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ABSTRACT

In this paper, the experimental validation of an analytical model that describes the thermal behaviour of
double parallel flow air heating collectors working by natural convection is presented. This model was
validated with data measured on a collector of these characteristics at the National University of Salta, in
the northwest of Argentina. Comparisons between measured and simulated values show an excellent
agreement for both the air output temperature and the useful energy produced by the collector, with
RMSE values smaller than 6%. The instantaneous thermal efficiency curve of the collector was determined
experimentally in winter of 2015. Daily values of efficiency ranged between 0.48 and 0.5 during sunny
days, and between 0.41 and 0.46 during semi-cloudy days. A novel correlation between the velocity of
the air movement by natural convection and the temperature difference between the building and the
collector’s interior was obtained by means of linear regression with a correlation coefficient R = 0.94. A
new correlation Nu = f{Ra) to estimate the average convective coefficients by natural convection was
obtained, based on an effective convective heat transfer coefficient calculated with the temperature
values measured inside the collector and the absorbed solar irradiance.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Since the middle of last century, the solar air heating has
aroused great interest in the community of solar researchers
because it is a relatively simple, inexpensive and low maintenance
application. Along these years, several prototypes of solar air col-
lectors were designed, mathematically modelled and experimen-
tally tested. These air heaters are mainly used to dry agricultural
products [1-3] and to heat buildings [4—7]. There are many con-
figurations of solar air heater collectors, differentiated by the way
the air circulates inside (natural or forced convection in simple
pass, double parallel flow, double pass counter flow, etc.) and the
type of solar absorber element (flat plate, V-corrugated plate, cy-
lindrical tubes, plates with fins, porous matrix, etc.) [8—13].

Each type of collector has a particular efficiency of conversion of
solar energy into heat which depends on its geometry, materials
with which it is built, the site location, the time of the year and the
air mass flow circulating inside. The most important disadvantage
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of air heating collectors against water heating collectors is the poor
heat transfer existing between the absorber plates and circulating
air due to the low convective heat transfer coefficient that charac-
terizes to gaseous fluids. Therefore, to achieve high rates of thermal
energy transfer it is convenient to use, as absorber element,
extended surfaces with large areas exposed to the heat carrying
fluid to improve the heat removal factor of the collector, Fg. The
more efficient air heating collectors are those maximizing the
contact between the circulating air and the absorber plate by
means of forced turbulent flow in double pass including V-corru-
gated or sine-wave absorber plates, with fins, baffles, ribs or porous
matrices [14—21]. With this type of collectors, thermal efficiencies
up to 80%have been achieved. In Ref. [6], a two-story bioclimatic
building constructed in Vaqueros town, near to Salta City, is
described. The bioclimatic strategies selected to heat the building
were: thermal insulation of the outer walls and roof, direct solar
gain by windows in the bedrooms located to the north and a double
pass counter flow solar air heater collector included in the roof to
heat the dining room and the living room, both located to the south.
The absorber plate of the solar collector is a 24 m? black painted V-
corrugated galvanized iron sheet. The air flows forced by a fan at a
mass flow of 0.41 kg/s. During a sunny day in winter, this solar
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Nomenclature

L length of solar collector in the direction of flow in m

w width of solar collector in m

b flow channel height in m (distance between the
transparent cover and the bottom of the collector)

Dy hydraulic diameter of the flow channel in m

Ac aperture area of the collector (L X w) in m?

Ai cross-sectional area of the inlet duct of collector in m?

Aq area of the transparent cover

Ap area of the absorber plate

Ap area of the bottom plate

H altitude above sea level of the location of solar collector
in m

hy convection heat transfer coefficient under the

transparent cover in W/(m? °C)
h, and hsconvection heat transfer coefficients on each side of
absorber plate in W/(m? °C)

hy convection heat transfer coefficients over the bottom
surface in W/(m? °C)

hegr effective heat transfer coefficient

h radiation heat transfer coefficients between the
absorber plate and the cover in W/(m? °C)

h; radiation heat transfer coefficients between the
absorber plate and the bottom surface in W/(m? °C)

U; top loss coefficient from the transparent cover to the
ambient in W/(m? °C)

Up back loss coefficient from the bottom surface to the
ambient in W/(m? °C)

Up ov432rall heat loss coefficient of the collector in W/
(m* °C)

myand m, mass flows of air in each channel of double-parallel
flow solar collector in kg/s

m total mass flow of air entering and leaving the collector
in kg/s

F collector efficiency factor

Fr collector heat removal factor

F12 view factor of the cover and bottom with the absorber
plate

Rp geometric factor that transforms the direct irradiance
on horizontal plane into direct irradiance on tilted
plane

T local temperature of the air flowing between the
absorber plate and the cover in °C

Tp local temperature of the air flowing between the

absorber plate and the bottom surface in °C

T local temperature of the inner transparent cover in °C

T, local temperature of the absorber plate in °C

Ty local temperature of the bottom surface of the collector
in °C

T; input air temperature to the collector in °C

To output air temperature from the collector in °C

T, outside environment temperature in °C

T, inner temperature of the building

Gp direct solar irradiance on horizontal plane in W/m?

Gys isotropic diffuse solar irradiance of sky on horizontal
plane in W/m?

Gn global solar irradiance on horizontal plane in W/m?

Gp total solar irradiance on the tilted plane of collector in
W/m?

S solar irradiance absorbed by the absorber plate in W/
m2

qu1 useful energy gain of the air flowing between the
absorber plate and the cover in W/m?

qu2 useful energy gain of the air flowing between the
absorber plate and the bottom surface in W/m?

Qu total useful energy gain in W

k thermal conductivity of air in W/(m K)

p density of air in kg/m>3

Cp specific heat at constant pressure of air in J/(kg K)

7 kinematic viscosity of air in m?/s

o thermal diffusivity of air in m?/s

6 volumetric thermal expansion coefficient of air in K~!

P(H) atmospheric pressure at height H above sea level, in Pa

Vi air velocity in the inlet duct of the collector in m/s

g gravity acceleration in m/s?

Ne instantaneous efficiency of the solar collector

op solar absorptance of the absorber plate

Bc slope of collector from the horizontal plane in degrees
(90° in this case)

£c1 infrared emittance of the internal sheet of transparent
cover

£p infrared emittance of the absorber plate

b infrared emittance of the bottom plate

Pg ground reflectance (albedo)

Th transmittance of the transparent cover to direct solar
irradiance

Td transmittance of the cover to the sky diffuse solar
irradiance

Ty transmittance of the cover to the ground diffuse solar
irradiance

collector generated between 350 y 410 M] of thermal energy with a
daily efficiency of 73%.

While there are many works in the literature on air heating
collectors operating with forced flow by blowers or fans, few re-
searchers paid attention to collectors functioning by natural con-
vection, probably because their thermal performances are lower
than those of forced flow. But this should be not a barrier to its
application because the collectors operated by natural convection
have the advantage of not using electrical power to impulse the air,
minimizing thus the operation and maintenance costs. Also, they
do not require a manual or automatic control system for turning on
and off, freeing the user to address this task. Numerical studies have
been conducted to investigate the natural convection inside the
channel between the flat-plate cover and the sine-wave absorber in

a cross-corrugated solar air heater [22,23]. Hatami and Bahador-
inejad [24] experimentally determined the natural convection heat
transfer coefficient in a vertical flat-plate solar air heater with
double transparent cover. They studied six flow configurations and
concluded that the highest thermal efficiency is obtained when air
flows through three parallel channels: between the absorber plate
and the bottom of the collector, between the absorber plate and the
inner transparent cover and between the inner and outer covers.
Al-Kayiem and Yassen [25] experimentally studied the natural
convection heat transfer in a flat-plate solar air heater tilted a 4
angle. They presented the results by means of Nu vs Ra graphs and
Nu vs time graphs for three inclination angles: 30°, 50° and 70°.
They concluded that the optimum inclination angle of the collector
is approximately 50° to obtain a high Nusselt number and the
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highest collector efficiency. Herndndez et al. [26] designed and
experimentally tested a vertical solar air heater collector with
perforated absorber plate which operates by natural convection
and obtained values of daily thermal efficiency of between 57 and
60% for winter period. These values are significantly high and
indicate that it is feasible to use this technology for passive heating
of residential and industrial buildings.

The computational modelling is critical in order to simulate the
operation of the solar collector under different weather conditions
and at different latitudes. The mathematical expressions obtained
with the analytical models allow to develop useful computational
tools to design solar collectors, as well as, to evaluate its perfor-
mances under different operating conditions without the need to
build any real prototype [27—30]. Once developed the mathemat-
ical models, it is necessary to experimentally validate them in order
to delimit the accuracy of their predictions and check the validity of
the simplifying assumptions made during their formulation
[31-36].

The authors of this paper have developed analytical models to
assess the thermal performance of air heating collectors of double
parallel flow and double pass counter flow [37]. The model corre-
sponding to the double pass solar collectors was experimentally
validated in a previous work [38], operating with forced flow under
winter weather conditions of Salta City, located in the northwest of
Argentina. The model validation was performed by comparing
measured and simulated data of the output air temperature and
useful energy. The results show an excellent agreement between
the measured data and the simulated values with the model. The
RMSE error was lower than 2.93 °C for the output air temperature
and lower than 36.5 W for the useful energy.

In this paper, the experimental validation of the analytical
model developed in Ref. [37] for the double parallel flow solar air
collector, working by natural convection, is presented. Temperature
values of the air output and the useful energy gain estimated
through the model were compared with data measured in July 2015
in a solar collector of this type designed and built by the authors of
this work at the National University of Salta. This prototype was
vertically installed on the north facade (toward the Ecuador) of an
experimental building so that its thermal energetic assessment was
performed under real operating conditions (closed circuit collector-
building), allowing to analyze the thermal dynamics of the whole
system. Most experimental studies of solar air collectors are per-
formed in open circuit (taking outside air, heating it and expelling it
to the outside environment again) so that the results obtained in
this work are an important contribution to the study of this type of
solar technology.

The model is valid for both flow by natural convection and by
forced flow. In the first case, the air velocity depends on the tem-
perature of the absorber plate and, therefore, varies along the hours
of sunshine. It was not found in the literature a correlation that
allows the evaluation of this velocity to calculate the mass flow of
the air passing through the collector. Therefore, a new empirical
correlation that estimates the thermo-siphonic air velocity at the
collector inlet, depending on the temperature difference between
the interior of the collector and the interior of the building to be
heated, was determined. Finally, a new methodology to estimate
the internal convective coefficients on the absorber plate, the
transparent cover and the bottom surface of the collector was
developed and a new empirical correlation between dimensionless
numbers Nu and Ra, valid in the range 2.5 x 10> < Ra < 1.3 x 105,
was obtained from the data measured during the monitoring
campaign.

2. Synthesis of the analytical model of double parallel flow
solar air collectors

The mathematical model evaluated in this paper has been
developed by the authors and detailed in a previous paper [37]. It
starts from the energy balance in steady state for the air flowing
inside the solar collector to determine the overall heat loss coeffi-
cient, Uy, and its efficiency factor F'. In Fig. 1, the heat transfer co-
efficients included in the equations are shown. The dashed line
represents the transparent cover.

If the collector cover consists of two or more sheets of trans-
parent material, the coefficient U; quantifies the heat loss from the
inner sheet, which is at temperature T, to the outside ambient
temperature Tj,.

At some location along the flow direction, the energy balances
in steady state for the transparent cover, the air passing through
channel 1, the absorber plate, the air passing through channel 2 and
the bottom surface of the collector respectively are:

UelTa = Tea) + b (Tp1 = Ter) + ha (Tp = Ta) = O (1)
hy <Tcl - Tfl) + hy (Tp - Tf]) =qu1 (2)

S+ hz (Tfl — Tp) + hn (Td — Tp) + h3 (sz — Tp) + hrz (Tb — Tp)
=0

(3)
hs <Tp - sz) + hy (Tb - sz) = qu2 (4)
Up(Ta — Tp) + ha (sz - Tb) +hy(Ty —Ty) =0 (5)

Solving this equation system, the total useful energy locally
gained by the fluid passing through the collector is:

Qu=qu1 +qu =F [5 —Uo (Tfl - Ta> = Unpz (sz - Ta)] (6)
where

_ (hy +h3)¥1 55 + hihy 25 + hahro 3y
23

F (efficiency factor)

(7

STSSUSIEIINIIISE I SIS IS IUEIIIEET SIS IS VNS IS VNS STV NS ISV NSV S S S VU S VS S VS VNSNS NS
SEIPIILIHILITIIHITILIVHIHILITHIHITITY PHIILIIHIHISITIIIIEILISITIILITIIIIEILISIIHILISITIIIITILIIRISIIY
T R R R R Y

S R R R R s sy
B S ARy
B R R R

Us

Fig. 1. Details of the heat transfer coefficients inside the solar collector.



A.L Hernandez, J.E. Quiionez / Renewable Energy 117 (2018) 202—216 205

_ hUeZ3 + (haZ1 + hihe)) (Ut 23 + hipUp 24)

Uy = 8
o [(hy + h3)Z1 25 + hihy 25 + hghip 3424 (8)
Ugy — haUpZ3 + (h3 23 + hghyp)(hr1Ur 2y + hipUp 21) 9)
[(h2 + h3)Z1 23 + hihy 23 + hahip 2425
being
31 =Ut+hy +hq (10)
3y =Up+hg+hyp (11)

23 = (hy + h3)Z1 2 + by (Ue + h) 2 + hp(Up + hg) 24 (12)

Defining the overall heat loss coefficient of the collector, Uj, as
UL = Up1 + Ugz (13)

Eq. (6) can be written as
Gu=F [s—UL(<Tf> —Ta)] (14)
where

Uo1Tr1 + Upy T,
(1) == (15)
is the average temperature of the fluid in some location inside the
collector. Eq. (14) is an equivalent expression to the useful energy
locally gained by a fluid passing through a collector of a single
channel.

To estimate each convection heat transfer coefficients inside
both channels of the collector (hy to hy) it is necessary to calculate
the mean values of T and Tp, between the air inlet and outlet
positions. To do that, the distribution of these temperatures along
the collector in the direction of flow (y) must be found, resulting:

Tr1(¥) = Ky exp(a1y) + Kz exp(azy) +C (16)
Uo1
Tro(v) = Ky exp(a1y) — UT)zKZ exp(azy) +D (17)
where
o AcFIUL
M == mcpl (18)
AFU; uul,
0y = - 1+ 19
27 el ( Uo2Up, (19)
S | UnUo + Ut (U1]2 + Ulzz)
Ky =T, —Tq — AT ULU TR (20)
L {Y01Y02 T Y1202 + Y1201
Ugy (U, — U’
ko= Ui {U’ U p (U101U’ 021)12 17 1)
L [Yo1Y02 + Y12Y02 T U12Yp
! 1 2
C=T,+ <  UptUnp U ) (22)
Up1Upz + Ui Uy, + Uiy Ugy

Uy, + UL, +U?
D=T,+ (u' U o )S (23)
01%02  Y12Y02 T U12V01
,_ MUEs + (ho Xy + hihy) (h Ue S5 + hoUp 21) (24)
o1 (h22133 + h1hp 22) 34
s haUp25 + (h3Z + hghyp)(h Ut 25 + hipUp 2q) (25)
02 (h3Z123 + hahp21) 2,
h32y + hah
ul, -3 22 4hi2 (26)
2
hy, 21 + hih

21

The different heat transfer coefficients involved in the operation
of the collector must be estimated at the mean temperature of the
air passing through each channel. These average values are ob-
tained by integrating the spatial distributions of these tempera-
tures, Eq. (16) y (17), between the air inlet and outlet resulting:

= K1 KZ

T =C T - explarl)] - 5 [1 — exp(eol)] (28)
and

_— K K3Up;

Tro =D = (1 —exp(ail)] + Z7pb 1~ explagl) (29)

These mean temperatures are necessary to calculate the
convective heat transfer coefficients hy to hy, the coefficients Ups,
Uo2, UL, F, Uo1, U, Ul,, U%and temperatures Ty, T, and Tp.
Nevertheless, to compute Eqs. (16) and (17) it is necessary to know
the values of all these coefficients. Therefore, an iterative procedure
must be performed by proposing initial values of Tfl y sz to
calculate all coefficients and temperatures required to compute
Egs. (28) and (29). These new values of mean temperatures are
compared with those originally proposed. If their differences are
below a value considered appropriate (e.g. 0.1 °C) the iteration
ends. Otherwise, the initial and recalculated mean temperatures
are averaged and a new iteration begins.

The analytical model predicts that the air mass flows in each
channel within the solar collector can be estimated as

L Upt .
and
. Upa L

According to their mathematical expressions Up; > Up, because,
generally, U; > Up. Therefore, the air mass flow in the channel
formed by the transparent cover and the absorber plate, my, is
greater than the air mass flow in the other channel. These air mass
flows are necessary to estimate the convective heat transfer co-
efficients h; to ha.

The spatial distribution of the average air temperature inside the
collector (as a weighted average of air temperatures in each chan-
nel) is

B s . s WF'U;
<Tf>(y) =Ta+g+ (T, S T. - UL) exp( i, y) (32)
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This expression allows to estimate the air outlet temperature
when it is evaluated at y = L. Thus, the temperature of the air
leaving the collector, which results from the mixture of the two
currents flowing inside it, is given by

_ S S AFUL
To=Tq +UL+ (T, — Ty —UL>exp< _Tcp)

This equation states that the air outlet temperature depends on
T;, Tz, S and m which, under steady state conditions, are considered
constant within a finite time interval but variables from sunrise to
sunset.

The total useful energy gain of solar collector may be expressed
as [41]

(33)

Qu = mcy(To — T;) = AcFr[S — Uy(T; — Ta)] (34)

The heat removal factor, F, relates the actual useful energy gain
of the collector to the useful gain if the whole collector were at the
input air temperature. For a double parallel flow solar collector its
expression is

g AF'U;

with F from Eq. (7) and U from Eq. (13). By defining this coefficient,
the useful energy gain is expressed in terms of the air inlet tem-
perature to the collector (Eq. (34), right side) which generally is a
known parameter in each application.

The instantaneous collector efficiency is calculated by any of the
two following expressions:

_ Q. mep(To—T) S (Ti — Ta)
Ne *ACGP = AcGy =Fg G_p —FRULT (36)

Determining the instantaneous efficiency curve is of utmost
importance to estimate the useful energy that the collector may
produce according to the prevailing weather conditions at the site
where it will be installed. In turn, it allows the estimation of the
collection area necessary to satisfy a given demand for hot air. To
determine its value it is necessary to know the total mass flow of
the air passing through the collector.

This model is applicable to double parallel flow solar air col-
lectors by natural or forced convection, with flat or V-corrugated
absorber plate. In this paper, the model is validated by testing a
double parallel flow solar collector by natural convection with a V-
corrugated absorber plate, vertically installed.

3. Experimental evaluation of thermal performance of a solar
air heater by natural convection

In order to validate the mathematical model, an experimental
evaluation of the thermal performance of a double parallel flow
solar air collector by natural convection, vertically mounted on the
north facade (toward the Ecuador) of a building prototype, was
carried out. This solar collector was designed and experimentally
tested by the authors of this paper.

3.1. Description of the solar air heater and test methodology

The dimensions of the collector are: 2.22 m long, 0.94 m wide
and 0.1 m thick. In the back it has two openings that connect the
collector with the local to be heated through ducts that cross the
wall. The bottom and sides of the collector box were thermally
insulated with glass wool 5 cm thick. The transparent cover consists
of two polycarbonate sheets with a sealed air chamber between

them. The absorber plate is a V-corrugated galvanized sheet of
0.85 mm thick, 2.14 m long and 0.91 m wide, painted with black
paint for high temperature. The corrugated angle is ¢ = 127° and
the aperture area of the collector A; = 1.94 m>.

In Fig. 2, a diagram of the interior of the solar collector is shown.
It is noted that the absorber plate has two upper and lower open-
ings to allow the air to flow in contact with both sides of the plate in
distributed way all over its surface. The sum of the areas of the two
upper openings equals the cross area of the duct that communi-
cates the collector with the building. The same is valid for the lower
openings.

The solar radiation passing through the transparent cover is
absorbed in the absorber plate, raising its temperature. The air in
contact with the hot plate decreases its density and ascends by
buoyancy, entering to the building through the upper duct.
Simultaneously, the cold air located on the room floor is sucked
toward the collector through the lower duct. Thus, a natural
convective circulation between the collector and the building is
established without there being any fan that forces this movement.

The solar collector was vertically installed on the north wall of a
building prototype with 7.15 m? of floor area built at the National
University of Salta in Salta City, Argentina (24° 43.7’ South Latitude,
65° 24.6’ West Longitude and 1200 m above sea level), as shown in
Fig. 3. Its walls are made of hollow ceramic brick 15 cm thick. The
roof is metallic, built with galvanized trapezoidal sheets and the
floor is made of concrete 10 cm thick. Expanded polystyrene plates
5 cm thick conform a thermal insulated ceiling under the cover of
galvanized sheets. The carpentries are made of pine wood and
consist of a door toward east and a window of single glass toward
west. All these materials are commonly used in the construction of
social housing, although the ceramic bricks are also part of the
multi-story buildings and of many houses of the richest social
sectors of our country. That is, in terms of the characteristics of its
envelope, the prototype monitored represents to a vast sector of the
typical buildings of Argentina. The azimuth of north facade is 170°
(10° to East from the North).

By means of K-type thermocouples connected to a data logger
with 8 analogue channels were monitored, at intervals of 1 min, the
temperatures of:

1) The air at the inlet and outlet solar collector,

2) The inner face of inner polycarbonate sheet,

3) The absorber plate at its geometric centre,

3) The two air drafts to the average distance between input and
output and

4) The indoor air of the building prototype.

The external temperature and solar irradiation on the collector's
vertical plane were monitored, also at intervals of 1 min, using an
autonomous weather station whose pyranometer is photovoltaic.
The air velocity at the collector inlet, necessary to estimate the
circulating mass flow, was manually sensed by means of a hot wire
anemometer.

The thermal behaviour of the solar collector was monitored
during the winter of 2015. In this paper, the results for the period
from July 27 to 31 are presented. This experimental evaluation
allowed analyzing the dynamic behaviour of the solar air heater
under real operating conditions (closed circuit collector-building).

3.2. Meteorological variables and temperatures measured in the
solar collector

In Fig. 4, the values measured every 10 min of the ambient
temperature, T, and of the global solar irradiance on the vertical
plane of the collector, Gp, are represented.
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Fig. 2. Schematic section of solar collector.
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Fig. 3. Solar air collector installed for testing.

As shown in the figure, the first days were sunny, registering
typical values of ambient temperatures for this time of the year:
minimum in the order of 0 °C and maximum between 16 and 18 °C.
The statistical mean values recorded in previous decades in Salta

City determined for July an average monthly value of 9.9 °C and an
average monthly maximum of 20 °C. During the first three days
plotted, solar irradiance on the vertical plane of the collector, G,
reached maximum values of 710 W/m? at noon. The solar irradiance
estimated by model of Souster et al. [39] for “clear day” gives a
maximum of 790 W/m? on a vertical plane with azimuth of 170°,
indicating scarce presence of suspended particulate matter in the
local atmosphere.

Fig. 5 shows the air temperature values measured every 10 min
at the collector inlet (T;), at the output (T,), of the air passing be-
tween the absorber plate and the transparent cover (Tf), of the air
passing between the absorber plate and bottom of the collector
(Trz) and the indoor air temperature of the space to be heated (T;).

The figure shows that, during sunny days, the temperature of
the air outlet overcomes 60 °C at noon, reaching a maximum value
of 61 °C on July 28 when the solar irradiance on the plane of the
collector was 710 W/m?. The mechanism of the airflow by natural
convection starts with very low values of solar irradiance since the
outlet temperature begins its quick rise around 9:00 a.m., a time
when the solar irradiance outside the collector is less than 100 W/
m? as seen in Fig. 4. As the hot air comes out through the upper
duct, it mobilizes room air and begins to rise its temperature and
the temperature of inlet air to the collector.

Due to the heat supplied by the solar collector, the temperature
of the room steadily rises during sunshine hours, reaching
maximum values between 21 and 26 °C during the measurement
period. In Fig. 5, the existence of thermal stratification in indoor air
is observed since the temperature of the room (sensed at a height of
1.6 m) is always higher than that of the collector inlet (measured at
a height of 0.3 m). During the night the temperature of the room
descend to 15 °C which, although it is outside the range of thermal
comfort in buildings (20—26 °C), is acceptable considering that the
walls of the building does not have thermal insulation. With the
useful heat provided by the collector on sunny days, the average
daily temperature of the room (20 °C) exceeded in 12 °C the average
outside temperature.

In Fig. 5 it is observed that, as predicted by the mathematical
model, the temperature of the fluid passing in contact with the
transparent cover, Ty, is lower than that of the air passing in contact
with the bottom of the collector, Tp.

Fig. 6 shows the temperature values measured every 10 min at

28 800
24 A 7\ £\ x 700 ~
o /\ [\ [\ | | 00 E
> 16 A a I 7500%
21 A A 400 &
s LN \ 1\ N\ 200 3
g, A\ \ \ 0
EEEEEEEEE IR Y

edESs e dxo v dxsSsdx e vdxs

Time
—Ta el €1)

Fig. 4. Meteorological variables measured during the period from July 27 to 31.
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Fig. 5. Time evolution of input temperature (T;), output (T,), fluid 1 (Tg), fluid 2 (Tg) and inside of building (T).

the bottom of the solar collector (T}), of the absorber plate (T,) and
of inner polycarbonate sheet (T;) in their geometric centres. Due to
the low speed values that characterize the movement of the air by
natural convection, the temperature of the absorber plate increased
to 68 °C in sunny days. As it is known, high values of the absorber
plate temperature lead to low values of thermal efficiency.

During sunshine hours, the temperature of the cover is higher
than that of the bottom of the collector mainly due to the radiative
heat exchange with the hot absorber plate while, at night, the
temperature of the cover is lower than that of the bottom due to
radiative and convective heat exchange with the outside environ-
ment which is at very low temperature. Radiative exchange be-
tween the absorber plate and the cover is greater than between the
absorber plate and the bottom of the collector because the absorber
plate is painted black just by the side receiving solar radiation. The
infrared emittances of paint used and of polycarbonate of trans-
parent cover are greater than 0.94, while the back of the absorber

plate and the bottom of the collector have infrared emittances of
0.2 corresponding to galvanized iron unpainted.

3.3. Air mass flow at solar collector inlet

In Fig. 7, the air velocity values measured at the inlet duct to the
collector during the four sunny days are presented depending on
the time of the day. These days were selected because in them the
highest solar irradiance values were recorded. The curve is not
symmetric about noon because the azimuth of the collector is
slightly turned to the east as a result of the orientation of the
building on which it was installed.

From 09:00 to 10:00 in the morning, the air velocity at collector
inlet quickly increases from O to 0.75 m/s and in the next hour
slowly reaches its maximum daily value. Between 11:00 and
13:00 h the air velocity remains quasi constant at a value close to
0.8 m/s. Since then the velocity begins to decrease slowly at first
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Fig. 6. Temperatures at the bottom of the collector (Tb), of the absorber plate (Tp) and the transparent cover (Tc), measured between July 27 and 31.
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Fig. 7. Air velocity values measured at the inlet duct of the collector.

(until 16:00) and quickly thereafter until to be annulled approxi-
mately at 18:30. Therefore, between 10:00 and 15:30 h, the air
velocity at collector inlet reached values between 0.7 and 0.8 m/s
(87—100% of its maximum value for the weather conditions
recorded during monitoring).

The air velocity at the collector inlet was measured manually at
variable intervals between 5 and 60 min, from sunrise to sunset
during the 5 days of monitoring. To estimate the instant useful
energy gain to be used in the numerator of Eq. (36) it is necessary to
obtain a continuous function that correlates the air velocity at the
collector inlet with some variables measured during the test.

Locally, at any point x along a vertical hot plate with uniform
temperature Tp, the solution to the Navier-Stockes equation for
laminar airflow by natural convection, using the Boussinesq
approximation, states that the local velocity profile of the air in
contact with the hot plate, u(x), is proportional to the local Grashof
number, Gry, through an expression of the type [40]

u(x),xzvcr;/z _ % {M} 1/2 .

x 2

where T, is the air temperature abroad of thermal boundary layer.
Rearranging the terms in Eq. (37), the following expression is
obtained:

u(x) o [gB(Ty — Tcx,)x}]/2 (38)

This approximation indicates that the air velocity inside the
collector increases with increasing temperature of hot plate. Also
indicates that the air velocity in the flow direction increases as x —
L.If Lis large enough, at some point along the plate, the transition of
laminar to turbulent regime occurs and Eq. (38) is no longer valid.

While Eq. (38) is useful to find out what parameters influence
the determination of the air velocity inside the collector, its appli-
cation to determine the average velocity at the input of the collector
has two drawbacks. First, the temperature of the absorber plate in
the flow direction is not uniform and its spatial distribution is
unknown in the range 0 < x < L. On the other hand, air temperature,
T, varies between the inlet and outlet of the solar collector and,

usually, only its values at these two positions (T; and T,) are known.
It is therefore more convenient to work with a global character
equation that depends on these two known temperatures.

A solution of this type was presented by Duffie & Beckman [41]
for a Trombe wall with small upper and lower openings for thermo-
siphon circulation. Solving the Bernoulli equation along a current
line between the room to be heated and the flow channel of Trombe
wall, the following expression for the average air velocity within
the channel is obtained:
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Vv 28L Tm —T;

V= 39
{Cl (Ag/Ai)2+C2 ( Tm )} (39)

where L the height between the top and bottom openings, Ty, the
average air temperature between these openings, T the tempera-
ture of the room and C; and C; two dimensionless empiric con-
stants related to the pressure drop in the Trombe channel (with
cross area Ag) and openings (with cross area A;). Whereas the de-
nominator of the left fraction of Eq. (39) is a constant for each

Trombe wall we can write the following proportionality
relationship:
Ve [gB(Tm — TL (40)

being § = 1/T, the volumetric thermal expansion coefficient of the
air under the ideal gas approximation, with Tr; and T; in K. This
relationship is morphologically similar to (38) but it has the
advantage of including parameters and global variables measured
during monitoring of the solar collector. The relationship (40) is
also valid for the air velocity in the inlet duct of the collector
because the continuity equation (mass conservation) states that:

pmAg*
vp=—"w—V 41
A (41)

where py, is the air density at T, temperature and p; the air density
at T) temperature. Plotting the squared v; values of Fig. 7 as a
function of the variable x = gI(Ty, - T;)/ Ty, the linear correlation of
Fig. 8 is obtained.

The figure shows that the plotted data correlate linearly with an
R? coefficient of 0.943. Most dispersion occurs for air velocities
higher than 0.65 m/s (v? ~ 0.42 m?/s?). Then, the air velocity by
natural convection at the collector inlet can be estimated by the
following equation:

T — T, 1/2
v; = (0.0843 + 0.4332.g.L. (T)} (42)

This correlation is a valuable tool to develop software of calcu-
lation and simulation of the performance of this collector type
because it allows estimating the air mass flow circulating by natural
convection.

In Fig. 9, the air velocity values measured at the collector inlet
versus the estimated values with Eq. (42) are compared. An
excellent agreement for velocities lower than 0.65 m/s, with a mean
square error RMSE of 0.03 m/s and a mean square percentage error
RMSEX% of 4.5% throughout the velocity range analyzed, is observed.

As previously stated, in a solar collector of natural convection
the air motion is due to the decrease of its density as it is heated in
contact with the absorber plate. The air density dependence on the
temperature is given by Ref. [42]:

p(T) = pol1 = B(T = To)]  (Kg/m?) (43)
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where T and T, are absolute temperatures in K, p, is the air density
at T, and § = 1/T under ideal gas approximation. Replacing the value
of 8 in Eq. (43) we obtain:

T, Const.
p(T) =Poe = =20 (44)

Therefore, the air density dependence on the temperature is not
linear but hyperbolic.

The ideal gas approximation is valid for air at atmospheric
pressure within the temperature range recorded during the oper-
ation of a solar air collector. Atmospheric pressure depends on the
altitude above sea level of the place (H) and its value can be

estimated by means of:

P(H) = 101,325(288.15/Ty) >2>>877 (Pa) (45)
Where
Ty = 288.15 — 0.0065 H (46)

with T in K and H in meters, expressions valid for U.S. Standard
Atmosphere, 1976 [42].

Therefore, Eq. (44) must be corrected by pressure multiplying it
by a factor P(H)/101,325. Finally, the air mass flow, m, is obtained by
multiplying its density by the circulating flow rate and this, by
multiplying the average fluid velocity, vi;, by the flow area, Ap,
resulting:

m(T,v) = p(T, HyvmAs = P(H) poTTo
0

vAf(Kg/s) (47)

being po = 1.2929 kg/m? at T, = 273.13 K and P, = 101,325 Pa [40].
With this equation can be determined, hour by hour, the mass flows
of the air in each channel of the solar collector through Eqgs. (30)
and (31) when the air velocity is known in the inlet duct, Eq.
(42). The outlet temperature is calculated using Eq. (33), the useful
energy gain with Egs. (34) and (35) and the instantaneous collec-
tion efficiency with Eq. (36).

Replacing the value H = 1200 m in Eq. (46), the atmospheric
pressure in Salta City is P(H) = 87,715 Pa. Therefore, in Eq. (47) the
factor P(H)/P, = 0.86. Because the air velocity was measured at the
inlet duct to the collector whose area is A; = 0.0188 m?, the circu-
lating mass flow at the inlet temperature (in K) is:

m(T;,v) = p(T;, HyviA; = 0,86 ”f’f%p.msg = 5.7094% (Kg/s)
1 1
(48)

In Fig. 10, the time evolution of the air mass flow, estimated with
Eq. (48), is shown. This curve has the similar behaviour than the
solar irradiance Gp, with low values during the first and last hours
of day and a maximum value at solar noon. During the sunny days,
the average value between 10:00 and 15:30 h (58% of the total
insolation period) is 0.015 kg/s.

3.4. Instantaneous thermal efficiency and useful energy produced

For determining the thermal efficiency curve, the values of solar
irradiance, air temperatures of input and output, inner temperature
of the building and outdoor temperature, recorded every 10 min
during the 3 completely sunny days were selected and Eq. (48) was
used to estimate the air mass flow at the collector inlet.

Using the first expression of Eq. (34), the thermal efficiency
values were calculated and plotted as a function of the variable
(Ti—T,)/Gp. Finally, a least squares fit was applied to the data in order
to obtain the linear regression function included in Fig. 11.

According to the results of Fig. 11, the instantaneous thermal
efficiency curve of this solar air collector by natural convection is:

N = 0,45 — 10,08M
Gp

(49)

In Fig. 12, the measured values of the useful energy produced by
the collector and the values estimated with instantaneous effi-
ciency curve for the 5 days of monitoring are compared. The cor-
responding equations are [41]:
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0.6
(52)
05 77.=0.451-10.076 x
' R2=0.7527
04 +
e (53)
0.3 4
where x;; and x; respectively correspond to the measured and
0.2 simulated values. These errors quantify the average deviation of the
simulated values respect to the measured ones. Considering only
0.1 the three sunny days, the RMSE is 50 W and the RMSE% 9.8%. That is,
the instantaneous efficiency curve empirically obtained for the
0 : : : : : : collector tested allows to estimate its useful energy gain with an
average error of 10% for weather conditions of sunny days.
0 0005 001 0015 0.02 0.025 0.03 0.035 By integrating the measured values of useful energy produced
x=(T;-T,)/ G, by the collector and of global solar irradiance on the collector plane
’ from sunrise to sunset, the daily values shown in Table 1 were

Fig. 11. Instantaneous thermal efficiency curve of the solar air collector of 1.94 m? net
area.

Qumeasured = m ¢p(To — Tj)

Questimated = 7.A:Gp (50)

The dependence of the air specific heat on the temperature was
included by means of a second-degree polynomial obtained by
correlation of table values [40]:

¢p(T) = 1005.5 +0.0282 T + 0.0003 T2 (J/kg°C) with T in °C
(51)

The figure shows a very good agreement between measured and
estimated values during sunny days and a relatively good fit for
partly cloudy and cloudy days. To analyze the quality of fit between
measured and simulated values, the root mean square error, RMSE,
and the root mean square error percentage, RMSE% are defined as

obtained. The daily solar collection efficiency is defined as the ratio
between the daily values of Q, and global solar irradiation on the
collector plane H.

The average daily thermal efficiency during the 3 sunny days
was 48.7%, producing an average useful energy of 17.45 M] by day.
These efficiency values are in agreement with those reported in
Ref. [24] and indicates that this solar air heater by natural con-
vection has a very good thermal-energetic performance because it
provides a large amount of thermal energy in a completely passive
way, without requiring intervention or operation of building users.
As shown in Fig. 5, a single module of this collector is sufficient to
achieve thermal comfort conditions in a room of 18 m® volume (as
studied in this paper) for meteorological winter conditions regis-
tered in Salta city (continental subtropical climate at 1200 m above
sea level).

3.5. Heat transfer coefficients

According to Eq. (3), the amount of heat transferred by con-
vection from the absorber plate to the air flowing through the
collector is:
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Table 1
Daily values of Q,, of global solar radiation on the collector plane and of thermal QC — heff (Tp _ <Tf>> (W/m2> (58)

efficiency measured from 27 to 31 July 2015.

Date Qy, (M]/day) H, (M]/day) 71 daily
27/07/09 17.44 34.47 0.50
28/07/09 17.83 37.11 0.48
29/07/09 17.07 35.53 0.48
30/07/09 7.79 18.95 0.41
31/07/09 16.22 35.21 0.46

hy (Tp — Tfl) + h3 (Tp — sz) =S—hpn (Tp — Tc]) — hyy (Tp — Tb)
(54)

The terms on the right side of equation may be calculated from
the data measured by means of [42]:

1 + cos
S= (Tpap)GpRy + (Tq0p)Gas (7&)

2

1 — cos
(T2 + T2 ) (T, + Ty
(BB (g
—&c 1 —& c1
TRt
o(T2 4+ T2)(Ty, + T,
2= <1(:> f> : (ﬁemj (w/m?c) (57)
£p + Fio + epAp

The two convective flows on the left side of Eq. (54) cannot be
estimated from the measured data because h, and h3 are unknown.
However, it can be assumed that the heat is convectively trans-
ferred between the absorber plate and a fluid that is at the average
temperature given by Eq. (15), resulting:

where the effective heat transfer coefficient may be calculated as

hore X
T - (1)

_ S+hp (Td — Tp) + hp (Tb — Tp)
(%>~ (1))

by replacing the measured temperature data and the estimated
values of S.

In natural convection processes, the convection heat transfer
coefficient is usually estimated by correlating the dimensionless
numbers Nu and Ra by means of an expression of the type:

<W/m2.°C) (59)

Nu = C Ra" (60)
where C and n are constants to be determined from experimental
data. The Nusselt number is defined as [40]:

__hDy

Nu X

(61)

where h is the convective coefficient searched, k the thermal con-
ductivity of air and Dy, the hydraulic diameter of the flow channel.
The Rayleigh number is given by Ref. [40]:

26(Tp — Two) D}
vo

Ra = (62)

Calculating the Nu number with the convective coefficient heg
and Ra number with measured temperature values during the three
sunny days of the monitoring period, the linear correlation of Fig. 13
(double logarithmic graph) was obtained.

The constants C and n respectively are 4.2948 (e'#°74) and
0.2051 and the correlation (60) for natural convection is:
Nu = 4.2948 Ra®2%! for2.5x10° <Ra<1.3x 10° (63)
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The effective heat transfer coefficient is obtained from Eq. (61)
as:

Nu k
heg = D,

(W/m2.°c) (64)

The hydraulic diameter is calculated based on the transversal
dimensions of the total flow channel of the collector [40]:

4 x Flowarea  2wb
~ Wetted perimeter  (w + b)

h (m) (65)
Introducing Eqgs. (15), (30) and (31) in (58) and rearranging the
terms, the following expression is obtained:

heg (To = (T5)) = (%heff) (T —Tn) + (%heff) (T - Tp2)
(66)

By comparing this result with the left side of Eq. (54), the
following expressions for the two convective coefficients in contact
with the absorber plate are obtained:

1y 1y
h2 = Hheff (Tp, Tfl) and h4 = Wheff <Tb7 sz) (67)
where heg (Tp, Ty) is obtained from Eqs. (61)—(63) using as fluid
temperature Ty for hy and Tp, for hz in the Ra numbers calculation.
With these expressions the coefficients h; and h4 are also calculated
as:

h1 = %heﬁf (Tcl’ Tf1> and h4 = %heff (Tbv sz) (68)
by replacing, in the respective Ra numbers, the absorber plate
temperature T, by T for hy and by T}, for hy.

In Table 2, the values in W/m?°C of the 4 convective and 2
radiative coefficients, estimated with Eqs. (56), (57), (67) and (68)
from temperature data measured in the double parallel flow solar

air collector by natural convection, are presented.

It is observed in the table that the two convective coefficients for
the air passing between the cover and the absorber plate are
greater than those corresponding to the air passing through the
other channel since m, > m,. The radiative coefficient between the
transparent cover and the absorber plate is much larger than the
resultant between the absorber plate and the bottom surface of the
collector because the black paint has an infrared emissivity of 0.95
(top face of the absorber) and the galvanized plate (underside face)
has an emittance of 0.2.

Because the developed area of the V-corrugated plate is greater
than the aperture area A; by a factor 1/sin(¢/2), it must divide the
numerical values of hy and h3 by sin(¢/2) in the expressions of F' and
Uy, Egs. (7) and (13) respectively.

4. Validation of the analytical model with the experimental
test data

The values of input and output temperatures of the air, meteo-
rological variables and air velocity measured at the collector inlet
during the three sunny days were used to validate the mathemat-
ical model proposed by Hernandez and Quinonez [37]. The alge-
braic equations of the model (Egs. (7)—(36)) and the empirical
correlations to determine the heat transfer coefficients (Eq.
(55)—(68)) were transformed into computational algorithms and
coded in programming language Visual Basic. In this software, the
geometrical data of the solar collector and the thermo-optical
properties of the covers and the absorber plate are introduced as
particular parameters according to the collector prototype evalu-
ated. The time step for the simulation is 1 h.

In Fig. 14, the values of the air temperature measured at the
collector outlet during the days 27, 28 and 29 July are compared
with the simulated values through the mathematical model and, in
Fig. 15, the values of useful energy produced by the collector are
compared. In both figures, the experimental uncertainties associ-
ated with the calibration of sensors and the measurement pro-
cesses were included. The temperature uncertainty is (+1 °C) and
that of the useful energy (+47 W), obtained by errors propagation
technique on Eq. (50), [43]. It is noted that the fit for both variables
is significantly good, slightly overestimated by the model, with
average differences lower than 1.5 °C in the air outlet temperature
and 20 W in the useful energy produced as shown in Table 3.

The simulated curve corresponding to the air outlet temperature
falls within the experimental error range in most of the points
plotted in Fig. 14, especially during the second and third day, while
the simulated curve for the useful energy always falls within the
experimental error range as shown in Fig. 15. This confirms the
excellent fitting achieved with the mathematical model evaluated
in this work.

This is because the mathematical model complies with the first
principle of thermodynamics and with the energy balance equation
for fluids. The thermal properties of the air have been calculated
considering their dependencies with pressure and temperature and
were included the mass balance, the momentum balance (Eq. of
Navier Stokes) and the Boussinesq approximation for the estima-
tion of the air velocity by natural convection (Eq. (42)). Since the
model fits reasonably well to the measured data we consider that
the experimental results obtained in the collector test are realistic
from the point of view of the physical principles involved.

Table 2

Estimated values of the heat transfer coefficients within the collector.
hy ha hs hy i hro
8.7 11.6 7.7 6.6 6.7 0.9
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Table 3

RMSE and RMSE% values for air output temperature and useful energy gain of the

collector.
Variable RMSE RMSE%
Temperature, T, 14°C 3.7%
Useful energy, Q, 20W 5%

In Table 3, the values of RMSE and RMSE% during the 3 sunny
days, corresponding to T, and Q,, are presented.

From the analysis of experimental uncertainties and percentage
fit errors it is concluded that the numerical model is able to predict
the thermal behaviour of this type of collectors with sufficient ac-
curacy because it has an average error of only 3.7% in the fit of the
air output temperature and of 5% for the useful energy produced,
falling both curves within the experimental error.

5. Conclusions

In this paper, the thermal -energetic evaluation of a double
parallel flow solar air collector by natural convection was pre-
sented. The work was developed at the National University of Salta,
Argentina, during the winter of 2015. The instantaneous efficiency
curve was determined experimentally and adjusted by linear
regression with a correlation coefficient R?> = 0.75. Daily values of
thermal efficiency varied between 0.48 and 0.5 during sunny days
and between 0.41 and 0.46 during the semi-cloudy days. These
values are very satisfactory because the operation of the collector is
by natural convection, without electric power consumption to
move the fluid.

By means of linear regression, a novel correlation between the
velocity of the air movement by natural convection and the
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temperature difference between the building and the collector's
interior was obtained, with a correlation coefficient R?> = 0.94. The
air motion velocity depends on the square root of the distance
between the input and output openings. Thus, the greater the
length of the collector, the greater the mass flow established by
natural convection and, consequently, the greater the instanta-
neous collection efficiency. An excellent agreement between
measured and estimated values for velocities lower than 0.65 m/s,
with a mean square error RMSE of 0.03 m/s and a mean square
percentage error RMSE% of 4.5% was obtained. This correlation is a
valuable tool to develop software of calculation and simulation of
the performance of this collector type.

The installation of this collector on the north facade of the
buildings allows to reduce the window area needed to achieve in-
ner thermal comfort levels by direct solar gain, thus reducing the
visual exposure of users and their belongings. Another of its ad-
vantages is that, by its steepness, collects energy mainly during the
winter. In summer it is possible to shade it with an eave conve-
niently designed or with a light-coloured cover of to avoid the
collection of diffuse solar radiation if the surrounding has a high
albedo, since air movement by natural convection starts with
values of solar irradiance as low as 100 W/m? on the plane of the
collector.

Due to the proper characteristics of its functioning, it is rec-
ommended to use this collector type to heat spaces of diurnal use as
classrooms, libraries or reading rooms, waiting rooms in hospitals,
public offices, industrial workshops and living rooms, among
others.

A new correlation Nu = f(Ra) for natural convection was ob-
tained based on an effective convective heat transfer coefficient he,
calculated with temperature values measured inside the collector
and the absorbed solar irradiance, S. This correlation was used to
estimate the four average convective coefficients inside the col-
lector, hq to hy. The two convective coefficients for the air passing
between the cover and the absorber plate are greater than those
corresponding to the air passing through the other channel since
my >my. If the absorber plate is V-corrugated, the convective co-
efficients hy and hs must be divided by sin(¢/2) for the correct
calculation of coefficients F and U;. The two radiative heat transfer
coefficients h;q and h;, were estimated using correlations for par-
allel plates obtained from the literature.

Finally, the data of the air temperatures inside the collector and
of meteorological variables obtained during the winter monitoring
at the National University of Salta were used to validate an
analytical model developed in a previous paper. The algebraic
equations of the model and the empirical correlations to determine
the heat transfer coefficients were transformed into computational
algorithms and coded in programming language Visual Basic.

From the analysis of experimental uncertainties and percentage
fit errors between measured and estimated values of the output
temperature (3.7%) and the useful energy produced (5%) it is
concluded that the numerical model is able to predict the thermal
behaviour of this type of collectors with sufficient accuracy, vali-
dating in this way, the physical-mathematical model proposed.
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