Agricultural Research Journal, Suez Canal University, 2004

A Study on the Engineering Considerations for the Unglazed Transpired
Solar Air Heaters (Utsah) Design Under the Egyptian Conditions

Hassanain, A, A.
Agriculture Engincering Department; Faculty Of Agriculture Suez Canal University Ismailia- Egypt
(Received, December 6, 2004)
ABSTRACT

investigates were conducted inside a controfled solar simufator room (of 3.2m length, 2.4m width
and 3m height) to test the affecting parameters on the unglazed transpired solar air heaters design.
The considered parameters were, the hole (perforation} diameters, dimensions apart, suitable suction
velocity under the simulated incident solar radiation of the investigation site, effect of the prevailing
wind speed and wind direction, also effect of material being used and its thickness. Heat exchange
effecliveness was taken to govern and select the best design option.

Three main components were used in these investigations: the plenum wooden prism which holds
the perforated plafes under investigation, solar simulator and the wind tunnel which simulates the
prevailing wind direction and its speed.

A prism shape wooden box of 1.5m length and 0.40m x 0.40m square cross section was used as
a plenum, where the perforated plates under investigation were held by the plenum aperture which
faced the solar simulator; on the other-side, a suction blower was located. Isothermal perforated plates
of different materials and different thickness were investigated. Range of different isothermal good
conductor metals i.e. Steel, Galvanized steel and Aluminum each has thickness of 0.5mm, 0.9mm,
1.2mm and 1.4mm, were investigated. Holes of 2mm, 3mm, 4mm, 5mm, and 6mm diameters and with
different distances apart were distributed on the plates at different square shapes of 80x80mm,
40x40mm, 20x20mm and 10x10mm also different diamond shapes of 57x57mm, 29x29mm and
1 4x14mm The pen‘orated plates were investigated with different suction air flows of 1. 3ms”, 0.91ms”
0.67ms” and 0.58ms”" through thin isothermal perforated plates with and without a cross wmd on the
upstream face,

Tungsten-halogen lamps of 2, 4, 6, and 8kW were investigated to find out the suitable illumination
power resource among these resources to simulate the solar energy intensily over lsmama region. A
small wmd tunne! was used to simulate the prevailing wind speed. Wind speeds of 1.51ms™, 1. 35ms™,
1.29ms™" and 0.86ms ™ were performed to find out the prevailing wind speed effect with blowmg angels

of O°, 15°, 30°, 45° and 60° all were compared with no wind conditions.

Resuits indicated that, the heat exchange effectiveness was found mcreasmg with the wind speed
increase for the same wind-blowing angle. Apart of the wind speed of 1.51ms”, no trend was noticed
for the éffect of the blowing wind angle with the surface. A directly relationship was found between the
heat exchange effectiveness and the wind speed in ms’" for the same blowing angle. The amount of
the measured radiation has a directly proportional with the simulator lamp power depending on the
number of lamps in use. Meanwhile, an inverse refationship was found between the amount of
radiation and the distance beiween the resource and the object being investigated. Using the 8kW
halogen solar simulator can simulate the amount of the solar radiation flux on Ismaifia region (Latitude
of 30.58°N and Longitude of 32.23 °E), which varies between 424Wm™ to 659Wm™ where the study
was conducted to find out the best design options for the unglazed transpired sofar air heaters.

INTRODUCTION

The transpired solar collector concept plays
an important role in solar thermal applications.
For instance it can be used in crop drying and
building ventilation as a way to reduce the
energy requirements of these processes. The
required fans for these processes can be powered
by photovoltaic cells to reduce the operating
cost. (Gawlik, 1998).

- Unglazed transpired-plate solar air-heaters
are cffective devices where outside air is to be
heated directly for heating/ventilation purposes.
As the outside air in question is drawn straight
from ambient, uniformly through the whole
surface of a perforated blackened plate (the

absorber plate). The glazing traditionally used
for reducing radiant and convective head losses
from the plate of the covered solar collectors can
be dispensed within this situation. The
convective boundary layer is continually sucked
off, thus virtually elimipating the convective
loss, and the intimate heat transfer between the
plate and the sucked air '~~ps the ite
temperature low, minimizing the radiant loss
(Cao et al., 1993).

The hecat exchange effectiveness measure
the effectiveness of the air to sweep and gain
surface temperature, it is taken as indicator for
how much, the temperature gained from the
surface. It is a ratio of the air temperature
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increase above ambient to the surface are the xenon lamps, the compact iodide daylight
temperature increase above ambient. For solar (C1D), tungsten-halogen lamps (THL). The
collector applications, high effectiveness values xenon lamps are producing by far the best
are mostly of interest, given as Kutscher and spectral matching to daylight but are seldom
Christensen  (1992) Also, Dymond and used, as they are very expensive and require
Kutscher (1995) as: extensive cooling arrangements. CID lamps are
: widely used in simulators. but are only good for
o7 ) simulating sunlight conditions for thermal uses.
hg = —-—7*2 (1) This is due to the spectral distribution of light
T, -7, from these lamps, which is sensitive for
photovoltaic conversion {Ahmed, 1991). Seven
The hole-diameter, which matches with the compact lodide Daylight (CID) lamps were
suction velocity and the effect of the material of mounted at the UK in 1995, The lamps were
the unglazed systems, needs more research selected to simulate the solar thermal their output
(Hassanain , 2003). To carry out such research, spectrum, which resembles direct normal
it should be repeatable investigations so it cannot irradiance at air mass (AM) of 1.5. (Ulster
be achieved in the open conditions under the University Newsletter, 1995). The air mass is
direct sunrays. It is carried out inside controllable the ratio of the mass of atmosphere through
lab under solar simulator techniques. which beam radiation passes to the mass it would
Simulation of the solar radiation depends pass through if the sun were at the zenith, ie.
up-on the kind of the investigation that will be directly overhead, (Duffy and Beckman, 1991).
carried out under that simulator. For instance, the Better spectral matching for sunlight simulation
spectrum in the range of the solar heat rays is achieved by the use of Tungsten-FHalogen
region must be simulated for the solar thermal Lamps (THL), although these lack output in the
experiments. Within such of these experiments, ultraviolet portion of the spectrum and have a
the performance of the collectors being tested is larger proportion of infrared light (Ahmed,
atfected by the thermal radiation of the indoor 1991).
environment in which it operates, walls and air Kamanga, (1987) used tungsten halogen
temperatures are approximately equal (Green lamps, which cover a spectral range of 200-2500
and Gillett, 1979). Visible light also required for x 10”meters within his experiments campaign in
the phtovoitaic experimentation, as the |ight- the UK as, the planck distribution of these famps
source fuminous density must be considered for was compared with that of the sun at 6000K to
the investigations of solar energy conversion into ascertain the region where the spectral emissive
electrical energy (Pekruhn and Germer, 1980). power concentrated. The graph that was given
Both of the visible and heat rays are required to for the distribution showed that most of the
carty out the thermal and photovoltaic radiation flux from the lamps falls within the
investigations. required short wavelength for the solar coliection
The most commonly used light sources for of 0.25 to 2.5 x 10 meter.

the purposes of simulating the artificial sunlight
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Figure (1). Comparison between the spectral distribution of light from the Halogen lambs and
the solar spectrum under AM2 illumination (Ahmed, 1991).
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Comparing the characterization of the sunlight
within the visible light and the infrared region
and with that of the halogen light. It was found
that, it ¢could be used to simulate the sunrays for
the experiments in repeatable conditions for the
thermal and photovoltaic applications. Also,
comparing the spectral distribution of radiation
from these lamps and that of the solar spectrum
under the air mass of the site showed a fairly
good match over most parts of the spectrum, as it
is shown in figure (1),

The objective of this study is to investigate
some of the engineering parameters, which will
be required for the vunglazed transpired solar air
heaters (UTSAH) design under the Egyptian
conditions, Heat exchange effectiveness was
considered to be the comparable factor within
this study to find out the suitable parameter that
matches the climatic condition of the
investigation site. These investigated parameters
are the suitable suction airflow rate, hole
diameters and spacing between holes for
different investigated materials with different
thickness, the effect of the wind speeds and wind
directions were all considered. ‘

MATERIALS AND METHODS

- The experimental rig, which was uséd in
this study, is given in figure (2). It consisted of
three main components; the plenum wooden box
with the plates under investigations, solar
simulator and wind tunnel, these comporiciis are
explained as follows:
Plenum:
Wood with 2.5cm thick was used to form a
plenum with dimensions of 1.5m length,
0.4m width and 0.4m height. The upper side
of the plenum was consisted of four gates. It
was completely sealed and closed from any

cracks and completely insulated. The four .

gates were used to add or remove the ysed

instrumentation. Air was sucked with
different ‘suction velocities of 0.58, 0.67,
0.69, 0.91 and 1.3ms™ by a Toshiba fan. An
electric switch was used to vary the fan
velocity as a result of the input current to
obtain different suction flow rates of air. To
vary the fan suction velocity, the plenum
aperture was divided into small s%uares
(1296 square, each has area of 1cm”} and
velocity of air was measured and averaged.
Different metals plates, good thermal
conductors, were examined. Thickness of
0.5mm, 0.9mm, 1.2mm and 1.4mm, for each of
the threc metals Steel, Galvanized steel and
Aluminum plates were investigated. Holes with
the investigated diameters were punctured
without leaving stains as a results of the
perforation process were applied on the
investigated plates of the different materials and
different thickness. Holes of Zmm, 3mm, 4mm,
Smm, and 6mm diameters were investigated for
all the investigated plates metals and thickness.
The punctured holes were distributed in squares
and diamonds shapes of 80x80mm, 40x40mm,
20x20mm and 10x10mm square shapes and
57x57mm, 29x29mm and 14x14mm diamond
shapes. A matt black paint of 0.95 absorpitivity
and emissivity (Norton, 1992) was applied on the
front surtace that faced the solar simulator lamps,
to increase the absorbed radiation by the surface.
The investigated plates were fitted precisely on
the front aperture of the plenum to face the
simulator iamps. Table (1) gives the thermal
conductivity (k), density (p) and the specific
heats (c,) which ‘were: used to determine the
thermal diffusivity ( rdifg to equation (2)
of Incropera and Dgwitt (1996). For the three
investigated materials steel, galvanized stee! and

. aluminum, the thermal diffusivities (¢) was
“found 2.28x10°%; 1.2x10° and 9.71x107 m’s”,

reypectively

Figure (2): Investigation rig.
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Table (1): Thermal conductivity, density-(p) and specific heats (c,) for the three investigated
metals which were used as a material for the unglazed transpired solar air
heaters {(Incropera and Dewitt, 1996).

Thermal conductivity \ 3 Specific heat (c;),
Flate metal (k), W(mK)" Density {p), kgm J(kgK)!
Steel 80.2 7870 447
Galvanized steel 453 7833 480
Aluminum 237 2702 903
0 = k.
0. @) 360° horizontally and vertically as shown in

Solar simulator:

A laboratory solar simulator was
constructed, it has advantages such as:
getting a stable incident radiation flux to test
different solar techniques either the thermal
or the photovoltaic systems. Controlling the
ambient  air temperature and the
environmental conditions where the indoor
experiments are carried out.

An  Aluminum-metal with a glass
partition was made in a rcom, which has
dimensions of 7.25m, 2.40m and 3.00m for
the length, width and height respectively.
The partition created a small room with
dimensions of 3.20m, 2.40m and 3.00m for
the length, width and height. The skeleton of
the aluminum-metal partition was made of
aluminum alloys, while the rest of the
partition wall was 6mm glass thick, it was
used as a hatch to follow up the
experiments. A black curtain was used to
cover the two ventilation vents (which had
dimensions of 0.85m x0.35m each) for
darkening the room as it is shown in figure
{A1) in the appendices.

Tungsten-Halogen lamps (220-240Volt,
1000Watt each), were selected fo simulate
the solar radiation. The lamps were
manufactured by phoenix Electric Co., Ltd.
Japan, it has a diameter of 7.4mm and 18cm
length as it is shown in a plate in the figure
{AZ) in the appendices. Every two lamps
were grouped in 2kW by providing on/off
Seimins electric switch and- automatic
Siemens plug to avoid the sudden
fluctuation in the building grid. Lamps were
fixed in 0.4mm thick reflective aliiminum
trove channel shape with 0.08m . smail
side and 0.14m for the aperture side. An
aluminum enclosure with 0.6m length and
0.58m width was constructed to fix the four
trove rows.

A vertical telescopic cylindrical stand
was assembled to camry the lamp tray, it
enables the simulator lamp tray tc rotate

figure (A3) in the appendixes.

Simulator ray tracing:

The emitted rays from the solar
simulator were traced theoretically using the
basic light laws for the illuminated flux from
the cylindrical shape lamp which is shown in
figure {A2) in the appendices. The ray
tracing was considered for the four simulator
troves, each has 2 lamps in a cylindrical
shape with 360° for a 7.4mm diameter and
length of 19cm. Light was supposed to emit
from all the 360° angles around the lamp, so
to trace the emitted light from the simulator
in a simple way, a small angles of 10° each
were selected around the lamp diameter.
Considering rays will flux from this part to
the surroundings objects. Light will strike the
reflector which is in a trove shape having a
base of 8cm and an aperture of 14cm.
Taking into the consideration the basics of
the light reflection laws, the simulator rays
tracing is given in the following figure.

- From the theoratical solar simulator
ray-tracing that is presented in figure (3), it is
Swaee? that rays emit from the four lamps
array of 8r 'Vatt (2 x1 kK.Watit each) form the
trove aperture shape, and it covers
uncemplete pyramid shape for the room
space in the front of the lamps. The
uncomplete pyramid shape has two bases,
the small one is the lamps tray and the wide
one is away from the lamps and its
dimensions increase with the distance. The
largest base (H) height, is given in figure {4).
with a correlation coefficient of 0.99 in cm,

. determined from the following formula:

H=3145+75I (3)

Where, (H) is the height of the rays
in cm, and (S) is the distance between the
lamps and the object to be investligated in
cm as it is given in figure (3). This
relationship  assists the  experiments
arrangement under the sclar simulator.
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Figure (3): A side view illustration for the ray tracing from the simulator
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Figure {4): The relationship between the distance (S) from the lamp source and the height of the
emitted rays (H) in cm.

Wind tunnel:

Due to the relationship between the
wind speed and the convective heat loss
coefficient, wind tunnel was required to
investigate the effect of the crosswind on the
obtained heat exchange effectiveness of the
investigated plates. A small open circuit wind
tunnel was constructed from centrifugal fan
and a 200mm by 200mm-square shape
cross section tunnel with a length of 500mm
and Tmm aluminum wall with a screen mesh
that was mounted on the oullet square
shape crifice. The fan has a characteristic of
150mm diameter air suction fan model
WME-150, 220-240 Volt (50 Heriz), 0.13
Ampere, Chinese made. 36 points were
selected to average the fan output air
velocity using the tunnel that is shown in
figure (2) while the fan R.P.M. was
measured by tachometer. An electric switch
was used to vary the fan velocity as a resulit
of the input current to obtain different flow

Global solar radiation in Wm™ 2

rates of air. Table (2) gives the wind tunnel
fan calibration resulis, while table (3) gives
the average monthly wind speed {(ms ') for
Ismailia from Smith {1993).

Methods and Measurements:

Radiation:

Mono-crystailline  solar cell  with
dimensions of 75mm x 75mm, with a
differential potential of 0.5volt and a current
of 800milli ampere was used to measure the
fluxed radiation from the lamps under study.
A digital tJS Blaster, Professional Series
Multi-meter was used to determing the cell
circuit current according to (Mujahid and
Alamoud, 1988). Calibration series was
carried out on the solar cell against an Aply
Pyranometer, US made (before, during and
after using the cell). The resulted formula
from the calibration that was used to
determine the incident sclar radiation is
given in the following form (Hassanain,
2003):

= 1683.5 (Short circuit current in ampere)+32.5  (4)
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Table (2): The wind tunnel fan speed
Velocity | Velocity Il Velocity Ul Velocity IV
Fan R.PM. 1200 1800 2200 2500
Average air velocity, ms™ 0.86 1.29 1.35 1.51
Average discharge, m’s” 0.035 0.052 0.054 0.06
Table (3): Average monthly wind speed (ms™) for Ismailia (Smith, 1993)
Jan. | Feb. Mar. | Apr. | May | Jun. | Jul Aug. Sep. QOct. Nov. i Dec,
16 {181 208 | 19 1.7 1.4 1.7 1.6 1.4 14 1.2 1.4

Investigations were carried out under
Tungsten-Halogen-Lamp (THL) with four
different artificial illumination sources of 2kW,
4kW, 6kW and 8kW to find out the best choice
to simulate the solar energy intensity flux in
Istnailia region.

A movable horizontal arm-scale was fitted
on a vertical stand of 2.5m height with a 2.4m
fength was used to fix the cell which was
connected to an AVO-meter. The stand with the
horizontal arm-scale was fitted on a movable
base of 50cm height. The simulator room ground
was divided into squares of 10 ecm x 10 cm each
to facilitate the radiation intensity measurements,
Measurements were taken every 10cm on the
three main axes { x, y, and z) for the simulator
room space,

Radiation measurements were taken for the

four sources for each 10em x 10em x 10cm of

the three main axis x, v, and z of the simulator
room space. This was achieved by dividing the
solar simulator room ground into 10cm each and
using the movable scale to get the x, y and z for
eath ten centimeter for the room space. The
radiation distribution intensity in the test lounge
and how it looks like was considered. Also the
time lack to reach stable lamp output radiation
intensity was considered using different intervals
to switch the following lamps row.
Temperatures;

Inlet; outlet, ambient air and surface
temperatures were measured with accuracy of
0.1°C using Ama-Digit Ad 15", electronic
thermometer, which had been calibrated before

against previously calibrated mercury, -
10:100"C-scale  thetmometer. The standard
deviation (SD) between the thermometers

reading was £0.25,
Wind speed and air velocity measurements:

_ Wind speed and suction air velocity were
measured using a TESTO 405-V| Hot Wire
Ancmometer meanwhile wind direction was
controlled using a protractor to {it the wind
tunnel angle with the investigated unglazed
transpired surfaces.

The heat exchange etfectiveness was
determined each two minutes within one hour
under exposing the unglazed transpired solar air
plates 1o the solar simulator and half an hour
aller switching the light off, w imitate the sunny

and the cloudy conditions. The suction air was
performed within the investigation, while, wind
and no wind was performed depended upen the
investigation type. Wind speeds (in ms™') also the
wind blowing angle (in degrees, ). were
investigated against no wind condition for the
different investigated metals which have good
conductivity, and the different thickness. The
convective heat exchange effectiveness for low
suction air flow of 1.3ms”', 0.91ms”, 0.67ms"'
and 0.58ms™ through thin isothermal perforated
plates with and without a cross wind on the up
stream face. Different wind speeds, which may
be blown in different angles with the investigated
plate, were performed.

Wind speeds of 1.51ms”', 1.35ms ', 1.29ms’
' and 0.86ms™ were performed to find out the
prevailing wind speed eftect with blowing angles
of 0°, 157 30% 45° and 60" compared with no
wind conditions.

RESULTS AND DISCUSSIONS
Radiation distribution inside the solar simulator
room:

The incident radiation from each lamps-row
(ZkWatt) at a height ot 138cm from the ground
datum and along horizontal distance from 0 to
220cm from the lamps aperture is illustrated in
figure (5). It was found that the radiation
increases inversely with the distance between the
lamps and the object being investigated under the
solar simulator for different types of the
ilumination power sources. This is obvious
when the radiation inlensity was measured for
each F0cm apart for the four different types of
the illumination power sources as shown in
figures (6) and (7).

The radiation distribution inside the
simulator room when using the movable stand
with the scale arm was carricd out for every 10 x
10 x 10em (which represents x, vy and z axis} for
the space of the simulator room. The obtained
results are shown in figures (6) and (7) for the
different distances from the simulator lamps tray
aperture of 43¢m, 90cm, 135cm, 180cm. and
220cm for left and right distances up to 140cm
{each 10 cm apart) from the center of the lamps
a5 it is shown in figure(6).
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Figure (5): Amount of radiation resulted from each row of the solar simulator (2kW), measured
at height of 135cm from the ground datum within distances from 0 to 220cm from the lamp array
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Table (4): Average monthly solar radiation for Ismailia (Mostafa, 1993)
Jan.| Feb.] Mar.| Apr.[ May [ Jun.| Jul. [ Aug. | Sep.| Oct.[ Nov.| Dec

4572 i 580 ] 582 643 | 635] 659 632] 620] 597 ] 525

478 | 424

Also the radiation flux on the highs are
represented in figure (7) for 130cm down the
famp tray cenfral line and 110cm upper the
center for the same distances as given in
figure (7). From the two figures it is clear that
the emitted rays from the used THL gather in
the center of the front the aperture as
illustrated theoretically in the ray-tracing
figure (3). It is noticed that the amount of
measured radiation in Wm™ is near to that
reai solar radiation flux incident on Ismailia
region, which is given in the following table.

Also the radiation flux on the highs are
represented in figure (7) for 130cm down the
lamp tray central line and 110cm upper the
center for the same distances as given in
figure (7). From the two figures it is clear that
the emitted rays from the used THL gather in
the center of the front the aperture as
Hustrated theoretically in the ray-tracing
figure (3). This means that experiments can
be carried out under the solar simulator to
simulate any month all year arpund with
adjusting the distance between the
technigues being investigated and the
simulator.

Effect of the blowing wind angle and its
velocity on the heat exchange effectiveness:

For two minutes interval, the heat
exchange effectiveness was determined
within one-hour investigations on the effect
of the wind speed and its blowing. angle.
Angles of the blowing wind with the
investigated plates of 0°, 15°, 30°, 45° and
60° were compared against no wind
conditions. These wind angles, which were
the available, as 75° and 90° was nat
available to be investigated because of the
wind tunnel was restricting the incident
radiation on the investigated unglazed
transpired plates. Figure (8) shows the effect
of the angle of the blowing wind on the heat
exchange effectiveness for two minutes
interval within one hour investigating period,
for & galvanized steel of 0.5mm thickness,
for an average insolation of 538 Wm™ and
wind speed was of 1.5m™ also no wind
conditions under suction air of 1.3ms™.
Average of the heat exchange effectiveness
(he,) and air temperature increase above
ambient (T, — T,) for the different wind
velocities and wind blowing angles, are
given in the following table for an 0.5mm
thick galvanized steel plates of 2mm (hole

P

diarmeter) was perforated at'square shape of
40mm apart under insolation of 515Wm™.
it was found that, heat exchange
effectiveness for the same wind-blowing
angle increased with the increase of wind
speed. Apart of the wind speed of 1.51ms™,
no trend was noticed for the effect of the
blowing wind angle with the surface as it is
given in table (5) and shown in figure (8). As
the heat exchange effectiveness is affected
by the angle of blowing wind only for wind
speed of 1.5ms’ among the four wind
speeds, this wind speed is close to the
yearly average wind speed which is (1.6ms’
'Y blowing at Ismailia, the investigation site
{Smith, 1993). For the same blowing angle,
a direct relationship was found between the
blowing wind speed (ms™') and the value of
the beat exchange effectiveness. This
emphasis the relationship between the
cenvective heat transfer coefficient and the
wind speed of Watmuff et al., (1977).

The suitable suction velocity:

Table {6) represents the effect of the
suction air velocity on the heat exchange
effectiveness and the temperature-increase
above ambient for Smm thick galvanized
steel, under no wind conditions. The plates
were perforated by 2mm hole diameters and
40mm square shape spacing. it was found
that, there was an inverse relationship
between the suction air velocity and the air
temperature increase above ambient (T, —
Ty). The average heat exchange
effectivenass is shown in the following figure
with R? of 0.94 and the obtained formula that
relates the suction air and heat exchange
effectiveness as follows:

he, =—0.04v +0.24 {5)

Nusselt Number was determined for the no
wind speed velocity due to the best fit
correlation for the normal flow that was
obtained by Kutscher(1994) which is given
as:

b2

P ke 0t (8)

Nu , = 2.75 el "

Meanwhile "Nup " was calculated according
to cross wind as (Kutscher (1994} as;

.48

~-12
Ni,, =2.75 [BJ Re,)”-“-‘+0.0115Re,)(ﬁJ (7)
v
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Figure (8): Heat exchange effectiveness affected by the blowing wind angle for Smm thick
galvanized steel wuth perforation of 2Zmm hole dsameter and 40mm apart square shape at
insulation of 538Wm 2 with effect of wind speed of 1.5ms” with the surface under suction of 1.3ms™".

Table (5): Heat exchange effectiveness for 5mm thick galvanized steel with perforation
of 2mm hole diameter at 40mm spacmg square shape at average suction air velocity
of 1.3ms™" and insolation of 515.42Wm’*,

Wind angle with the surface Without wind

Wind speed, ms™
0° 15° o’ 45° 60°
Heat exchange
1.51 effectvenes 0.698 0.540 0.499 0.465 0.409
To-Ta °C 4.31 512 5.10 4.85 3.90
Heat exchange
135 effectvenas 0.341 0.374 0.354 0.337 0.349 hgx%r{])c_; 92
: To-Ta, °C 4.09 3.86 4.31 3.58 3.78
Heat exchange (ToTa) OF 5.95
1.29 effectvenas 0.276 0.381 0.328 0.325 0.3394 C
To-Ta °C 3.84 3.63 4.13 3.88 3.98
Heat exchange
0.86 |  effectvenes 0.279 0.311 0.318 0.292 0.313
TeTa °C 423 | 445 4,69 4.01 3.93

Table (6}: effect of the suction air on the heat exchange effectiveness and temperature increase
above ambient (T,-T,), for 5mm thick galvanized steel and holes diameters of 2mm with 40 x
40mm square shape spacing under conditions ¢f no wind and :nmdent radiatio,. of 458.6. .’

and suction air velocity of 0.91 ms”’

Suction velocity, ms”  Heat exchange S.D. Average T,-Ta, °C S.D
0.58 0.220 0.005 6.96 0.20
0.67 0.211 0.003 6.61 0.13
0.91 0.235 0.003 6.79 0.14
1.30 0.152 0.009 5.07 0.35
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Nusselt number is given in figure {10) against the
blowing wind speed in ms”' while it is given in
figure (11} against the suction air velocity (ms™).
From these figures, Nusselt number increases
with the blowing wind speed (in ms') and
decreases with the suction air velocity.

Plate thizkness:

Figure (12) represents the heat exchange
effectiveness for different galvanized steel
thickness of 0.5, 0.9. 1.2, and 1.4mm as an
instance for the other investigated materials,
involved in this study. Among these thickness, it
was found that the highest obtained Az, value was
from the galvanized steel 0.9mm thick.

Unglazed transpired heater materials:

The investigated, good thermal-conductor-
metals (isothermal materials) that have the given
properties in table (1) were compared to find out
the suitable material for the unglazed trangpired
solar air heaters. A comparison between the
galvanized steel plates with the same thickness
of steel for all the investigated thickness found
that the steel plates gave higher heat exchange
effectiveness over the galvanized steel by 13%.
Also the aluminum plates gave higher heat
exchange effectiveness compared with the same
thickness of the galvanized steel. For instance,

the heat exchange effectiveness for plates of

thickness l4mm punctured with 2mm hole
diameters at the no wind conditions was
investigated under average incident radiation of
398.1Wm™, were 0.314 and 0.279 with standard
deviations of 0484 and 0.0195 for the
Aluminum and Galvanized steel respectively.
The aluminum plates showed an increase in heat
exchange cffectiveness above that for the
gatvanized steel with the same thickness of
14.2%. It is shown in the following figures a
comparison between steel against galvanized
steel plates of thickness !.2mm for instance
(figure, 13) while, figure (14) shows a
comparison  between  aluminum  against
galvanized steel plates of thickness 1.4mm.-
From the obtained data, It was found that, the
three investigated materials that may be used to
design and build the unglazed transpired solar air
heaters can be arranged in descended order as a
the obtained results of the heat exchange
effectiveness  wvalues as: aluminum, steel,
galvanized steel plates. But, the cost of the
material to be used must be considered.

The suitable perforation diameter:

Table (7) represents the changes of the heat
exchange effectiveness as a result of changing
the hole diamcter for the same investigation
conditions of suction air velocity of 0.58ms™', the
same surface material and thickness (Galvanized
steel of 0.5mm thick), perforation spacing of
40mm square shape and average incident
radiation of 398.1Wm™. Meanwhile, figure (15)

represents a linear fitting for the effect of the
hole diameters on the temperature increased
above ambient (T, -T,) under the previously
mensjoned circumstances.

Suitable perforation spacing:

A range of the ratio P/D (peak between the
perforating centers /hole diameter) of were
investigated and the results were addressed, The
distribution was followed squares and diamonds
shapes of 80x80mm, 40x40mm, 20x20mm and
10x10mm  square shapes and 37x57mm,
29x29mm and 14x14mm diamond shapes. The
heat exchange effectiveness resulted from the
investigation are presented in the following table
and figure, these investigation were carried out
on the best perforating hole diameters resulted
from the previous investigations of 3mm hole
diameters, suitable suction air velocity of

_0.91ms™ for 1.2mm stee! thick under average

insolation of 474.7Wm™. From table (&) the heat
exchange effectiveness is inversely proportional
with the P/D for all the squarcs and diamend
which involved with all dimensions. But when
(T.-T,) were addressed in the comparison the
29x29 mm diamond shape gave the highest value
of 5.10°C temperature increase above ambient.
As the aim for the unglazed transpired solar air
heaters is to obtain higher temperature above the
conventional solar air heaters, this design will be
considered as the best design option. Taking into
the consideration the comumon designed of the
hole diameter is 2mm hole diameter distributed
on square shape of 40x 40mm apart as: Brunger,
(1994); - Dymond, and Kutscher ([995);
Halawa et al., (1997); Hassanain (2000) and

- Hollick, (1990).

From table (8), it is noticed that heat
exchange effect has a direct relationship with the
number of holes on the same area; but the
temperature increase above ambient  was
increased till cretin dimensions and design. This
design was a diamond shape with 29 x29mm so
it will be the sclected design option compared
with other designs, which are given in table (8).

CONCLUSIONS
The study conducted to the following
conclusions:

Tungsten-Halogen Lamps (THL) can be
used to simulate the sunrays at the experiments
site in a repeatable condition for the different
applications. It can simulate the incident
radiation in Ismailia for the different months,
Also, it is cheaper comparing with the other
artificial illumination resources.

A direct proportionality was found between
the lamps in use and the intensity of the radiation
received at different locations inside the solar
simulator,
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Figure {9): Heat exchange effectiveness as affected by the suction veiocity of 0.91 ms‘-1_, with no
wind speed of Oms™ and incident radiation 0f426.4 Wm2 for 0.5mm thick galvanized steel
perforated by 2mm hole diameter with square shape of 40 x 40mm spacing.
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Figure {10): Nusselt number against the different blowing wind speed
the suction air velocities, ms™.
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Figure (11): Nusselt number against the different suction air velocities (ms'1) under no wind

conditions.
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Figure {12): Heat exchange effectiveness as affected by the galvanized steel thickness

Figure (13} A comparison between the
heat exchange effectiveness for steel and

galvanized steel under
investigation conditions.

the

Heat exchange
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Figure {14). A comparison between the
heat exchange effectiveness for steel and
aluminum
investigation conditions

under

the same

Table (7). Heat exchange effectiveness for different hole diameters for 0.5mm thick
galvanized steel with 40x 40mm distance apart, suction air of 0.58ms-1 and
no wind speed and incident radiation of 388.1Wm™~.

Hole diameter, (mm) (2) {3) (4) (5} (6)
Prosity (5 ),
Hole area / un- 0.19 0.44 0.79 1.23 1.77
perforated area, (%)
P/D 20.0 o 10.0 8.0 6.7
Average Heat exchange
offectiveness 0.220 0.462 0.313 0.354 0.382
3. D O.uy 0.04 0.02 0.03 0.03
T.-Ta, (°C) 7.0 - 8.5 8.1 9.2 9.4
S.D. 0.20 1.34 1.25 1.06 0.79
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Hole diameters, mm
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Figure (15): Effect of the hole diameter on the temperature increase above ambient

Table (8): Suitable distribution for the perforating spacing. Investigations were carried out using the best
hole diameters of 3mm, suction air velocity of 0.91ms™, no wind speed and 1.2mm steel thick.
{Average insolation of474.7Wm™).

Shape and Soc}tgad'is Dlar:fond So?fgis Dlar(?fond Soc]iuzegis Diamond of Squares of
dimensions | gom | 57x57mm | 40mm | 20x20mm | 20mm | 14x14mm | 10 x10mm
P/D 26.7 19 133 9.7 6.7 4.7 3.3

Average |
Heat 0.200 0.204 0.236 0.288 0.304 0.358 0.425
exchange ) ’ ) ) ) ’ ’
effectiveness
S.D 0.093 0.205 0.239 0.006 0.01 0.007 0.00003
T,-Ta °C 3.70 4.40 4.80 5.10 4.80 4.70 3.50
S. D. 1.213 1.057 0.859 0.157 0.136 0.124 0.002
. Meanwhile, a reverse proportional upon type of metal in use to manutacture the

relationship was found between the incident
measured radiation and the distances from the
lamps array.

. The theoretical ray tracing for the BkW
solar simulator has conducted to a relationship
between the distance from the lamps in use and
rays largest base height. The rays-base height in
cm was found to follow the following:

Where H is the rays- height in em, and S is the
distance from the lamps in cm.

. A direct relationship was found between
the blowing wind angle and the value of the heat
exchange effectiveness only for the wind speed
of 1.5ms” which is near the yearly average of
wind speed on the experiments location.
Meanwhile, a direct relationship prevailed
between the wind speed in ms™' for the same

blowing anglc and the heat exchange
effectiveness.
. Nusselt number was found to increase

with the blowing wind speed, while it decreases
with the suction air velocity,

. The suitable thickness of the unglazed
transpired solar air heaters was found dependent

heater. [t was found that the highest obtained ke,
value was from the galvanized steel, steel and
aluminum plates 0.9mm thick.

° The three investigated materials that may
be used to design and build the unglazed
transpired solar air hears can be arranged in
descended order as: alumioum, steel, galvanized
steel plates with taking cost in the considerations.

e The highest obtained heat exchange
effectiveness w fr — 3 1485 +7.51, Imm for

all the investig ditferent
conditions.
° Diamond shape distribution for holes

with dimensions of 29x29mm spacing gave
higher heat exchange effectiveness above the
common used shape (square shape).

. Suction air velocity with 0.91ms™ was
the best air velocity to give high hs,.
Further research and recommendations:
Effect of dust and sandy storms which is blowing
in the region of the Suez-Canal and Sinai region
should be considered in the further research on
the unglazed transpired solar air heaters.
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NOMENCLATURES

Nup Nusselt Number based on holes diameter

P Hole pitch, i.e., distance between center of hole and
center of next closest hole, m

D Hole diameter, m

Rep Reynolds number for air flowing through the holes in the
absorber )

o] Plate (surface) prosity (hole area/collector area)

W, Wind speed, ms™

v Average suction air velocity on the plate aparture, ms™

he, Heat exchange effectiveness

S Distance from the lamps

S.D. Standard deviation

H Height of the light inside the simuiator room

T. Ambient air temperature, °C

T, Surface temperature, °C

7. Qutlet air temperature, °C
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Appendices
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Figure A1: The solar simulator room

19 cm

@ =7.35mm

Figure A2: The Tungsten-Halogen Lamp (THL).
(Phonix® Electric Co.)
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Sicly view Fronl view
Figure A3: Side and front views for the solar simulator
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