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Abstract

This paper studies and characterizes a solar collector with spherical geometry to produce hot
water for sanitary and domestic applications and other facilities. The new geometry enlarges
the solar collector surface and allows full sun tracking during the day without needing a solar
tracking system. Although this geometry has been in use for some time, its market penetration
is low due to the lack of perfect knowledge of solar collector behavior and the benefits
compared with conventional solar collectors. The studies carried out in the lab for small
domestic application has shown that this new geometry has better efficiency than flat plate
collectors because its particular structure maintains water temperature inside the hot water
tank for longer, which allows better production and longer use. The carried-out tests have
shown an increase of up to 38% in the collector’s efficiency at high-range operation and 13%
at the low range. This increase is enlarged to 40% and 15% when dealing with the compact
system (collector-storage tank). Global losses coefficient is also lower, around 50%, than for a
flat plate solar collector of an equivalent cross-section.
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1. Introduction

Flat plate solar collectors are commonly used for hot water production, around 55°C, for
domestic uses and other applications. These devices receive lower energy due to the angle of the
solar radiation striking the absorber surface. The amount of this energy reduction can be computed
through the incidence angle modifier (IAM) [1], achieving up to more than 35% for high latitudes
and horizontal surfaces [2]. This reduction is much lower when dealing with lower latitude and tilted
surfaces, typically between 5% and 15% [3]. Although the energy losses are lower if the surface is
correctly tilted and oriented and placed in locations closer to the equator, the yearly average value
of energy losses remains high. We avoid this by using tracking systems [4-6], but using these devices
requires a more complex design, provokes the need for power to move the system, and increases
the cost of maintenance, which makes the tracking systems useless for small and low-temperature
applications such as domestic.

A possible solution to avoid using tracking systems and reducing the IAM is the design of new
geometry, which permits the interception of solar radiation throughout the entire day within a
minimum angle. The spherical solar collector geometry has been the basic design for this study [7].
The spherical shape allows interception of solar radiation at the same average angle at any time of
the solar day length; it does not require a change of the tilt to intercept solar radiation at an
acceptable value of IAM when solar altitude is changing [8]. It is true that a flat plate solar collector
properly tilted and oriented receives more energy than the sphere but requires a single or two-axis
tracking system that reduces the efficiency of the flat plate collector. The final cost of the energy
produced is much higher. Therefore, we think that a spherical shape can improve the collection of
solar energy, so we have made a detailed study of the performance of this geometry for hot water
applications.

An alternative application of spherical solar collectors is air heating since the only change is the
heat carrier fluid. In this context, previous studies are of interest for understanding the performance
of a new geometry within the field of Solar Air Heaters (SAH) [9-11].

Among the many papers dealing with spherical solar collectors, we find scientific papers devoted
to studying the characteristics of the cylindrical receiver [12], evaluating thermal performance [7],
or analyzing the ability of sun tracking [13]. Other papers focus on the received solar radiation [14]
or the thermal performance in heating water [15]. It looks like the characterization and analysis of
the performance of spherical solar collectors are duly covered; however,

This paper tries to contribute to a better understanding of the improvements of spherical solar
collectors related to flat-plate ones by evaluating thermal energy efficiency and global thermal
losses coefficient in a wide range of operations.
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2. Theoretical Background
The following expression rules the energy provided by flat plate solar collector:
Q = AcFg[l = UL (T; = Ty)] ¢
Where the transfer coefficient Fg is given by:
Fr = (mC,/A.U,)[1 — exp(— A UF' /mC,)] (2)

And factor F’ is obtained from:

Yu,

F 1 T 1 ] ®)

w [UL D+ W —D)F] ' C, T 7hihy;

Being:

B tanh[m(W — D) /2]
~ m(W -=D)/2 (4)

Expression (1) is by much the most important equation to control the solar collector
performance, as it relates the performance of the collector with the operational conditions, the
collector characteristics, and the environmental conditions, and it gives the net energy gain as a
function of the water inlet temperature. For positive energy gain, it requires:

I-U/(T;—T,)>00rT; >T,—1/U, (5)
Defining the equivalent temperature, as usual, we have:
Toq < 1/U, (6)

The equivalent temperature controls the operational range in which the solar collector produces
energy with efficiency above zero. This condition is, however, limited by the minimum temperature
required by the application served by the solar collector. According to that, we may define the
critical solar radiation level as:

I =U(T; = To) (7)

This level defines the zero value for the utilizability function [16], given by:
1 " tet
( /n) Z'—l ftc— (- Ic)dt
1 N
( /n)Z 1ftCC_+1dt
1=

From equation (7), we observe that the threshold value of the solar radiation, I, depends on the
operational conditions, T;, and the environmental conditions, Ta. It also depends on the solar

o) = (8)
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characteristics through the thermal losses coefficient, U.. In a single collector, provided the
operational and environmental conditions are constant, the lower U, is the lower threshold
required. However, considering the whole system, including the storage tank, the thermal losses
coefficient must be calculated for the collector-tank tandem, which differs from the solar collector
coefficient. In many cases, despite the isolation of the tank, the combined value is much higher than
the solar collector value alone. Therefore, the global losses are determined by [17]:

QL = ULC(Ti —To) + ULt(Tt —Ta) €))

If we accept that the solar collector inlet temperature is the same as the average temperature of
the tank, we have:

QL= (ULC + ULt)(Tt —Ta) (10)

We can see energy losses are higher because the thermal losses coefficient has increased.
Because the global losses depend on the tank temperature, the higher the temperature, the greater
the thermal losses. Because the thermal losses are mainly produced by radiation, a way to reduce
the losses is either by reducing the tank temperature, which limits the number of applications, or
the outside temperature, at which the system, collector, and tank radiate energy. If the storage tank
is inserted inside the collector structure, so the cover would completely cover the tank, the
“outside” temperature “seen” by the tank would be that of the collector, which is even higher, thus
reducing to zero the tank losses.

A simple mathematical analysis indicates that the ratio of thermal losses is given by [18]:

1
ToL F T T4 (11)
1+ F_T s

mlm
(-le(n

Assuming the shape factor to be equal for the tank and collector, and considering the surfaces
also equivalents, and because the emissivity of the plate and tank cover are almost identical, the
equation (11) converts into:

1 Tcﬁ, — Te4
To, = T4 T4 = T4 + T4 — 2T4 (12)
1+ cv P e
Tc‘ﬁ, T4

If e,y = Ty, then 1y, = 1/2, which means the new structure reduces the thermal losses by half.
2.1 Solar Collector Efficiency

To determine the solar collector efficiency, we use the same expression as for the flat plate
collectors, it is said [19]:

M = Qu/Acd = (Fe/D[IGa) — U (T; — T,)] (13)

The average value (ta) is replaced by the product (ta) due to the perpendicular incidence of solar
radiation considered in the spherical collector case [20].
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Taking into account the gain balance, which uses the following equation:
Qu = mCy(Ts = T}) (14)
Equation (13) converts into:
ni = (1Cy(Ts = T)/Acl) = al(Ts — T)/1] (15)

This expression has been used in the study to compute the collector’s efficiency as a function of
the inlet and outlet temperature.

3. Description of the System

The prototype is a commercial [21] spherical collector of 1.05 m. in diameter, with an effective
interception surface of 4.02 m2 (Figure 1), whose selectivity is equal to 19. A transparent plastic
cover of high transmissivity (t > 0.95) covers the surface. The spherical surface absorbs direct and
diffuse solar radiation from both hemispheres and reflected radiation from the ground. An internal
chamber attached to the inner part of the absorber collects the heat from solar radiation, whose
upper portion connects to the heat charger placed inside the heating tank. The fluid is a mixture of
water and glycol with a boiling point above 115°C and a freezing point below -15°C. An electric pump
of 40 W circulates the fluid flow at the primary circuit between the heating tank and the collector.
Hot water exits the tank through a rubber duct with a loss coefficient of 0.02°C/m. The heating tank
locates at the interior of the collector’s structure, so it is protected from the environment by the
envelope of the solar collector (see Figure 2).

Figure 1 View of the prototype.
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Figure 2 Cutting view of the prototype.

Pt-104 sensors connected to a data logger control the temperature. An SKYE-TORN pyranometer
measures horizontal solar radiation. The values are corrected for the appropriate angle using the

expression:
I = ION . COSQZ (16)
Where:
cosf = send - seng - cosf — send - cos - senfS - cosy +
cosd - cosg - cosf - cosy + cosd - seng - senfS - cosy - cosw + (17)
cosé - senf - seny - senw
Being,

6 =21.11 — 13.28,8 = 45°, w = variable,® = 40.4°,and y = w (18)
4. Testing Method

We carry out different tests to compute the solar collector efficiency. To do so, we use the
primary and secondary circuits. We use the primary solar collector circuit to calculate the energy
transfer from the collector to the heating tank and to measure temperatures and solar radiation.
The secondary solar collector circuit removes heat from the tank to induce a cooling process at the
primary solar collector circuit that evacuates heat from the primary solar collector circuit, thus
reducing the inlet temperature to the correct value. We measure solar radiation, inlet and outlet
temperatures at the primary and secondary solar collector circuit, ambient temperature, and water
flow during operation. A data acquisition system registers data for later analysis. An ultrasound flow
meter measures the water flow at the primary circuit. The precision of the measurement is less than
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0.1 I/min. An optical flow meter measures the water flow at the secondary solar collector circuit.
The accuracy of the measuring is less than 0.01 |/min.

We measure parameters every minute and average values for a time interval of 10 minutes. We
use an SKYE solar radiometer for solar radiation data, and thermocouples type K for temperature
measurements. The accuracy is *1 W/m? for the solar radiometer and +0.5 K for the K-
thermocouple.

Tests have been done at different flow rates, 0.8 I/min, 1.6 I/min and 2.4 I/min, to verify the
accuracy of the methodology within a range from 0 to 0.050 for the equivalent temperature
parameter; this is the current range in which a flat plate solar collector moves down to a zero
efficiency value [21].

To calculate the efficiency, we use equation 15. This expression converts into the following one
for our case:

mcAT

= m T, = a(4T/1) + No = aTeq + 1o (19)

n

With AT = T,-Ti. We consider that a spherical collector collects solar radiation from different
angles, which affects the a and (ta) parameters [20]. The term no reflects the efficiency of the solar
collector at the thermal short circuit.

To establish the equivalent temperature, we have set up the inlet temperature at the primary
circuit using a thermal control device to remove enough energy from the tank. The secondary solar
collector circuit acts as a thermal sink to maintain constant the inlet temperature at the primary
solar collector circuit for the time needed. Outlet temperature will change according to the incoming
solar radiation and collector efficiency. Because the flow is constant through the water pump, and
a and (ta) parameters are constant too if the time interval is not long, the parameter a remains
constant; therefore, if we measure the solar radiation and the outlet temperature, we have the
efficiency value. This procedure allows having a set of measures to obtain the efficiency draw.
Suppose we change the heat removal rate; the inlet changes, so the equivalent temperature does.
Repeating the former procedure for different values of heat removal produces a set of draws that
we compare to validate the method.

5. Experimental Data and Analysis of Results (I)

To avoid unnecessary data, we have represented only a graph of the solar collector efficiency
that indicates the global results for the different tests carried out during our testing; Figure 3 shows
the so obtained values.
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Figure 3 Evolution of the efficiency of the spherical solar collector with the equivalent
temperature.

The equivalent temperature is defined as:
(20)

Where Tinand Toms account for the inlet and ambient temperature, and / is the instantaneous solar
radiation.

Spots of different colors correspond to the various types of the test; every color corresponds to
a value of the inlet temperature and rate of heat removal; the correlation of all draws to a single
one gives an RMS value of 0.9966 (see Figure 3) that validates the method within an error less than
0.4%.

We observe that the maximum efficiency corresponds to a value of 97%, which is an excellent
result for the solar thermal collector compared to the average efficiency value at the thermal short
circuit, which is about 85%.

Efficiency is even better at high equivalent temperature because the efficiency of a flat solar
collector turns to zero at Teq = 0.050; in our case the efficiency remains above 40% for the same
equivalent temperature, which represents a considerable improvement of the solar performance
response, especially at the high range where thermal solar collectors use to operate when solar
radiation is high, and the energy demand is low.

If we compare both draws (see Figure 4), we can notice that the slope of the spherical collector
is lower than that of the flat plate, which means the performance improves; on the other hand, from
the linear regression, we obtain that the equation representing the efficiency evolution of the
spherical collector is ng,, = 97 — 1180T,,.
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Figure 4 Comparison of the evolution of the efficiency for a spherical and flat plate solar
collector with the equivalent temperature.

Extending the range up to the point where efficiency becomes zero, we obtain: 0 = 97 —
1180T,4 — T,q = 0.082 Extending the range up to the point where efficiency becomes zero, we
obtain: what means the spherical collector can operate for conditions where the flat plate does not
say higher inlet temperatures for the same solar radiation; this is important because the inlet
temperature matches the average tank temperature. If the collector can operate at a higher inlet
temperature, the heating tank can increase its operating temperature on its way; therefore, the
service water temperature from the secondary circuit will also be higher, increasing the operational
time or being useful for an additional type of application.

6. Efficiency of the Compact System

Once we determine the solar collector efficiency, we analyze the performance of the compact
solar system, the spherical collector unit and the storage tank.

The procedure for the characterization of the efficiency of the solar collector reproduces the
method described before, now checking temperatures and water flow at the secondary circuit.
According to the expression for the efficiency used before (eq. 19), the efficiency of the compact
solar system can be expressed as:

*
_ My CATsec

= a(ta)lA + 1 = b(ATsec/I) + 1 = bTe’q + 1, (21)

Temperatures and water flow are related to the second solar collector circuit.
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7. Experimental Data and Analysis of Results (Il)

Figure 5 shows the results for this new group of tests. We can observe that efficiency still is good,
around 88% at a null value of Teq, and above 30% at the high equivalent temperature range (Teq =
0.050) (see Figure 5).
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30 , - : : ~ : : , :
0,003 0008 0010 0014 0016 0020 0023 0028 0035 0039 0042 0,046

Equivalent temperature Teq

Figure 5 Evolution of the efficiency of a compact spherical solar system with the
equivalent temperature.

Once again, every spot color corresponds to every type of test. We can see that the linear
regression is very high, above 98%, which indicates that the methodology is accurate and the results

are valid.
If we compare the efficiency curve with that obtained for a compact flat plate solar collector with

the same characteristics, we realize that spherical collector performance still is better. The following
graph (Figure 6) shows the comparative results for the spherical and flat plate solar collector of
similar characteristics.
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Figure 6 Comparative study of the evolution of the efficiency of compact systems,
spherical and flat plate solar collector, with the equivalent temperature.

In this case, the compact spherical system shows an efficiency improvement at the thermal short
circuit of 20% and about 40% at the zero efficiency point for the flat plate collector. For a compact
spherical system, the equivalent temperature before the efficiency becomes zero is extended to
0.076, almost double the corresponding value of the flat plate system; this is because the collector
structure covers the storage tank playing the role of an insulation cover, reducing thermal losses,
thus increasing the outlet temperature and global efficiency.

8. Global Losses Coefficient

Collector thermal losses are mainly due to radiation phenomena from the absorber surface to
the environment. This hypothesis bases on the fact that the convection between the surface and
plastic cover is negligible, and the heat conduction is very low due to the low conductivity value of
the air contained in the chamber between the surface and the outer cover. These losses are ruled
by the Stefan-Boltzmann equation, where the external temperature is, in this case, the plastic cover
temperature, as the absorber surface radiates to it instead of to the environment. Because the
infrared transmission coefficient of the plastic cover is low, tir <0.15, we may consider that most of
the radiation from the absorber surface is intercepted by the outer cover, thus being the radiation
sink.

The following expression allows us to determine the global losses coefficient [22]:

U,=(1/Ry + R, +R3) (22)

Being;
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1/R, = k/efondo (23)
1/R, = h, (24)

_ (T, + T.)(TZ + T2)

r =0 1/£p+1/5c_1 (25)
1/R3=h, +h; (26)
T, —T.
h, = eo(T, + T,)(TZ + TSZ)% (27)
p a
h, = 5.7 + 3.8v (28)

The emissivity of the collector’s surface can be determined using a method proposed by one of
the authors [23].

9. Experimental Data and Analysis of Results (ll1)

Plate and cover temperatures have been monitored and registered during operation to compute
the emissivity of the collector’s surface. From a well-characterized surface, from the radiative
heating point of view, the technique proposed by the author [24] allows for monitoring the sky
temperature. We monitor the wind speed using a precision anemometer COMPUFLOW ALNOR
GGA-65P. We use a data acquisition system to register all measured data. We compare the results
obtained from this to those from the expression of the thermal balance of the solar collector:

I —(Q/AcFr)
U =—————F—= 29
To validate the above hypothesis of thermal losses only due to radiation.
Using experimental data, the U, value results:

U, = 43W/m?K

30
U, = 45W/m?K (30)

The result validates the hypothesis since the difference between the two values is less than 5%.
Therefore, we accept the average value of the global thermal losses coefficient.

The so obtained value is considerably lower than the one for the flat plate collector under similar
operational conditions, which is a typical value for flat plate collectors, meaning a reduction of more
than 50% in the global thermal losses, mainly due to the covering effect the spherical structure has.

We can also obtain the global thermal losses coefficient from the slope of the curve in Figure 6;
by doing so, we get a value of U. = 4.438 W/m? for the spherical solar collector, very close to the
results obtained in Equation 30.

For the flat-plate collector, the result is UL = 6.542 W/m?, representing an increase of 47.4%
concerning the spherical solar collector, in close agreement with the reduction of 50% mentioned
before.
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The U, value obtained for the spherical collector is the average of a group of values, so the
thermal losses coefficient is not constant throughout the day interval. Because of the thermal
evolution of the sphere, temperatures vary along the day, thus producing changes in the UL value.
This value is maximum at midday, with a dome in the values during the central hours of the day,
and minimum at sunrise and sunset. The following graph shows the variation of the UL value as
indicated (Figure 7).

46

UL (Wim’K)
_-h ‘-h =Y _Jh :h
- [[%] w = w

»
o

6 8 10 12 14 16 18

Solar daytime

Figure 7 Evolution of the global losses coefficient for a spherical collector with the solar
daytime.

The variation of the U, coefficient indicates that the thermal evolution of the prototype
influences thermal losses. This variation approximately follows solar radiation change during the
day, which means that the collector's performance will benefit from this behavior, the maximum
radiation the maximum UL, and vice versa.

10. Advantages and Drawbacks

Among the advantages of spherical solar collectors, we can mention higher energy efficiency and
lower global thermal losses coefficient, which result in increased performance. Additionally, the
spherical solar collector structure provides better protection for the storage tank against thermal
losses since the current configuration (compact design) manufactures a built-in thermal tank;
therefore, the spherical surface acts as a protective case for the storage tank.

On the contrary, the spherical solar collector engineering design is more complex and costly and
requires a more resistant support structure to stand for the increased weight of the assembly.
Another drawback is the higher thermal losses at night because of the larger radiative surface,
especially in cold climates.

Nevertheless, the sum of the advantages compensates for the drawbacks, making the spherical
geometry a suitable solution to improve the performance of low-temperature solar thermal
collectors.
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11. Conclusions

The study and characterization of the spherical solar collector lead us to the following
conclusions:

The spherical shape collects more energy than flat plate collectors without the need for a solar
tracking system.

Spherical collector performance is better because of the collection of additional radiation.
Global efficiency increases at all ranges of equivalent temperature. The increase varies from
13% to 38% for low and high Teq, respectively.

Spherical collector enlarges time of operation due to the fact the equivalent temperature is
higher for zero efficiency; also, it can operate in a region where a flat plate collector does not
produce positive energy gain.

A spherical shape can be adequate for some applications that require longer thermal
discharges.

The spherical collector structure produces additional benefits because of the protective action
of the storage tank. This protection reduces thermal losses, improves compact system
performance, and increases global efficiency.

The increase in global efficiency when using the compact structure of a combined solar
collector and tank is 15% at the low range of equivalent temperature, and 40% at the thigh
range.

The global losses coefficient of a spherical collector is much lower, 50%, than that of a flat
plate having equivalent characteristics.

Nomenclature

Collector aperture area

Conductance

Specific heat coefficient

Diameter of the duct

Thickness

Plate to duct heat transfer coefficient

Heat transfer coefficient

Heat transfer coefficient due to conduction or convection
Duct to fluid heat transfer coefficient

Solar irradiance

Solar radiation threshold

Normal solar radiation to collector’s surface
Thermal conductivity

Thermal resistance coefficient

Mass flow

Heat or energy

Thermal losses flow

Heat or energy gain

Thermal resistance

Ratio of thermal losses
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S Surface or area

T, Ambient temperature

T., Cover temperature

T, Temperature of the thermal sink

Teq Equivalent temperature

T; Inlet temperature

T, Plate temperature

T Outlet temperature

AT,.. Temperature gap at the secondary circuit

Thermal losses coefficient

Thermal losses coefficient due to conductive effects
Thermal losses coefficient due to transmission effects
Space interval between ducts

Absorption coefficient

Tilt

Declination

Emissivity

Latitude

Utilizability

Azimuth

Collector’s efficiency

Azimuthal incidence angle

Incidence angle

Stefan-Boltzmann coefficient

Transmission coefficient

Hourly angle

Emitted energy

a

~

m.sﬂq%@dﬁegmmm:;%hqss
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