermal behavior of the conventional plane SAH

Table .3: Thermal dficiencies of conventional SAH and SSAH p T TLIAG
O 0.008 kg/s 0.01 kg/s 0.012 kg/s
bg—s 0.31 0.35 0.39
L=+ 0.62 0.75 0.80

Asit was noted in the description of Fig. 15, the desi@g®@dHhas more pressure drop compared

to the conventional smooth duct SAthich is due to the difference in tlagflow patternsTo

study this subjecthe variations of pressure drop with the air mass flow rate are plotted for these
two types of solar air heatdarsFig. 18 As expectedthe pressure drogets higher valuesith the
increase of air mass flow rate such that the rapeasfsure dromcreasen SSAHSs is much greater
than theone for theconventionaSAH. This behavior is due to tlarflow pattern inside thepirat

shapedassages in SSAH.

200
- --- SSAH .
4
S 150 | Conventional SAH !
a /l
8 ’
° L’
o 100 | 3 o
35 ’
(7] ’
(7] ,
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a 50} PP
| e~
| e
| _ - 8- -
sl Il n I I L L L L L 1 L L L L 1 L L
00 0.005 0.01 0.015 0.02 0.025 0.03

Mass flow rate (kg /s)

Fig. 18: Variationof pressure drop with the air mass flow rate

To evaluate the performancestlar collectorsn convertingsun heat flux intair enthalpy with

considering the effect of pressure drop,ttlermohydrauliefficiency should be calculated based

on Eq. 2.Thevariations ofboth thermal and thermohydraulic efficiencies,and—

with air
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mass flow ratdor the SSAH and conventional smooth duct SAH are drawn in Figdt i9seen
that the SSAH is more efficient, such that its thermal and thermoHigdedficiencies are about
two times of the similar parameters for the conventional SAHhe range of lovair mass flow
rates,Fig. 19 demonstrates increasing trends floe thermohydraulicefficienciesof both solar

collectors but due tahe growth d pumping powera decrease in takes place for SSAH

when it operates at high valueair mass flow rate,say © 0. 025 kg / s.

09}

0.7F

0.6

Efficiency

0.5F conventional SAH

0.4F

03}

e 1 - . 1 - 1 1
0.005 0.01 0.015 0.02 0.025 0.03
Mass flow rate (kg/s)

Fig 19: Variations ofthermal and thermohydraulic efficiencies vs air mass flow rate,

p T T7TH

5. Conclusion

This study was dedicated éxaminethe performance of a proposed SSAH with an air gap and a
special configuration dhe heated surfaces including thatom plateair passagesnd absorber

By utilization of a CFDbased numerical analysis, the set of governing equdtorsseady 2D
turbulent forced and free convectianflows and theconductionequations for solid elements
along with consideringhe surfaceto-surface radiatiorhas been solved by the finite element

method.The main conclusion can be summarized as follows:

1- Theapplied designed formproved wellits potentialin heat transfer augmentatiand high
performanceSuch that the breaking thermal boundary layer and mpiiogess through

the 90-degreechange in flow directions at the corners and the extending surface of heat
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transfer by the design of spiral air passages between the heated bottom plate and absorber
provide a considerable performance improvement

2- The applied air gap at the top tbie collector plays a major role in decreasing the glass
cover temperature and leads to a much lower rate of heat loss.

3- The highest efficiencgf 83% is calculated for theroposed SSAHInder the condition of

G T8rp-€ andn p T TeAthat showsa 100% increasein thermal efficiency

comparedvith the conventional smooth duct SAHSs.
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