
PLEA2012 - 28th Conference, Opportunities, Limits & Needs Towards an environmentally responsible architecture Lima, Perú 7-9 November 2012 

 

  ________________________________________________________________________ 

  † Partly funded by ANPCyT: PICTO ENARGAS-2009-0192 and CIUNSa: Proyect  2025               

 

Development and Experimental Evaluation of a Vertical Solar 

Air Collector for Heating Of Buildings 
  

JOSE E. QUIÑONEZ
1,3

, ALEJANDRO L. HERNANDEZ
1,2,3

, SILVANA FLORES LARSEN
1,2,3

 
 

1
Universidad Nacional de Salta (UNSa), Av. Bolivia 5.150, C.P. 4400, Salta, Argentina

 
 

2
Instituto de Investigaciones en Energía no Convencional (INENCO), UNSa-CONICET, Salta Argentina

  

3
Consejo de Investigación de la Universidad Nacional de Salta (CIUNSa) 

 

 
ABSTRACT: In order to lower the conventional energy destined to building heating, an active double-pass solar air 

heater that works with an air counter flow was developed. The collector was designed to be installed on vertical 

facades oriented towards the Equator. This paper describes the development and experimental evaluation of this 

prototype whose dimensions are 0.95 m width and 2.51 m long, with a useful collection area of 2.16 m2. The 

instantaneous efficiency curve was experimentally determined during the 2011 winter. Air temperature at the collector 

inlet and outlet, outdoor air temperature and solar radiation on the collector surface were measured. The inlet air 

temperature was varied by using an electric resistance heater as recommended by the ASHRAE 93-77 Norm that 

describes the experimental evaluation of solar air collectors. The maximum efficiency reached in the experiments was 

45% with a daily mean efficiency of 37% for the monitored period. 
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INTRODUCCION 

Since the 1970’s, several air heater solar collectors 

prototypes have been designed and tested. Hard effort 

has been spared on their mathematical modelization and 

on their transformation to computational algorithms that 

allow simulating the collector performance in different 

latitudes and under different weather conditions. 

  

Mohamad [10] studied the thermal behavior of a 

double-pass air heater solar collector, in counter flow, 

with a porous matrix in the channel formed between the 

absorber plate and the collector bottom by means of a 

computer simulation with finite elements. His research 

was focused on the reduction of heat losses from the 

cover to the environment, and on the heat transfer 

maximization from the absorber plate to the circulating 

air. He concluded that the efficiency of this type of 

collector may surpass 75% under normal operation 

conditions. 

 

Sopian et al. [16] experimented with a double pass 

collector with and without a porous media. This research 

aimed to determine the dependence of the thermal 

efficiency on specific design parameters of the collector 

and its operation. Tests were conducted varying the 

mass flow and the heights of the channel in the upper 

and lower parts of the collector, with and without a 

porous medium. The results showed that the porous 

medium increased the outlet air temperature due to an 

increase of the heat transfer area. They also proved that 

the thermal efficiency exceeds 80% for mass flows over 

0.05 Kg/s and small channels with superior and inferior 

heights of 3.5 cm and 7 cm, respectively. 

 

Kolb et al. [8], developed an air heater solar collector 

with a metallic matrix and a simple glass cover, and 

tested its thermal performance varying the height of the 

flow channel. The collector absorber is made up of two 

thin wire meshes placed parallel to each other, one upon 

the other, with a separation of 1 cm, and blackened by 

chemical oxidation to obtain selective properties. They 

used a solar simulator as source of radiation. The 

efficiency of this collector for 20 mm flow-channel 

heights is 81%; for 40 mm, 71%; and for 100 mm, 72%. 

The metallic matrix improves the thermal performance 

of the collector through high rates of heat transfer and 

small losses in friction compared to the ones of flat-plate 

conventional collectors. This type of collector may be 

used in the drying of agricultural products and the 

heating of buildings, and may easily be installed 

vertically on their facades. 

 

In recent research, the increase of heat transfer to the 

air by maximizing the turbulence through blades, 

obstacles and baffles fixed to the absorber plate has been 

studied (Pottler et al. [13]; Ammari [1]; Moummi et al. 

[11]; Ben Slama, R. [14]. Conversion efficiencies up to 

80% have been obtained with this type of collectors. 
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Naphon [12] numerically studied the characteristics 

of heat transfer and the efficiency of a double-pass flat-

plate collector with and without porous medium. The 

research concludes that the thermal conductivity of the 

porous medium generates an activating effect in the 

thermal efficiency of the collector that results 25.9% 

greater than that in collectors without porous medium. 

The mathematical model was validated with 

experimental data obtained from the work of Sopian et 

al. [16]. There is a reasonable agreement between 

measured and simulated values with average errors of 

18.4% and 4.3% for solar collectors with and without 

porous medium, respectively. 

 

Hernández et al. [3] developed a computational 

simulation parametric study by comparing the thermal 

behavior of two basic types of collectors. They 

evaluated here the dependence of daily collection 

efficiency with the thickness of alveolar polycarbonate 

of the cover, the volumetric flow inside the collectors, 

the flow channel height and the collection area for two 

significant slopes in the applications of the heating of 

buildings in the Northwest of Argentina: 35° y 90° 

measured at horizontal level. The dependence of the 

daily efficiency with the slope is such that its value is 

3% higher for the collector with a 35º slope during 

winter. The researchers also established that daily 

efficiency decreases as the flow channel thickness 

increases, to which parameter 2 cm is an adequate value. 

 

Hernández et al. [4, 5] and Salvo et al. [15] 

developed three vertical air heater solar collector 

prototypes that operate by natural convection when fixed 

on the North wall (facing the Equator) of any building. 

In the first model, the air flows through a channel 

formed between the absorber plate and the bottom of the 

collector; in the second model, the absorber plate is a 

perforated plate (with a hole factor of 36%); and in the 

third, there is double flowing in co-current. Daily 

efficiencies, obtained through experiment, were 35%, 

58% and 49%, respectively. Thus, the most efficient 

prototype of the three models is the one that holds a 

perforated plate; however, this one presents a greater 

cost of manufacturing. 

 

Hernández et al. [6] evaluated, by means of 

computer simulations, the thermal performance of air 

heater solar collectors with Vee-corrugated absorber 

plates. These collectors were designed, constructed and 

installed to heat the first bioclimatic hospital of 

Argentina built at 3,675 m above sea level in the Andean 

region called Puna. Daily efficiency estimated for these 

collectors was of 67%. 

 

The present study introduces the experimental 

evaluation of thermal performance of a double-pass air 

heater collector in counter flow without a porous matrix 

for the heating of buildings. 
 

The selection of a design for a flat-plate air heater solar 

collector is often accomplished without precise 

knowledge of a most efficient configuration as regards 

its construction parameters, however, the hit of use of a 

air heater solar collector is strongly related with the 

performance of the collector and design constructive 

final. For this reason the authors of this paper have 

developed an air collector showing how interesting the 

constructive part, compared to collectors mentioned 

above, it is designed to work with a vertical tilt in the 

winter, attached on the facades north of the buildings. Its 

installation is not very complicated since it only requires 

make two openings in the wall, one for the inlet of cold 

air from the building to the collector and other for the 

outlet hot air into the building to be heated, preventing 

the construction of a big structural basis to support the 

collector. Furthermore, unlike the traditionally 

manifolds are constructed in many parts of the world, 

this has a ondulated plate absorber to maximize the heat 

transfer area per m
2
 solar aperture area and a transparent 

cover of alveolar polycarbonate, providing greater 

resistance to rainfall of hail and accidental bumps. The 

vertical tilt that has the collector allows the 

minimization in the user's attention, because hinders the 

deposition of dust on the transparent cover. 

 

 

TESTED PROTOTYPE DESIGN 

The tested collector was designed to be installed 

vertically over building facades facing north (towards 

the Equator). Thus, the solar collection is maximum in 

winter and minimum in summer. 

 

The dimensions of the experimental module are 0.95 

m wide x 2.51 m long with a solar aperture area of 2.16 

m
2
 (useful area of collection). The main components of 

the collector are: the support box, the absorber plate and 

the transparent cover. The galvanized sheet box is 

thermally insulated with a 5-cm-thick layer of glass 

wool in the bottom, and a 2-cm-thick layer of the same 

material in all edges. The absorber plate consisting of a 

wavy galvanized sheet lies inside, blackened in the area 

exposed to solar radiation with high-temperature matt 

black paint. Its solar absortance measured with a LICOR 

spectrometer in the wave length range 400-1,100 nm is 

0.94. 

 

The plate is situated in such a way that it forms two 

channels: a superior and an inferior one. The air first 

flows over the absorbent plate and, then, below it, it 

flows counter-flow, as shown in figure 1. For air 

movement, a 40 W axial fan of 1,800 rpm was used in 

the output duct of the collector. 
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The transparent cover is a 6mm-thick alveolar 

polycarbonate sheet, material selected because of its 

good optical properties, mechanical resistance, weight 

and cost. The solar radiation that passes through the 

transparent cover is absorbed by the black plate and re-

emitted as heat (far infrared) to all interior surfaces of 

the collector. As the air circulates in contact with the top 

of the absorber plate, it increases its temperature to 

reach the opposite end, where a curve redirects it to 

circulate in the opposite direction (counter flow) through 

the bottom of the plate, further increasing its 

temperature. The air goes in and out through ducts of 

circular section perpendicular to the absorber plate, as 

shown in Figure 1, in order to facilitate the connection 

between the collector and the building through the walls 

facing north. 

 
Figure 1: Schematic in court of the collector in counter flow. 

 

 

COLLECTOR TEST 

The collector was mounted on the experimental 

INENCO field located at the National University of 

Salta (24° 43.7' South Latitude, 65° 24.6' West 

Longitude and 1,190 m.a.s.l.). It was vertically arranged 

facing the Equator so that the main axis is in direction to 

the east-west as shown in Figure 2. 

 

 
Figure 2: Prototype of the collector tested with slope 90°. 

 

 

Air temperatures at the inlet and outlet of the 

collector, of the absorber plate and of the air in 4 

positions inside the collector were monitored every 5 

minutes through K-type thermocouples connected to an 

ADAM 4018 datalogger of 8 analog channels. The 

environmental temperature and solar radiation on the 

vertical plane of the collector were recorded, also at 

intervals of 5 minutes, using an autonomous 

meteorological station HOBO model H21 whose 

irradiance sensor is of photovoltaic type. The air 

velocity at the entrance of the collector, necessary for 

estimating the mass flow, was measured by a manual 

TSI anemometer at intervals of about 1 hour. 

 

The performance of the collector in the vertical 

position under the regime of forced convection on 8, 14, 

15, 16 and 20 September 2011 was monitored. On days 

8 and 20, the inlet air temperature was varied by means 

of an electric resistance with an adjustable 

potentiometer. The dissipated power was maintained at a 

fixed value throughout the day, but different for each 

day in order to obtain different operating points in the 

instant efficiency curve (Figure 4) as indicated by 

ASHRAE 93-77 Norm regarding efficiency evaluation 

of flat solar collectors. This effect is evident in Figure 3, 

where the temporal evolution of the air temperatures at 

the inlet and outlet of the collector and in the 

environment is represented. The inlet temperature was 

different from that in the environment for the first and 

fifth days of measurement, while on the remaining days 

the dissipative resistance was not turned on. 

 
Figure 3: Temporal evolution of the air temperatures at the 

inlet and outlet of the collector and in the environment. 

 

 

Figure 3 shows that the maximum temperature 

reached by the air at the outlet of the collector was 55 °C 

when the inlet temperature was 36 °C. Under the 

climatic conditions of the test, this prototype was able to 

increase the circulating air temperature between 15 and 

20 °C. It is expected that, during the months of June and 

July, in which the position of the sun subtends smaller 

angles of incidence on the transparent cover, the amount 

of absorbed solar radiation increases, and consequently, 

the air temperature at the collector outlet also increases 

together with the useful heat generated. 
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The average mass flow during the test was 0.03 kg/s, 

measured at the collector inlet. The mass flow is 

calculated by multiplying the density of air by the 

circulating volumetric flow. In turn, the volumetric flow 

rate is the product of the average air velocity, v, 

multiplied by the cross section, At, of the duct inlet of 

the collector whose diameter is 0.15 m. The average air 

velocity measured during the test was 1.71 m/s. 

 

The variation of air density with temperature is given 

by (Lide, 1990), [9]: 

    refref TTT   1
  

(kg/m
3
)                        (1) 

where T y Tref are absolute temperatures in K, ρref is air 

density at Tref and β the volumetric thermal expansion 

coefficient of the air which, under the ideal gas 

approximation, is 1/T. Replacing the value of β in the 

equation (1) the result is 
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Therefore, the variation of air density with temperature 

is not linear but hyperbolic. 

 

The ideal gas approximation is valid for the air at 

atmospheric pressure within the range of temperatures 

registered during the operation of a solar collector. 

Atmospheric pressure depends on the altitude over sea 

level of the location (H) and its value can be estimated 

through 

 

P(H) = 101.325 (288.15/TH )
-5.255877   

(Pa)                     (3) 

where 

TH = 288.15 – 0.0065 H, with T in K y H in m            (4) 

a valid expression for U.S. Standard Atmosphere, 1976 

(Lide, 1990). 

 

Therefore, equation (2) must be corrected by 

pressure by multiplying it by the factor P(H) / 101.325. 

 

Finally, the mass flow of the air, m , is achieved 

through the following expression 

     sKgAv
T

T

P

HP
AvHTvTm t

oo

o

t /
)(

,,


          (5) 

being ρo = 1.2929 kg/m
3
 at To = 273.13 K and at P0 = 

101.325 Pa (Lide, 1990). 

 

 

DETERMINATION OF THE INSTANTANEOUS 

EFFICIENCY CURVE 

The instantaneous collection efficiency is calculated 

through (Duffie and Beckman, 2006), [2]: 
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                                  (6)                

where m  is air mass flow in kg/s; Ti y To represent the 

temperatures of air inlet and outlet, respectively; Cp 

indicates the specific heat of air at constant pressure; Ac 

stands for the area of solar opening of the collector; and 

GT  is the solar global irradiance on the vertical plane of 

the collector. 

  

The dependence of the specific heat of air with 

Celsius temperature was determined by correlating the 

tabulated values introduced by Incropera & DeWitt 

(1990), [7]: 

Cp(T) = 0.0003 T
 2
 + 0.0282 T + 1005.5 , T  in °C       (7) 

 

The efficiency values calculated with the equation 

(6) have been represented graphically in function of the 

variable (Ti - Ta) / GT and an adjustment by lineal 

regression was applied to the result. 

 

Figure 4 shows the efficiency values measured and 

the corresponding adjustment curve. 

 
Figure 4: Instantaneous efficiency curve of the double pass 

collector in tested vertical counter flow. 

 

 

The adjustment curve by linear regression 

determines, for this prototype, a maximum efficiency 

value of 41% and a heat loss slope of 7.01 W/m
2
 per 

each °C of difference between the temperature of inlet 

air and of the environment. That is: 
 

                                                                                      (8) 

                                                                              

The determination of the efficiency curve of the 

collector is of paramount importance for the estimation 

of useful heat that it can generate according to the 

prevailing meteorological conditions of the location 

where it will be installed. In turn, it allows to estimate 

the necessary collection area (expressed in quantity of 

collectors) to satisfy a certain demand of hot air. 
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SIMULATION OF THE FUNCTIONING OF THE 

COLLECTOR USING THE RESULTING 

EFFICIENCY CURVE  

The air temperature at the collector outlet can be 

calculated through equation (6), which results in 
 
                                                                                      (9) 
 

Figure 5 compares the values of outlet air 

temperatures as measured and simulated with equation 

(9) where equation (8) has been replaced for the 

calculation of ηi. An excellent agreement between both 

curves during the days of measurement can be observed. 
 

 
Figure 5: Temporary evolution of the measured and simulated 

temperature of the collector outlet  

 

 

The instantaneous useful heat generated by the 

collector is 
 

  Tciioptiu GATTCAvHTQ   ),(                    (10) 

 

where (Ti, H) is the air density as calculated to the inlet 

temperature and at an altitude of 1,200 meters above sea 

level, v is the flow velocity as measured at the collector 

inlet and At represents the transversal area of the 

entrance duct whose diameter is 0.15 m. Specific heat is 

calculated with equation (7) evaluated at air inlet 

temperature. 

 

Figure 6 shows the useful heat curve generated by 

this prototype. The values “measured” (calculated with 

the first equality of the equation (10)) and simulated 

(calculated replacing the equation (8) in the second 

equality of the equation (10)) correspond to the days of 

measurement 14, 15 and 16 September. Only these days 

were taken into consideration because they represent the 

days of functioning of the collector under normal 

conditions (without a resistance that dissipate the heat in 

the entrance). General agreement between measured and 

simulated values is observed, in both cases, maximum 

thermal power by over 550 W was generated. Out of this 

period, the simulated values slightly overestimate the 

useful heat generated by the collector.  

 

 
Figure 6: Useful heat given by the collector, simulated and 

measured, corresponding to days 14, 15 and 16 September. 

 

 

Through the measured instantaneous efficiency 

curve, the daily useful heat generated was calculated. 

The results are presented in Table 1 together with the 

corresponding total solar irradiation measured on the 

vertical plane of the collector. The daily efficiency 

values obtained are approximately of 37%. 

 
Table 1: Daily values of Qu, total solar irradiation over the 

vertical plane of the collector and efficiency. 

Date 

Qu 

(MJ/día) 

Irradiance 

(MJ/día) 

Daily 

efficiency (%) 

14/09/2011 11.79 32.28 0.365 

15/09/2011 12.49 33.28 0.375 

16/09/2011 12.43 33.24 0.374 

 

 

CONCLUSIONS 

In this research paper the design and evaluation of the 

thermal behavior of a double-pass air heater solar 

collector in counter flow for the heating of any type of 

building was presented. The materials selected for its 

construction can be easily purchased and, since there are 

no mechanized components, the collector does not 

require highly specialized manufacturing or service 

maintenance. 

 

To install the collector, it is necessary to do two 

openings in the wall (oriented to the Equator) where it 

has to be vertically mounted so as to connect it with the 

inside part of the building. The vertical position collect 

the solar energy mainly in winter, while in summer, the 

collector can be shaded with a horizontal conveniently 

designed overhang or with a protection cover to avoid 

the collection of diffuse radiation. The vertical position 

of the collector also avoids the accumulation of dust on 

p
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the surface of the collector cover minimizing the user’s 

attention for its cleaning. 

The use of this type of solar collector for the heating 

of buildings allows reducing the window area required 

to achieve thermal comfort levels inside by direct solar 

gain. In this way, the visual exposition of the inside of a 

building is limited and dazzling problems that are 

characteristics of places with big glazed areas are 

minimized. 

 

The collector monitoring was done by the end of 

winter 2011 between 8 and 20 September, during 8 daily 

hours of continuous functioning. With a daily 

volumetric flow of 0.03 m
3
/s, the maximum temperature 

reached by the air released by the collector was 55 °C 

for an entering temperature of 36 °C. The increase in 

temperature of the air flowing along the collector was 

from 15 to 20 °C during the monitoring period. 

 

Following the guidelines provided by the ASHRAE 

93-77 Norm evaluation of performance regulation for 

solar collectors, the temperature of air inlet was varied 

by means of an electric resistance commanded by an 

adjustable potentiometer. With this device different 

work points were obtained for the experimental 

determination of the instantaneous efficiency curve 

under forced convection. The curve obtained by lineal 

regression limits its maximum value to 41% with global 

thermal losses of 7.01 W/m
2
ºC. 

 

Though this maximum value is relatively low, we 

have to take into account that the data measured 

correspond to the last winter days in which the angles of 

incidence of direct solar radiance on the transparent 

cover was greater than 60º. Under these conditions great 

optical losses are generated by reflection. It is expected 

that during June and July, with the sun more inclined 

from the zenith, the amount of solar radiation absorbed 

increases and, consequently, the useful heat generated 

increases as well. 

 

With the instantaneous efficiency curve, the 

temperature of the air outlet and the useful heat 

generated by the collector were simulated during the 

period of measurement. In both cases, very good 

adjustments between measured and simulated values 

were obtained. This means that the efficiency curve 

obtained serves as a computer tool for the dimensioning 

of this collector in similar geographical conditions to the 

ones in the trial. 
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