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Abstract: The thermal performance of three novel solar air collectors with perforating corrugated
plate, slit-perforated plate, and corrugated packing were experimentally studied in this paper.
Experiments were conducted in Tianjin to study the thermal and dynamic performance of the
collectors in cold and severe cold regions. A chamber with a PID (Proportion Integration
Differentiation) temperature controller was designed to control the inlet air temperature of the
three collectors. Effects of radiation intensity, inlet air temperature, and flow rate on the thermal
efficiency and outlet air temperature were experimentally studied. The results indicated that the
thermal efficiency of the three collectors in severe cold regions could be much higher than 50% and
the collector with perforating corrugated plate had the highest thermal efficiency. The inlet air flow
rate had significant effects on the thermal comfort of buildings in cold and severe cold regions and
it should be lower than 45 m3/h. The results indicated that the pressure drops of collectors with
perforating corrugated plate were a little larger than the collectors with slit-perforated plate, but the
thermal efficiency and outlet air temperature was higher. Therefore, the collector with perforating
corrugated plate was more suitable to use in cold and severe cold regions.
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1. Introduction

As the environmental pollution increases, the Chinese government is facing a great challenge
to reduce the application of traditional energy and promote the application of renewable energy in
cold regions, especially in rural areas. According to the statistical data of the Ministry of Housing
and Urban-Rural Development in 2014, the construction area of rural buildings has reached up
to 37.8 billion square meters accounting for 63% of the total buildings in China (60 billion square
meters). To improve the thermal comfort of buildings in cold and severe cold regions and reduce the
environmental pollution caused by burning coal, straw, and so on, solar energy as a kind of clean and
renewable energy is increasingly applied in the rural buildings.

The solar air collectors have broad application prospects in the rural areas for their merits of
simple structure and easy operation and maintenance. The solar air collectors can be categorized
into two types: transpired and untranspired collectors [1]. To improve the thermal performance
of the solar air collectors, researchers have investigated several types of collectors with different
sizes, shapes, layouts, materials, and so on. Some of them also studied the effects of structural and
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operating parameters on the thermal performance of the improved collectors [2,3]. Li et al. [4,5]
studied the thermal performance of a glazed transpired solar air collectors with slit-like perforations.
Numerical and experimental investigations have been performed on the heat transfer and air flow
characteristics of the collector. A numerical model was developed by Kutscher et al. to analyze
the efficiencies of the unglazed transpired solar collectors [6]. Decker et al. [7] improved the model
of Kutscher and developed a wider range and higher accuracy model to predict the efficiencies of
collectors. Kumar et al. [8] experimentally investigated the heat transfer and friction in the flow of air
in rectangular ducts having multi v-shaped ribs with gaps on one broad wall. The effects of different
geometrical parameters on the thermal performance and roughness were discussed to optimize the
design of the solar air heater. The thermal performance of single and double pass solar air collectors
with normal glazing and quarter perforated cover was studied by Nowzari et al. [9]. The effects of
different key parameters on the thermal performance was experimentally studied.

The transparent glass plays a vital function in allowing the access of the incident radiation
and restricting the infrared energy losses through re-radiation, which has been proven to be a most
promising candidate to improve the efficiency of the transpired solar air heaters [10]. Gao et al. [11]
numerically and experimentally studied the thermal performance of a glazed transpired collector in
cold climates. It found that the application of glazed transpired collector to space heating can save
an enormous amount of energy in cold climates. Zheng et al. [12] studied the thermal performance
of a glazed transpired solar collector with perforating corrugated plate in cold regions. The results
indicated that the glazed transpired solar collector is applicable in rural areas of cold regions as a result
of its advantages in economic and thermal performance. The research of thermal and thermohydraulic
performance of roughened solar air heaters with a protruded absorber plate was conducted by
Bhushan et al. [13]. The optimum value of each roughness geometry parameter has been obtained
on the basis of thermal and effective efficiency of the roughened solar air heater. Chauhan et al. [14]
compared the impinging jet solar air heater and conventional SAC and indicated that an enhancement
in thermohydraulic performance of about 34.54% to 57.89% has been achieved. With the porous
material instead of the absorber plate, the function of porous material is similar to the transpired plate.
El-Khawajah et al. [15] put the mesh layer as an alternative and presented that the maximum value of
temperature increase for a mesh layer with six fins was 62.1 K.

As can be seen from the above literature, researchers have done lots of work to improve the
thermohydraulic performance and thermal efficiency of the solar air collector. Some new absorber
plates were invented, such as the absorber plate with circle holes, slit-like perforations, multi v-shaped
gap ribs, and roughened protrusions, etc. All the improvements were to enhance the air distribution
in the collector and increase the heat transfer between the absorber plate and the air. Compared
with the collectors in the literatures, two new absorber plates with the slit-perforated plate and the
perforating corrugated plate are introduced in this research to enhance convective heat transfer for the
jet impingement. The application of corrugated plate can enlarge the heat exchange area. The metal
corrugated packing is first introduced as the absorber for its large heat transfer area. The thermal and
dynamics performances of glazed transpired solar air collectors with slit-perforated plate, perforating
corrugated plate, and metal corrugated packing in cold regions are experimentally studied. This study
is very helpful for the improvement of heat collecting efficiency. It can also promote the application of
solar air heaters in cold and severe cold regions.

2. Experimental Setup

In the present study, experiments were conducted in the laboratory of Tianjin University.
The thermal performance of three different solar air collectors was tested for a week in December 2015.
The structure of the solar air collectors is shown in Figure 1.
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Figure 1. Schematic diagram of glazed transpired solar air collector with (a) slit-perforated plate and 
perforating corrugated plate and (b) metal corrugated packing. 

The three solar air collectors have the same dimensions. The size of the solar collectors are about 
2.2 m in length, 0.8 m in width, and 0.16 m in thickness. The aperture area of the solar collectors are 
about 2.1 m in length and 0.7 m in width. The air outlet and inlet with the dimensions of 200 mm × 
200 mm are opened at the backside of the collector at a distance of 50 mm away from the top and 
bottom. Transparent polycarbonate covers with anti-UV (the absorptivity is 0.1 and the transmittance 
of solar radiation is 82%) are used above the collectors to reduce the thermal losses, which could 
lighten its weight and lower its cost. To support and protect the internal components, the collector 
frame is made of 1.2 mm galvanized steel. Extruded polystyrene boards with a thickness of 50 mm 
surround the frame to prevent the heat losses. The lengths of the air ducts is 700 mm, and there is a 
valve inside each inlet duct of the three collectors to adjust the air flow volume. 

There are two kinds of perforated absorber plate, the slit perforate plate and the perforating 
corrugated plate. The size of the two absorber plates are about 1.9 m in length, 0.7 m in width, and 
the thickness is 0.15 mm with porosities of 10%. The perforations of the slit-perforated plate are 80 
mm in length and 1 mm in width with 24 lines and 5 columns, while the perforation diameter is about 
4 mm for the perforating corrugated plate. The specific surface area of the corrugated plate is about 
250 m2/m3. The two absorber plates are shown in Figure 2. The corrugated packing with the specific 
surface area of 250 m2/m3 is also adopted to absorb the solar radiance. The size of the corrugated 
packing is about 1700 mm in length, 700 mm in width, and 50 mm in thickness. The corrugated 
packing is stacked with an angle of 90° while each of them have a 45° corrugation angle, as shown in 
Figure 3. To increase the absorption of solar radiation, the perforated absorber plate and the 
aluminum alloy corrugated packing are coated with dull black paint with an absorptivity of 0.96. 

Figure 1. Schematic diagram of glazed transpired solar air collector with (a) slit-perforated plate and
perforating corrugated plate and (b) metal corrugated packing.

The three solar air collectors have the same dimensions. The size of the solar collectors are about
2.2 m in length, 0.8 m in width, and 0.16 m in thickness. The aperture area of the solar collectors
are about 2.1 m in length and 0.7 m in width. The air outlet and inlet with the dimensions of
200 mm × 200 mm are opened at the backside of the collector at a distance of 50 mm away from
the top and bottom. Transparent polycarbonate covers with anti-UV (the absorptivity is 0.1 and the
transmittance of solar radiation is 82%) are used above the collectors to reduce the thermal losses,
which could lighten its weight and lower its cost. To support and protect the internal components,
the collector frame is made of 1.2 mm galvanized steel. Extruded polystyrene boards with a thickness
of 50 mm surround the frame to prevent the heat losses. The lengths of the air ducts is 700 mm, and
there is a valve inside each inlet duct of the three collectors to adjust the air flow volume.

There are two kinds of perforated absorber plate, the slit perforate plate and the perforating
corrugated plate. The size of the two absorber plates are about 1.9 m in length, 0.7 m in width, and the
thickness is 0.15 mm with porosities of 10%. The perforations of the slit-perforated plate are 80 mm
in length and 1 mm in width with 24 lines and 5 columns, while the perforation diameter is about
4 mm for the perforating corrugated plate. The specific surface area of the corrugated plate is about
250 m2/m3. The two absorber plates are shown in Figure 2. The corrugated packing with the specific
surface area of 250 m2/m3 is also adopted to absorb the solar radiance. The size of the corrugated
packing is about 1700 mm in length, 700 mm in width, and 50 mm in thickness. The corrugated packing
is stacked with an angle of 90◦ while each of them have a 45◦ corrugation angle, as shown in Figure 3.
To increase the absorption of solar radiation, the perforated absorber plate and the aluminum alloy
corrugated packing are coated with dull black paint with an absorptivity of 0.96.
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Figure 2. Structure of the (a) perforating corrugated plate and (b) slit-perforated plate. 
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Experiments are conducted to test the thermal performance of the collectors. The experimental 
system is shown in Figure 4. A chamber with a PID (Proportion Integration Differentiation) 
temperature controller is designed to control the inlet air temperature of the collectors. To study the 
thermal performance of the solar air collectors in the cold and severe cold regions, an air-conditioner 
is introduced to lower the supply air temperature as the outdoor air temperature varies from 267 to 
273 K during the tests. The supply temperature of the chamber can be as low as 261 K. Electrical 
heating elements are also installed to control the supply temperature. With the PID temperature 
controller, the inlet temperature of the solar air collectors can be changed from 261 to 283 K. K-type 
thermocouples are used to monitor the temperatures of inlet and outlet air of the solar air collectors, 
ambient air temperature, outlet air temperature of the air-conditioner, and the air in the chamber. 
The monitoring temperature data is recorded automatically by a Fluke Data Acquisition device 
(Fluke Corporation, Washington, D.C., USA). The thermocouples used in the experiments are verified 
in a high-precision constant temperature water bath to ensure measuring accuracy. The solar 
radiation intensity is measured by the radiometer TRT-2 (Heng Odd Instrument Corporation, Beijing, 
China) and it is placed parallel to the collector aperture. The air speeds for the indoor air, outdoor air, 
and outlet of the collectors are measured by a hot-wire anemometer TSI Q-Tray 7565 (TSI 
Corporation, Lebanon, TN, USA). At the inlet of each collector and the outlet of the chamber there 
are orifice plate flowmeters which are used to test the flow rates of the air duct and the solar collectors. 
The pressure drops of the solar collector are monitored by microelectronic pressure gauge ADM-
860C (Shortridge Instruments Corporation, Scottsdale, AZ, USA). The accuracy of the instruments 
used in the experiment is specified in Table 1. 
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Figure 3. Structure of the corrugated packing.

Experiments are conducted to test the thermal performance of the collectors. The experimental
system is shown in Figure 4. A chamber with a PID (Proportion Integration Differentiation) temperature
controller is designed to control the inlet air temperature of the collectors. To study the thermal
performance of the solar air collectors in the cold and severe cold regions, an air-conditioner is
introduced to lower the supply air temperature as the outdoor air temperature varies from 267 to
273 K during the tests. The supply temperature of the chamber can be as low as 261 K. Electrical
heating elements are also installed to control the supply temperature. With the PID temperature
controller, the inlet temperature of the solar air collectors can be changed from 261 to 283 K. K-type
thermocouples are used to monitor the temperatures of inlet and outlet air of the solar air collectors,
ambient air temperature, outlet air temperature of the air-conditioner, and the air in the chamber.
The monitoring temperature data is recorded automatically by a Fluke Data Acquisition device (Fluke
Corporation, Washington, D.C., USA). The thermocouples used in the experiments are verified in a
high-precision constant temperature water bath to ensure measuring accuracy. The solar radiation
intensity is measured by the radiometer TRT-2 (Heng Odd Instrument Corporation, Beijing, China) and
it is placed parallel to the collector aperture. The air speeds for the indoor air, outdoor air, and outlet
of the collectors are measured by a hot-wire anemometer TSI Q-Tray 7565 (TSI Corporation, Lebanon,
TN, USA). At the inlet of each collector and the outlet of the chamber there are orifice plate flowmeters
which are used to test the flow rates of the air duct and the solar collectors. The pressure drops of the
solar collector are monitored by microelectronic pressure gauge ADM-860C (Shortridge Instruments
Corporation, Scottsdale, AZ, USA). The accuracy of the instruments used in the experiment is specified
in Table 1.
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Table 1. Accuracy of the instruments used in the experiment.

Instruments Accuracy Instruments Accuracy

K-type thermocouples ±0.75%t ◦C Microelectronic pressure gauge ±(2% + 0.25)Radiometer ±2%
Flowmeter ±3% Hot-wire anemometer ±0.02 m/s

The accuracy of the measured data and experimental results is discussed according to Moffat [16].
An uncertainty analysis is conducted to validate the experimental results.
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where p is a given function in terms of the independent variables; Wp is the uncertainty in the result;
wn is the uncertainty in the independent variables.

The result, p, is a given function of the independent variables x1, x2· · · xn. If the uncertainties in the
independent variables are all given with the same odds, then uncertainty in the result having these odds
can be calculated. The uncertainty for the temperature is established to be ±3.47%. The uncertainty
for the air velocity is approximately ±4.56%. The uncertainty of the pressure drops is about ±4.32%.
The thermal efficiency can be calculated by Equation (2), which is associated with the temperate, flow
rate, and radiation intensity. The calculated uncertainty of the thermal efficiency is about ±5.13%,
an acceptable uncertainty range in engineering application.

The operation strategy of the experimental system is displayed in this paper. The air- conditioner
and the axial fallow fan is started at the beginning of the experiments to lower the temperature of the
chamber. Then, the valves at the outlet of the air-conditioner and that at the end of the air duct open to
circulate the air in the chamber. When the temperature of the air in the chamber comes to the lowest
temperature (261 K) and remains stable, the valves of the solar air collectors open and switch on the
data acquisition system. The openings of the valves at the bottom left and right of the chamber are
mediated to control the inlet air proportion of the outdoor air and the air from the air-conditioner.
As the input of outdoor air increases, the inlet air temperatures of the solar air collectors increase.
The electrical heating elements will start to work while the required inlet air temperature is higher than
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the outdoor air temperature. The heating capacity can be controlled by a PID temperature controller.
The inlet air flow rates of the solar air collectors are controlled by the valves at the air inlet.

3. Experimental Results and Discussion

Experiments were conducted in Tianjin in the clear days of December 2015. The outdoor air
temperature was varied from 267 to 273 K during the tests. To compare the thermal efficiency of the
solar air collectors in the cold regions, an air-conditioner was introduced to the experimental system to
lower the inlet temperature of the collectors.

3.1. Evaluation Index

For solar air collectors, thermal efficiency is an important index to evaluate thermal performance.
It is the ratio of the useful heat output to the total solar energy input on the collector surface.

η =
Q

I · A
=

Cpm(Tout − Tin)

I · A
(2)

where η is the thermal efficiency of the solar air collectors; Cp is the specific heat capacity of air,
J/(kg·K); m is the mass flow rate of air, kg/s; Tout is the outlet air temperature, K; Tin is the inlet air
temperature, K; I is radiation intensity, W/m2; and A is the aperture area of the solar collectors, m2.

3.2. Variation of Outdoor Air Temperature and Radiation Intensity

The radiation intensity and outdoor air temperature in a typical day is shown in Figure 5.
Experiments were conducted from 9 a.m. to 3 p.m. on the clear days. From Figure 5, it could
be seen that the radiation intensity varied from 440 to 830 W/m2 and the outdoor air temperature
changed from 267 to 273 K. The maximum value of radiation intensity was at noon time and the mean
solar intensity in the particular day was about 721 W/m2. The outdoor air temperature was increased
as time went on and the maximum value was 273 K at about 2 p.m. The average temperature in
the testing day was about 270.5 K. The average value of wind measured during the tests was about
0.34 m/s.
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3.3. Effects of Radiation Intensity

Experiments were conducted to study the thermal efficiency of the three solar air collectors in
various radiation intensities and the results were illustrated in Figure 6. The inlet temperature was
fixed to be 270 K and the flow rate was 90 m3/h. From the figure, we could conclude that the thermal
efficiency of the solar air collectors was increased as the increase of radiation intensity. It could be
attributed to the increase of outlet air temperature and the temperature difference between the inlet
and outlet air. The collector with perforating corrugated plate had a higher thermal efficiency than the
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other two collectors during the tests. This was because the effects of jet impingement of the air through
the perforating corrugated plate which could enhance the convective heat transfer. Furthermore,
compared with the collector with slit-perforated plate, the thermal efficiency of the collector with
perforating corrugated plate was a bit higher for enlarging the heat transfer area.
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3.4. Effects of Inlet Temperature

To study the thermal performance of the three solar air collectors in cold and severe cold regions,
experiments were conducted with inlet air temperature varying from 261 to 283 K (−12 to 10 ◦C).
The ambient air temperature was varied from 267 to 273 K during the tests. With the application of
transparent polycarbonate covers and the extruded polystyrene boards, the differences of heat losses
could be ignored.

Experiments were conducted while the radiation intensity was about 650 W/m2 and the inlet
air flow rate was 90 m3/h, the results were illustrated in Figures 7 and 8. The experimental results
indicated that the thermal efficiency of the three solar air collectors could be more than 55% in the
severe cold regions. However, the outlet air temperature was about 275 K while the inlet temperature
was 261 K, which could not satisfy the thermal comfort of the buildings in severe cold regions. While
the inlet air temperature reached 265 K, the outlet air temperature of the collector with perforating
corrugated plate could reach 291 K, which was the required minimum indoor air temperature for
space heating. The results indicated that although the collectors have high thermal efficiency, it is also
necessary to ensure that the outlet air temperature can satisfy the heating demands of buildings in
the cold and severe cold regions. The outlet air temperature of the collectors should be higher than
291 K. Therefore, experiments were conducted to lower the inlet air flow rate and raise the outlet air
temperature to satisfy heating demands.
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3.5. Effects of Flow Rate

To raise the outlet air temperature, the inlet air flow rate was varied from 20 to 130 m3/h during
the tests. The experimental results were listed in Figures 9 and 10. Experiments were conducted while
the inlet air temperature was 261 K and the radiation intensity was about 650 W/m2. The results
indicated that the thermal efficiency of the collector with corrugated packing was higher while the
inlet air flow rate was lower than 40 m3/h. It was caused by the larger heat transfer area and the full
heat exchange between the air and the corrugated packing. As inlet air flow rate increased, the thermal
efficiency of the collector with perforating corrugated plate became much higher than the other two
collectors. This can be attributed to the effects of jet impingement of the air through the perforating
corrugated plate and the enhancement of the convective heat transfer.
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As illustrated in Figure 10, the temperature difference could be as high as 50 K while the inlet air
flow rate was reduced to 30 m3/h. The outlet air temperature could be higher than 291 K while the
inlet air flow rate was lower than 45 m3/h, which was high enough to satisfy the thermal comfort of
the buildings in severe cold regions. Therefore, the application of solar air collectors in cold and severe
cold regions should be on the condition of low flow rate to satisfy the thermal comfort of the buildings.
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3.6. Pressure Drops

The pressure drops of solar air collectors could be categorized into three types: air flowing resistance,
local resistance, and buoyancy lift. The pressure drops of the collectors could be formulated as

∆P = ∆Pm + ∆Pf − ∆Pbyc (3)

where ∆Pm is the local resistance, Pa; ∆Pf is the flowing resistance, Pa; and ∆Pbyc is the buoyancy lift, Pa.
The local resistance of the solar air collector could be calculated by the empirical formula of

Kutscher [17]

∆Pm = εm
ρu2

hole
2

(4)

εm = 6.82(1/P − 1)2Re−0.24
hole (5)

The buoyancy lift could be predicted by Dymond [6]:

∆Pbyc = ∆ρgH (6)

The air flow resistance was experimentally studied. The correlations between the friction factor
and Reynolds number were illustrated in Figure 11.
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The correlation between the friction factor and Reynolds number for the collector with perforating
corrugated plate was:

f = 57.75Re−0.729, R2 = 0.912 (7)

The correlation between the friction factor and Reynolds number for the collector with
slit-perforated plate was:

f = 134.31Re−0.894, R2 = 0.901 (8)

The correlation between the friction factor and Reynolds number for the collector with corrugated
packing was:

f = 32.88Re−0.614, R2 = 0.919 (9)

The results indicated that the pressure drops of the collector with slit-perforated plate was the
least and the collector with corrugated packing was the most. Although the pressure drops of the
collector with perforating corrugated plate was a little larger than the collector with slit-perforated
plate, the thermal efficiency and outlet air temperature was higher. Therefore, the collector with
perforating corrugated plate was more suitable to be used in the cold and severe cold regions.

3.7. Economic Analysis

An economic analysis is performed to study the application of the three solar air collectors in the
cold rural regions. Take a house with the built-up area of 40 m2 and the height of 3.2 m as an example.
The heating load of the house is about 4.6 kW. The electricity price is about 0.85 RMB/kWh. The life
cycle of the metal corrugated packing solar air collector is 20 years. The life cycle cost can be calculated
by the Equations (10) and (11).

C = P + A
(1 + n)n − 1

i(1 + n)n (10)

A = 0.85 · ∆P · Q
ε

(11)

where C is the life cycle cost, RMB; P is the initial cost, RMB; A is the annual operating cost, RMB; n is
the life cycle; i is the discount rate; ∆P is the pressure drops, Pa; and Q is the volume flow of air, m3/h.

The economic characteristics of the metal corrugated packing solar air collector are listed in
Table 2. The results indicate that the life cycle cost of the solar air collector with perforating corrugated
plate is the lowest. Although the power consumption of the collector with perforating corrugated plate
is higher than that with slit-perforated plate while the air flow rate is the same, the operation cost is
lower for its better thermal performance. The life cycle cost of the collector with corrugated packing is
the highest for its high operating cost. All three collectors can satisfy the thermal comfort requirements
of the buildings in severe cold regions and reduce the emission of pollutants caused by heating.

Table 2. Economic analysis of the three solar air collectors.

Solar Air Collector Initial Cost Operating Cost Life Cycle Cost

Perforating corrugated plate 3500 RMB 7500 RMB 11,000 RMB
Slit-perforated plate 3000 RMB 9000 RMB 12,000 RMB
Corrugated packing 3100 RMB 10,300 RMB 13,400 RMB

4. Conclusions

In this study, the thermal performance of a solar air collectors with perforating corrugated plate,
slit-perforated plate, and corrugated packing in cold and severe cold regions were experimentally
studied. The study is very helpful for the popularization and application of solar air collectors in the
cold and severe cold regions. The main conclusions of the present investigation can be summarized as:
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(1) As the effects of jet impingement of the air through the perforating corrugated plate and the
enlarging of heat transfer area, the thermal performance of the solar air collector with perforating
corrugated plate is higher than the other collectors.

(2) The flow rate of inlet air has significant effects on the thermal comfort of buildings in cold and
severe cold regions. The experimental results indicate that the inlet air flow rate should be lower
than 45 m3/h to satisfy the thermal comfort of buildings in severe cold regions.

(3) The correlations between the friction factor and Reynolds number of the three collectors are fitted
with the experimental results. The dynamics analysis results indicate that the pressure drop of
the collector with slit-perforated plate was the least and the pressure drop of the collector with
corrugated packing was the most.

(4) Although the pressure drop and power consumption of the collector with perforating corrugated
plate was a little larger than the collector with slit-perforated plate while the air flow rate is the
same, the operation cost is lower for its better thermal performance. Therefore, the collector with
perforating corrugated plate was more suitable for use in the cold and severe cold regions.
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