Experimental analysis of atmospheric heat sinks as heat dissipators
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Abstract

Overheating, a general problem both in urban spaces and inside buildings, calls for the
deployment of passive cooling techniques to reduce energy consumption, protect the environment
and institute satisfactory comfort levels. A key factor in such techniques is the capitalisation on
the cooling potential of natural heat sinks. The sky, one such sink, has essentially limitless cooling
power. In addition, its temperature on fair nights is lower than that of other environmental sinks
(ground and air). The sky’s promise in that respect prompted this exploration of the potential of
nocturnal radiation cooling. A review of the state of the art revealed that in all the radiative
dissipators developed and tested to date the dissipation fluid (water) transferred heat indirectly to
the heat sink (the sky) by circulating water inside solar collector pipes. The highest values
reported for maximum dissipation power were on the order of 100 W/m?. The present study aimed
to asses night time dissipation power in a dual system in which water circulated either inside pipes
or flowed down the outer surface of the collector. The two modes, one involving in-pipe
circulation and the other outer surface downflow, were compared experimentally, for whereas the
former has been analysed and assessed by earlier researchers, the latter has not. The empirical
findings verified that downflow setups enhanced cooling, delivering up to five-fold the dissipation
power obtained with the conventional arrangement.
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1 Introduction

Il Context

Global and local climate change, in conjunction with projected population growth and economic
development, have induced a general problem of overheating in both urban areas and building
interiors [1], [2]. The energy demand for cooling is expected to rise steeply, eventually becoming
the predominant component in that demand [3]. Such predictions determine a need to develop
passive cooling techniques to lower energy consumption and protect the environment while
ensuring satisfactory comfort levels.

Il Heat sinks

Buildings and urban areas exchange energy naturally with their surrounds. The elements involved
in that natural mechanism are the sky, air, water and ground, all of which act as sinks. Energy-
conscious design seeks to harness the natural resources located in the proximity of the building
or urban area to be conditioned: solar energy, wind, ambient temperature, humidity, water and
plant life. Natural cooling strategies consist of passive conditioning techniques to maintain
comfort levels without consuming energy [4].
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The techniques to lower indoor temperatures with passive conditioning techniques can be
differentiated depending on whether water or air is used as the dissipation fluid. Air is used in
natural ventilation (wind [5] and buoyancy [6] -driven ventilation, Trombe walls [7], [8] and solar
chimneys [9], [10]), ventilation air pre-cooling (with the ground or sky as natural sinks [11], [12])
and heat dissipation with pre-cooled air (in thermally activated building systems, TABS [11],
[13]) or other innovative building envelope applications. The higher specific heat in water than
in air makes the former particularly promising, for it can carry large amounts of heat at a
reasonably low flow rate. Given its better performance as a heat transfer fluid, water was chosen
as the dissipation fluid for this study.

Water is used as a dissipation fluid in systems where heat is released across conventional elements
such as fan coils or radiators as well as in innovative approaches such as thermally activated
building systems (TABS)[13]. The latter use phase change materials (PCMs) as an alternative to
increasing the thermal inertia of thermal storage elements in more conventional schemes [14]-
[17].

Such systems operate with cold water, the source of which may be the ground as a natural sink
[18], evaporative cooling [19]-[22] or nocturnal radiation cooling [23]-[28]. The ground, an eco-
friendly and highly efficient heat dissipator, has been widely used for such purposes. At depths
of approximately 2.5 m to 3 m, the ground temperature is known to be cool and constant year-
round [29], although not as low as in the other sinks (wet-bulb air and sky temperatures). The
ground may also become heat-saturated, posing efficacy problems [30]. Evaporative cooling has
gained in popularity in recent years for its simplicity, low cost and use of renewable resources
[4]. Its high cooling efficiency makes it an attractive alternative to conventional systems in warm,
dry climates. Evaporative water loss is a drawback, however, against a backdrop of the constant
universal growth of water consumption [31]. Cooling power may also be limited by air saturation,
lowering the efficacy of that natural sink. The sky is a more effective sink than the other two
systems. As a resource, it is unlimited, for it is always cold enough to dissipate heat. In addition,
since on cloudless nights, the temperature is lower in the sky than in the ground or air (wet-bulb)
[32], this study on nocturnal radiation cooling focused on its potential as a natural sink.

I\ octurnal radiation cooling

Nocturnal radiation cooling systems aim to cool the water used as a conditioning fluid directly by
circulating it through a radiation panel. The theoretical and empirical studies conducted on the
use of radiation panels in nocturnal radiation cooling can be classified by radiation panel
properties and setup. Ali et al. [33] experimented with a radiation system consisting of two
vertically parallel panels through which water circulated, the top made of black-painted
aluminium covered with polyethylene film. The maximum dissipation power attained was
54 W/m? at a flow of 17 kg/h, which lowered the water temperature by around 3 °C. Eicker et al.
[34] developed a hybrid photovoltaic-thermal (PVT) system to generate electricity during the day
and cold water for cooling at night. The water circulated inside the pipes located within the panel.
The mean cooling power reached was 41 W/m? in the climate conditions prevailing in central
Spain with ceiling ranged from 21 °C at start-up to 15 °C in the early morning. Xu et al. [35]
analysed and tested a nocturnal radiation system with flat panel solar collectors in Beijing. In their
system water cooled by convection and radiation into the sky at night was circulated through a
2 m? flat panel radiation collector. When tested from 18:00 to 07:00, the system lowered the water
temperature from an approximate 24 °C at the outset by 4 °C. In the summer of 2014 Pean et al.
[36] experimented with a PVT system at the University of Denmark. The mean cooling power
ranged from 20 W/m? to 75W/m? and the energy dissipated throughout the night from
0.2 kW/hm? to 0.9 kW/hm?, depending on weather conditions. Hu et al. [37] proposed a dual-
purpose collector to deliver heat during the day and cooling energy at night. Their hybrid photo-



thermal cooling and radiating collector was coated with black acrylic paint. A photo-thermal
radiation prototype was manufactured and experimentally studied in both heating and cooling
modes, with the water circulating inside the system pipes. The net radiation cooling flow attained
with a clear night time sky was 55.1 W/m?. The photo-thermal radiation nocturnal cooling energy
gain was 0.99 MJ for 11.5 consecutive hours with a 3.9 °K decline in water temperature. Hu et
al. [38] also developed a hybrid PV-T-RC system able to generate electric power and heat during
the day and cooling energy at night. The maximum empirical cooling in a clear night time sky
was observed to be 72 W/m?. During nocturnal operation with clear skies the total PV-PT-RC
system cooling energy gain was 2.90 MJ. Zhang et al. [39] developed a metamaterial hybrid made
of a silver-plated glass fibre polymer to deliver higher cooling power, for which they reported a
daily mean of 100 W/m?. Bin Zhao et al. propusieron una estrategia novedosa para la construccion
de sistemas fotovoltaicos integrados y sistemas de enfriamiento radiativo (RC), a saber, el sistema
BIPV-RC, cubriendo el lado soleado de una azotea con modulos fotovoltaicos y su lado libre con
mdbdulos RC de todo el dia para integrar la energia solar. recoleccién y utilizacion de RC en una
sola unidad de construccion. Los resultados indican que la produccion total de energia anual del
sistema BIPV-RC es casi 79.1% y 16.8% mas alto que el del sistema BIPV y BIRC,
respectivamente [40]Ablimit Aili et al. desarrollaron gracias al avance de los materiales de
enfriamiento radiative, un sistema de enfriamiento cuyo sumidero de calor es el cielo con una
operacion continua de 24h. Estos lograron potencias de enfriamiento promedio de 80 W/m2
durante el dia y 100 W/m2 durante la noche [41]. Junwei Liu et al. [42]estudiaron un modulo de
regulacién de temperaturas para el enfriamiento directo en verano y el calentamiento en invierno.
El modelo desarollado por dichos autores revela importantes ahorros de electricidad dado la no
necesidad del sistema de acondicionamiento convencional. Dichos ahorros llegan a estimarse en
el 63% al acoplar el sistema a un sistema de almacenamiento.

The conclusion drawn from the aforementioned studies and the review papers [43]-[45] consulted
was that in all the radiation dissipators developed and tested the dissipation fluid (water)
transferred heat indirectly to the heat sink (the sky), in most setups by circulating water inside
collector pipes. The maximum dissipation power observed by these authors was on the order of
100 W/m?.

I 2ims and originality

Given that, as noted throughout this introduction, the sky is a natural heat sink with high cooling
potential, the object of the research conducted here was nocturnal radiation cooling. A review of
the state of the art revealed that in all the radiative dissipator systems developed and tested to date
the dissipation fluid (water) transferred heat indirectly to the heat sink (the sky) with maximum
cooling power on the order of 100 W/m?2. This article presents an innovative dissipation system
based on convective-radiant-evaporative transfer designed specifically for that purpose. Whilst
nocturnal dissipation with water circulating inside pipes has been assessed and contrasted by
earlier authors, none has addressed a system in which the water flows down the upper surface of
the collector (downflow). Nocturnal dissipation based on water flowing outside the collector
foreseeably raises cooling power because the heat carried by the water is transferred directly to
the cold source. In addition, given the direct water-air contact in such arrangements, the cooling
mechanism is evaporative, which favours heat dissipation. The aim sought in this study was
consequently to experimentally assess the nocturnal dissipation power of a system in which water
flowed down the upper surface of the collector (downflow) and compare its cooling power to that
of conventional systems in which the water circulates inside radiating panel pipes.



2 Description of the collector and experimental setup

Il Collector

The radiator used in the experiment, marketed under the tradename ‘Solapool’, is deployed
primarily to heat swimming pool water in mild climates. This 2 m long, 1.2 m wide unit consists
of very thin (6 mm outer ¢, 4.5 mm inner ¢) polypropylene pipes. Although initially designed to
heat water, given its finless, small diameter pipes, the ‘Solapool’ collector is apt for use in
radiation cooling. Polypropylene is the material of choice for nocturnal radiation cooling, for it is
characterised by low reflectivity and transmittance in the atmospheric window, which is
tantamount to high emissivity (approximately 0.95) [45]. Such collectors are, moreover, highly
price-competitive.

IEperimental facility

The experimental prototype was positioned on the roof of the Seville School of Engineering in an
area where the surrounds barely impacted the exchange between panel and sky.

The radiation cooling system tested comprised the polypropylene collector described and a 200 L
storage tank containing the water to be cooled. The collector rested on a 9 cm thick layer of
insulation to prevent heat transfer from below, whilst the entire body of the storage tank was
wrapped in 6 cm thick insulation to minimise thermal loss.

As noted, the experiment aimed to assess and compare panel operation in:

e Operating mode 1: water circulating inside pipes (in-pipe)
e Operating mode 2: water flowing down the collector surface (downflow).

The setup was consequently designed with two separate circuits and the collector itself installed
on a slant (Figure 1).

Figure 1. Nocturnal cooling system: left, operating mode 1; right, operating mode 2

In the operating mode 1 circuit (yellow line in Figure 1, left) the pump drove the water inside the
pipes in the direction shown. In the mode 2 circuit (blue lines in Figure 1, right), water was
pumped from the tank to a linearly perforated PVC pipe located above the high end of the
collector. From there it streamed through the holes, forming a thin film that flowed across the
collector and emptied into a PVC gutter at the low end, connected to the tank. As the gutter was
at a higher elevation, the return water was gravity-driven back to the deposit with no need for

pumping.




Il Vionitoring system

The monitoring system was designed to gather data on the variables used to assess system
operation and energy consumption: tank water temperature and temperature T the thermal balance
between the collector and the outdoor weather conditions (dry- and wet- bulb outdoor air
temperature and relative humidity).

2.3.1 Tank water temperature

The temperature of the tank water to be cooled was monitored with type T thermocouples
operating in a range of -200 °C to +260 °C with a precision of £0.1 °C. Consisting in one copper
and one copper-nickel (55 %-45 %) alloy wire, these sensors were calibrated in a Fluke
Calibration 9142 metrology well designed to cool to -25 °C and heat to +660 °C with a precision
of £0.01 °C. As the photograph and diagram in Figure 2 shows, thermocouples 1 to 5, which
measured water temperature directly, were located at different points and heights in the tank,
whilst thermocouples 6 and 7 were positioned in the thermal wells.
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Figure 2. Thermocouple positions inside the water tank

2.3.2 Collector equilibrium temperature

The overnight outdoor air and sky temperatures acted as stimuli for the radiation cooling system,
generating the heat flows depicted in Figure 3: convection-driven between the top surface of the
collector and the air and heat transfer-driven due to longwave radiation between the top of the
collector and the sky and surrounds. Given the 9 cm thick insulation under the bottom of the
collector, conduction heat transfer between the roof and collector was deemed negligible.

/

Figure 3. Heat transfer flows in the radiation panel



Equilibrium on the outer top surface of the collector would be found with Equation 1:

0= Fsurface-sky "0 " € (T;Lurface - Ts‘}ky) + Fsurface—surrounds "0 " €* (Tsﬁzrface -
Tstirrounds) + h- (Tsurface - Tair) (EQ-]-)

The collector surface temperature recorded (Tsurface) Was the equilibrium T in the presence of the
stimuli depicted in Figure 3 and the absence of circulation water. That value, the temperature
equivalent to conduction and radiation heat transfer, here denominated equivalent temperature
(Teq), identified a cold source in the radiation system.

Likewise, the equivalent heat transfer temperature (Teq) is the minimum temperature that the water
would reach under certain climatic conditions. The time or area required to reach this temperature
depends on the water inlet temperature and its flow rate. [46]

Teq Was measured with a prototype equivalent to the radiation system located alongside the
collector (Figure 4, left). The prototype, a 12.4x10.6 cm replica of the collector, was lined at the
bottom with 9 cm of insulation. Three type T thermocouples secured to the bottom of the
prototype with a high thermal conductivity element measured the surface (equivalent)
temperatures.

Figure 4. Equilibrium temperature measurement

2.3.3 Outdoor climate conditions

The outdoor climate conditions were recorded with a weather station and a sky meter located at a
short distance from the prototype [47] (Figure5). The weather station took outdoor air
temperature, wind speed and relative humidity readings at 1 min intervals with a precision of
10.1 % for temperature and wind speed and +1 % for relative humidity. The sky meter recorded
cloudiness at 15 seconds intervals.

Figure 5. Meteo station and sky meter [48]



In addition, dry outdoor air thermometers and relative humidity sensors were installed in situ to
verify and duplicate the measurements. The thermocouple positioned as shown in Figure 6
measured dry outdoor air temperature. The metering face of the thermocouple was set in an
insulated pipe fitted with a fan at one end to induce forced convection and prevent undesired
measuring errors due to solar radiation, stagnated air or similar.

Figure 6. In situ measurement of outdoor air temperature

Relative humidity readings were also taken with three EasylLog dataloggers at different points in
the system as shown in Figure 7, which recorded the relative humidity with a precision of £0.5 %.

- — - —

Figure 7. In situ relative humidity measurements

2.3.4 Data collection and control software (Labview)

Two National Instruments modules (NI TB-9214 and NI Cdag-9174) were used to convert the
differences in thermocouple power readings to temperature, whilst experimental system operation
was controlled with Labview engineering software [49]. The thermocouples positioned on the
tank for duplicate outdoor air and equivalent temperatures took readings at 1 min intervals, 24/7.
System operating times, experiment modes and start-up and shutdown temperatures were
programmed with Labview software.



3 System assessment methodology

A

The methodology deployed to meet the aim (see sub-section 1.4) of the study is described
hereunder.

Whilst the cooling power of in-pipe systems is characterised by two cold sources, air and sky,
heat transfer efficacy is affected adversely by the convective resistance of the circulating water
and the conductive resistance of the pipe material (Figure 8).
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Figure 8. Heat transfer in operating mode 1 and cross-section of collector pipe

Theoretically, cooling based on water flowing down the collector surface (downflow, mode 2)
would have greater cooling power than mode 1. In the former the water transfers heat directly to
the cold source, eluding the adverse effect on heat transfer of internal convective and conductive
thermal resistance. Furthermore, the direct contact between water and air in downflow mode gives
rise to evaporative cooling (Figure 9), which favours heat dissipation.
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Figure 9. Heat transfer in operating mode 2 and cross-section of collector pipe

Consequently, the aim of the experimental trials conducted on the aforementioned system was to
assess and compare the nocturnal cooling power of the two operating modes. Whereas operating
mode 1 has been assessed and contrasted by earlier authors, operating mode 2 has not been
previously researched. Given the enhancement of cooling power relative to mode 1 expected of
mode 2, the latter was assessed and contrasted experimentally to conventional or mode 1
operation.

Il Theoretical fundamentals

The Duffie and Beckman formula for calculating water temperature in a solar collector served as
a basis for the radiation systems built [50]. In the operating mode 1 (in-pipe) energy balance for



the radiation panel, the useful nocturnal cooling power referred to the panel’s convection-,
radiation- and conduction-induced thermal loss from the fluid to the outdoor environment (Teg).
The equivalent temperature (Teq, See section 2) identified the cold source in the convective-radiant
transfer.

The variation in water energy with the system operating in mode 1 was found with Equation 2:

daTy
—my, - Cpy, % = Qy (Eq.2)

where my, is the flow rate of the water circulating inside the pipes, Cpw its specific heat, T,, water
temperature and Qy the useful nocturnal cooling energy in connection with panel convection-,
radiation- and conduction-driven thermal loss. Useful energy was defined as in Equation 3:

Tw_Teq

Qu =

Rconv,i"'Rcond+Rconv,rad,ext

(Eq.3)

where Ty is water temperature, Teq the equivalent heat transfer temperature, Reony i the convective
resistance to water circulation inside the pipes, Rcond the conductive resistance given the heat
transfer generated across the polypropylene material and Rcony rad exx OUter convective-radiant
resistance associated with convective and radiant heat loss to the outdoor environment (air,
surrounds and sky).

As commented above, the equivalent heat transfer temperature (Teq) is the minimum temperature
that the water would reach under certain climatic conditions [46]. It was defined as in Equation 4:

Teq — ha'Ta+hr,szril;lndings'Tsur.rouid}ings+hr,sky'Tsky (Eq4)
aTr_surroundings T 'r_sky

where h, is the outdoor convective heat transfer coefficient, T, the outdoor air temperature,
hr surrounds the radiant heat transfer coefficient characterising the radiant heat exchange between

the panel surface and the surrounds, Tsurrounds the temperature in the surrounds, hy s« the radiant
heat transfer coefficient characterising the radiant heat exchange between the panel surface and

the sky and Ty the sky temperature.

In the operating mode 2 (water flowing down the collector surface, downflow) energy balance for
the radiation panel, the variation in the water energy depended on the panel’s convection and
radiation thermal loss from the fluid to the outdoor environment (Qy). In addition, the direct water
- air contact in that mode would give rise to evaporative cooling (Qevaporaive), favouring heat
dissipation.

The variation in the water energy when the system was operating in mode 2 was found with
Equation 5:

dT,,
—my, - Cpy, T Qu + Qevaporative (Eq.5)

where my, is the flow rate of the water flowing down the collector surface, Cpw the specific heat
of the water, T, the water temperature, Q. the useful nocturnal cooling attributable to convection
and radiation thermal loss in the panel and Qevaporaiive the cooling energy attributable to evaporative
cooling.

Useful nocturnal cooling energy attributable to panel convection and radiation thermal loss was
found with Equation 6:

Tw_Teq

Qu =

Rconv,rad,ext

(Eq.6)



where Ty is water temperature, Teq equivalent heat transfer temperature and Rconv rad_ex Outdoor
convective-radiant resistance associated with convective and radiant heat loss to the outdoor
environment (air, surrounds, sky).

Water evaporation-driven cooling consists in the diffusion of a given component, water vapour,
in a stationary medium, air. The cooling energy attributable to evaporation was found with
Equation 7 [51]:

Km PVS (TW) PVS (Ta)
Qevaporative = R hfg ’ (T —RH - T—a) (Eq.7)

where K, is the mass transfer coefficient, R the universal gas constant, h¢ the evaporation heat
assessed at the temperature of the interface water, RH the relative humidity of the air and Pys
saturation pressure at the downflow water (Ty) and air (Ta) temperatures.

Mass transfer coefficient Ky, was found relative to the outdoor convective heat transfer coefficient
with Equation 8, applying the Chilton-Colburn analogy valid for flat panels and Pr, Sc>0.5 [52]:

& 1/3
G, (Eq.8)

mT pcp

where K, is the mass transfer coefficient, Sc the Schmidt number, Pr the Prandtl number, p and
Cp air density and specific heat and h, the outdoor convective heat transfer coefficient.

Il Thermal assessment variables in the experimental system

The monitoring scheme described in section 2 logged the tank water temperature (Tw), the
collector thermal equivalent temperature (Teq) and the outdoor weather conditions at 1 min
intervals 24/7. The energy performance of the experimental system under both operating modes
was assessed at 45 min intervals, based on the assumption that three-quarters of an hour would
suffice for the tank water temperature to vary by 0.5 °C.

The values for the following variables were obtained for each 45 min interval:

_ pVCp(Ty (t—1)-T,,(t))

Dissipated energy (Ed)[Wh] = 5600 (Eq.9)
Transmission losses (Pt)[Wh] = UA- (T,, — T,) - At (Eq.10)
Mean collector dissipation power (Pd) [%] = E;:qit (Eq.11)

where:

- Ed: energy dissipated in the system, found by measuring the tank water temperatures as
described in section 2

- V:cumulative volume (200 L)

- p,Cp: water density and specific heat

- Tw(t): tank water temperature at time t

- Pt: transmission loss in the tank due to the temperature difference between the water and
the outdoor environment

- At: time increment, here the 45 min (0.75 h) intervals at which the system was thermally
assessed

- UA [WIK]: tank heat transfer coefficient, found experimentally (section 4)

- T, mean tank water temperature over At

- T,: mean air temperature over At

- At: panel transfer area (m?).



In addition, evaporation in the downflow mode (mode 2) was quantified as the end-of-night loss
of water volume.

System energy performance was compared in the two operating modes in terms of the collector’s
mean dissipation power (Pd), a parameter widely used in radiant panel heat capture and
dissipation studies. It was obtained experimentally in both operating modes for different values
of AT =T,, — T,q. (T, mean tank water temperature over At; T,,: mean equivalent heat transfer
temperature over A).

As noted in subsection 3.2, the difference between the water and equivalent convective-radiant
heat transfer temperatures (Equation 6) governs the variation in useful nocturnal cooling energy
attributable to convection- and radiation-driven thermal loss. Similarly, the difference in
saturation pressures at the downflowing water and air temperatures determines evaporation-
induced dissipation power. Given that air temperature was factored into the equivalent heat
transfer temperature (Equation 4) and convection and mass transfer were inter-related further to
Equation 8, the mean collector dissipation power, Pd (W/m2) (a parameter widely used in radiant
heat panel capture and dissipation studies), was chosen as the variable to compare the system in

T.q, Where T, is the mean tank

the two operating modes for different setpoint values: AT = T,, — T,
temperature over At and fq the mean equivalent heat transfer temperature over At.

4 Tests and results

The aim of the experimental trials conducted on the system described above was to assess and
compare nocturnal cooling power in the radiation panel’s two operating modes (Figure 1):
operating mode 1, with water circulating inside the pipes and mode 2 in which it flowed down the
collector surface (downflow). The experimental trials conducted and the respective findings are
discussed in the following sub-sections.

BlGeneral

The tests run can be classified in terms of the secondary aim pursued:

e Test 0: characterisation of tank thermal losses (UA)

o Test 1: assessment of the mean nocturnal dissipation power in operating mode 1 for
different tank set point temperatures

o Test 2: assessment of the mean nocturnal dissipation power in operating mode 2 for
different tank setpoint temperatures.

All the tests were monitored using Labview software, which established system operating times
and modes (in-pipe or downflow) for each test.

I ests

4.2.1 Test 0: characterisation of tank thermal losses (UA)

This test was conducted to characterise the tank energy loss factor by quantifying the energy
transferred from the storage tank to the environment during a given period of time. In this test,
the water circulating in the pipes was heated from 11:00 to 19:00 with the system operating as a
solar collector. When the water ceased to circulate after 19:00 the sole energy exchange possible
was between the water and the outdoor environment across the storage tank walls (Figure 10).
According to the manufacturer’s specifications [53], the rate established for operation in this
mode was 260 L/h.



Collection operating mode (11:00 to 19:00)

Dissipation operating mode (19:00 to 08:00)
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Figure 10. Test 0: characterisation of tank thermal losses (UA)

4.2.2 Test 1: assessment of the mean nocturnal dissipation power in operating mode 1

for different tank set point temperatures

Given the tank thermal loss factor (UA) for the water circulating inside the pipes at night, test 1
was conducted to assess the mean collector dissipation power, Pd (W/m2). That entailed defining
a setpoint value as the ideal temperature of the water in the tank at cooling start-up (00:00).
Daytime mode operation began at 14:00. From 14:00 to 14:30 pm the water circulation pump will
be forced on. After 14:30, the mean tank temperature was automatically checked every 30 min
and after the setpoint temperature was reached or exceeded the pump was switched off (Figure 11,
left). At 00:00 the pump was turned back on, driving water continuously inside the pipes until
08:00 (Figure 11, right). As in test 0, the flow rate for collection and dissipation mode in test 1

was set at 260 L/h.

Collection mode (from 14:00 until setpoint T
was reached)

Dissipation mode (00:00 to 08:00)
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Figure 11. Type 1 test: assessing mean nocturnal dissipation power in operating mode 1

4.2.3 Test 2: assessment of the mean nocturnal dissipation power in operating mode 2
for different tank set point temperatures

Test 2 was conducted to assess the mean collector dissipation power, Pd (W/m2) for the water
flowing over the collector (downflow), likewise on the grounds of the tank thermal loss factor
(UA). As intest 1, that entailed defining a setpoint temperature and starting system daytime mode
operation at 14:00. Here also, the pump was switched on between 14:00 and 14:30, after which
the monitoring system checked the mean tank temperature every 30 min (Figure 12, left). Once
the mean tank temperature was equal to or greater than the setpoint temperature, the pump was
turned off and switched back on at 00:00, driving the water continuously down the collector
surface until 08:00 (Figure 12, right). The flow required in the case of test 2 in dissipation mode
has been calculated by obtaining the speed necessary to form a continuous downflow through the
formulation of Bird [53]. The value obtained is 1440 L / h in dissipation mode. In the same way,
an experimental flow evaluation test was performed to ensure that the reference flows of tests 1
and 2 are flows that make the system work optimally (that is, present the maximum possible
dissipation power in similar climatic conditions) so that the comparison between the two (test 1
and 2) is carried out correctly ".

Collection mode (from 14:00 until set point T Dissipation mode (00:00 to 08:00)
was reached)




Figure 12. Type 2 test: assessing mean nocturnal dissipation power in operating mode 2

I 7est programme

The tests described in sub-section 4.2 were conducted in Seville over 8 weeks in August and
September 2019 (Table 1). Monitoring system preparation and testing, including thermocouple
calibration and installation, data gathering system programming and Labview software operation
verification, were conducted in July.

As Table 1 shows, test 0 was conducted during the first week to characterise and validate tank
thermal losses. Once the UA was determined, tests 1 and 2 were undertaken with setpoint (cooling
start-up) temperatures ranging from 26 °C to 32 °C to assess the nocturnal cooling power of the
two modes of operation (in-pipe and downflow).



Table 1. Test programme (setpoint temperatures in °C)

‘ Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Week 1
Test 0 Test 0 Test 0 Test 0 Test 0 Test0 Test 0
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Week 2 Test 2 Test 2 Test 2 Test 2 Test 1 Test 1 Test 1
(set point temperature 30) | (set point temperature 26) | (set point temperature 32) (set point temperature 28) | (set point temperature 30) | (set point temperature 30) | (set point temperature 30)
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Week 3 Test 2 Test 2 Test 2 Test 2 Test 1 Test 1 Test 1
(set point temperature 32) | (set point temperature 28) (set point temperature 26) (set point temperature 32) | (set point temperature 30) | (set point temperature 30) | (set point temperature 30)
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Week 4 Test 2 Test 2 Test 2 Test 2 Test 1 Test 1 Test 1
(set point temperature 30) | (set point temperature 26) (set point temperature 32) (set point temperature 28) | (set point temperature 26) | (set point temperature 26) | (set point temperature 26)
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Test1
Week 5 Test 2 Test 2 Test 2 Test 2 Test1 e Test1
. . . . . (set point temperature .
(set point temperature 28) | (set point temperature 30) (set point temperature 26) (set point temperature 32) | (set point temperature 28) 28) (set point temperature 28)
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Week 6 Test 2 Test 2 Test 2 Test 2 Test 1 Test1 Test 1
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ResultThe results of the experimental study are presented below. For this, a representative
sample of days has been selected in order to show the main results in detail and the conclusions
obtained from the complete experimental study.

431 TestO

As noted, this test was conducted to characterise the tank energy loss factor by quantifying the
energy transferred from the storage tank to the environment during a given period of time (UA).

The water was heated by circulating it inside the collector pipes from 11:00 to 19:00. As the water
ceased to circulate after 19:00, the sole energy exchange possible was between the water and the
outdoor environment across the storage tank walls. The graph in Figure 13 shows the variation in
the water, air and equivalent temperatures during test O over several consecutive days. After the
system had operated in collector mode from 11:00 to 19:00, the tank water temperature rose by
approximately 15 °C, with heat subsequently dissipating to the outdoor environment across the
tank walls.
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Figure 13. Variation in temperature over 4 days in August 2019, test 0

The mean tank water temperature, mean air temperature and energy dissipated to the air were
obtained over 45 min intervals to characterise tank thermal loss. Since the sole energy exchange
possible was between the water and the outdoor environment across the tank walls, the thermal
loss factor for each 45 min interval was found with Equation 12:

Dissipated energy (Ed)[Wh] = Transmission loss [Wh]

P-V-Cp-(TV;(;O—Ol)—Tw(t)) = UA- (T, —Ty) - At (Eq.12)

The mean 7 day UA found, characterised and validated (Table 1) came to 4.5 W/K, with an 85"
percentile value of 5.3 W/K and a 15" percentile value of 3.9 W/K.

432 Testl

Figure 14 below graphs the variation in temperature across 3 consecutive test 1 days for a setpoint
water temperature of 30 °C.
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Figure 14. Variation in temperature over 3 days in September 2019, test 1

One-half hour after system start-up time, i.e., at 14:30, the monitoring system checked the mean
temperature of the tank water every 30 min. As the system shut down after the mean T was equal
to or greater than the setpoint, collection mode duration differed on the 3 test days. As Figure 14
shows, overnight, with the water circulating continuously inside the pipes from 00:00 to 08:00,
water temperature declined by approximately 7 °C on the first 2 days, but by around 10 °C on the
third. That difference can be explained by the lower equivalent heat transfer temperature on the
third night.

The energy dissipation and mean nocturnal dissipation power values during system operation on
the three nights graphed in Figure 14 are listed in Tables 2, 3 and 4. Further to the data in Table 2
for the night of 21 September, the mean initial water temperature at dissipation start-up of 29.5 °C
declined to 23.5 °C, with a total energy dissipation of 1.3 kWh at the equivalent temperature and
relative humidity given in the table. The 17.9 °C equivalent temperature at the outset dipped
during the night to 17.3 °C, while relative humidity rose from 82 to 84%.

Table 2. Test 1 data for 21 September

TEST 1-21 September (Set point temperature 30 °C)
Heat
transfer
loss in tan
[Wh]

Water Equivalent Air Relative Energy
temperature | temperature | temperature | humidity  dissipated
(Tw) [°C] (Teq) [°C] (Ta) [°C] (HR) [Wh]

Dissipation
K power (Pd)
[W/m2]

00:00:00
00:45:00
01:35:00
02:25:00
03:15:00
04:05:00
04:55:00
05:45:00
06:35:00
07:25:00

Tables 3 and 4 give analogous findings for the nights of 22 and 23 September. The energy
dissipated during the former was 1.3 kWh and 1.9 kWh in the latter. The value for 23 September
was greater than for the other two nights because the minimum equivalent convective-radiant



transfer temperature (Teq) of 11.8 °C was much lower than the 17.3 °C and 19.9 °C recorded on
21 and 22 September, respectively.

Table 3. Test 1 data for 22 September

TEST 1-22 September (Set point temperature 30 °C)

Heat
transfer
loss in tank
[Wh]

Water Equivalent Air Relative Energy
temperature | temperature temperature humidity  dissipated
(Tw) [°C] (Teq) [°C] (Ta) [°C] (HR) [Wh]

Dissipation
power (Pd)
[W/m2]

00:00:00

00:45:00

01:35:00

02:25:00

03:15:00

04:05:00

04:55:00

05:45:00

06:35:00

07:25:00

As the night of 22 September (Table 3) was partially cloudy according to the sky meter data, the
equilibrium temperature was similar to the outdoor air temperature and the relative humidity
values recorded were high. Those conditions generated mean dissipation power values just over
half (60 %) of those observed on 23 September (Table 4). As Table 4 shows, on a night with fairly
clear skies, the mean power value was on the order of 100 W/m?, a figure given in the literature
reviewed as a means to be expected under ideal climate conditions.

Table 4. Test 1 data for 23 September

TEST 1-23 September (Set point temperature 30 °C)
Heat
transfer
loss in tan
[Wh]

Water Equivalent Air Relative Energy
temperature | temperature temperature  humidity  dissipated
(Tw) [°C] (Teq) [°C] (Ta) [°C] (HR) [Wh]

Dissipation
K power (Pd)
[W/m2]

00:00:00

00:45:00

01:35:00

02:25:00

03:15:00

04:05:00

04:55:00

05:45:00

06:35:00

07:25:00

433 Test2

The variation in temperature across 4 consecutive test 2 days with water setpoint temperatures of
32°C, 28 °C, 26 °C and 32 °C is graphed in Figure 15.
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Figure 15. Variation in temperature over 4 days in September 2019, test 2

As in test 1, after start-up at 14:00 water was pumped through the pipes in collection mode for as
long as necessary to reach the set point at temperature established. At 00:00 downflow mode was
activated, with the water flowing continuously down the collector surface until 08:00.

On the first day shown in the figure, the temperature dropped during downflow mode operation
by 13 °C from the setpoint 32 °C and on the subsequent days by 8.6 °C (from 28 °C), 5.92 °C
(from 26 °C) and 13.2 °C (from 32 °C). As expected, the decline in water temperature during
operation in dissipation mode depended on the setpoint and cold source temperatures (convective-
radiant in test 1 and convective-radiant-evaporative in test 2).

The energy dissipation and mean nocturnal dissipation power values during system operation on
the four nights graphed in Figure 15 are given below. Further to the data in Table 5 for the night
of 17 September, the mean initial water temperature at dissipation start-up of 33.4 °C declined to
20.9 °C, with a total energy dissipation of 2.6 kWh at the equivalent temperature and relative
humidity given in the table. The 21.1 °C equivalent temperature at the outset dipped overnight to
16.2 °C, whilst relative humidity rose from 63 to 84%. The steeper drop in temperature soon after
dissipation mode operation began was due to the loss, later in the night, of evaporative cooling
power as the difference between the water and the air declined and relative humidity rose. On 17
September, 2.5 % of the tank water evaporated between 00:00 and 08:00 (based on the overnight
volume loss, sub-section 4.2).

Table 5. Test 2 data for 17 September

TEST 2-17 September (Set point temperature 32 °C)

Dissipatio
n power
(Pd)
(W/m2]

Water Equivalent Air Relative Energy Heat
temperatur | temperatur temperatur = humidit dissipated transfer loss
e (Tw) [°C] e (Teq) [°C] e (Ta) [°C] y (HR) [Wh] in tank [Wh]

00:00:00
00:45:00
01:35:00
02:25:00
03:15:00
04:05:00
04:55:00
05:45:00
06:35:00
07:25:00




During the night of 18 September (Table 6) the mean initial water temperature at dissipation start-
up of 33.4 °C declined to 20.9 °C, with a total energy dissipation of 2.6 kWh at the equivalent
temperature and relative humidity given in the table. A total of 2.2 % of the water in the tank
evaporated on that date.

Table 6. Test 2 data for 18 September

TEST 2-18 September (Set point temperature 28 °C)

Dissipation
power
(Pd)
[W/m2]

Water Equivalent Air Relative Energy Heat transfer
temperature | temperature | temperature = humidity dissipated loss in tank
(Tw) [°C] (Teq) [°C] (Ta) [°C] (HR) [Wh] [Wh]

00:00:00

00:45:00

01:35:00

02:25:00

03:15:00

04:05:00

04:55:00

05:45:00

06:35:00

07:25:00

The findings for the night of 19 September (Table 7) showed that the mean temperature at cooling
start-up, 28.6 °C, declined to 19.2 °C, whilst 1.4 kWh of energy was dissipated and 2.3 % of the
water in the tank evaporated.

Table 7. Test 2 data for 19 September

TEST 2-19 September (Set point temperature 26 °C)

Dissipation
power
(Pd)
[W/m2]

Water Equivalent Air Relative Energy Heat transfer
temperature temperature | temperature | humidity  dissipated loss in tank
(Tw) [°C] (Teq) [°C] (Ta) [°C] (HR) [Wh] [Wh]

00:00:00
00:45:00
01:35:00
02:25:00
03:15:00
04:05:00
04:55:00
05:45:00
06:35:00
07:25:00

As the data in Table 8 for the night of 20 September show, the mean initial dissipation start-up
temperature, 33.5 °C, declined to 20.2 °C, with a total energy dissipation of 2.8 kWh at the
equivalent temperature and relative humidity given in the table, whilst evaporation accounted for
2.6 % of the total tank volume.

Table 8. Test 2 data for 20 September

TEST 2-20 September (Set point temperature 32 °C)

Dissipation
power
(Pd)
[W/m2]

Water Equivalent Air Relative Energy Heat transfer
temperature | temperature | temperature = humidity dissipated losses in the
(Tw) [°C] (Teq) [°C] (Ta) [°C] (HR) [Wh] tank [Wh]

00:00:00
00:45:00
01:35:00
02:25:00




03:15:00 22.1 17.0 20.2 0.80 316.1 10.1 194.3

04:05:00 213 16.7 19.8 0.84 174.9 7.2 106.5

04:55:00 20.8 16.6 19.8 0.85 100.1 4.8 60.5

05:45:00 20.5 16.5 19.7 0.86 65.9 3.6 39.5

06:35:00 20.3 16.1 19.5 0.87 22.2 34 11.9

07:25:00 20.2 16.4 19.2 0.87 38.8 4.1 22.0

In addition to the specific findings, a review of Tables 5, 6, 7 and 8 revealed an overall pattern.
Night-time operation exhibited two periods: the first when dissipation rates were higher, for both
convection-radiation and evaporation were effective and a second when evaporative power began
to wane, while the radiant effect was only observed as the proximity between the water and
outdoor air temperatures. Those observations are suggestive of the possibility of hybridising
modes 2 and 1: mode 2, downflow, during the early hours followed by mode 1 toward the end of
the night in the absence of evaporation, drawing from convective-radiant mechanisms only.

5 Comparison of operating modes during dissipation

As noted in subsection 3.2, the variation in useful nocturnal cooling energy attributable to
convection- and radiation-driven thermal loss would depend primarily on the difference between
the water and equivalent convective-radiant heat transfer temperatures (Equation 6). Similarly,
evaporation-induced dissipation power would depend on the difference in saturation pressures at
the downflowing water and air temperatures. Given that air temperature was factored into the
equivalent heat transfer temperature (Equation 4) and convection and mass transfer were inter-
related further to Equation 8, the mean collector dissipation power, Pd (W/m2) was chosen as the
variable to compare the system in the two operating modes for different values of

AT =Ty~ Tog. Ty
mean tank water temperature over
At, Ty

mean equivalent heat transfer temperature over At=45 min. The graph in Figure 16 compares
operating modes 1 and 2 during dissipation in terms of the mean nocturnal dissipation power
found for different AT values in tests 1 and 2.
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Figure 16. Dissipation power (DP) vs Tw-Teq (°C)

As the figure shows, downflow cooling (test 2) exhibited greater cooling power than in-pipe
cooling (test 1). As anticipated in sub-section 3.1, in the former the water transferred heat directly
to the cold sources, eluding the adverse effect on heat transfer of internal convective and
conductive (across the solid) thermal resistance. Furthermore, downflow along the surface of the
collector enhanced convective cooling and the direct contact between water and air in that
operating mode gave rise to evaporative cooling (Figure 9), which favoured heat dissipation.

Evaporative cooling was more effective, however, in the early hours of operation when the
difference in temperature between water and air was wider and relative humidity lower.
Consequently, a wide water temperature - equivalent heat transfer temperature differences,
downflow was much more effective than in-pipe operation, with dissipation power values up to
five-fold higher in test 2 than in test 1 (Figure 16). Likewise, as noted above, the pattern observed
in the two-point clouds in the figure suggests that at narrow temperature differences (under
2.5 °C) operating mode 1 (in-pipe) exhibited higher performance.

The mean energy dissipated daily throughout the in-pipe test programme described in Table 1
(test 1) was 1.3 kWh, with an 85" percentile value of 1.6 kwh and a 15" percentile value of 1.1
kWh. Those means were substantially lower than the 2.3 kWh with an 85" percentile of 2.7 kWh
and a 15" percentile of 1.8 kWh for the downflow mode (Figure 17). The mass of water
evaporating in operating mode 2 came to a mean 2.5 % (2.4 L/m?) across the entire suite of trials.
Pearlmutter et al. [54], experimenting with different rooftop pond setups, reported water
consumption ranging from moderate (2 L/m?) to high (5 L/m?) and dissipation power values of
around 50 W/m?. The 2.4 L/m? loss observed here was consequently deemed sufficiently low
relative to the increase in dissipation power delivered.
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Figure 17. Energy dissipated in tests 1 and 2

At the end of the test programme set out in Table 1, an additional trial was conducted in which
the collection and dissipation periods were of the same duration in both operating modes with a
view to analysing system collection efficiency. The findings are shown in Figure 18.
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Figure 18. Collection and dissipation findings for tests 1 and 2

On the first day of that trial (Figure 18), the water circulated inside the pipes during collection
and dissipation both. As the graph in the figure shows, under those conditions, the increase in
water temperature during collection (approximately 13 °C) was greater than the decline during
dissipation (around 10 °C). On the second day, with the water circulating inside the pipes during
collection and flowing down the collector surface during dissipation, the increase in water
temperature during collection (approximately 13 °C) was lesser than the decline during



dissipation (around 20 °C). Moreover, given a similar set point and climate conditions, the decline
in temperature in test 2 (downflow) was two-fold greater than in test 1 (in-pipe).

6 Conclusions

The potential of the sky as a natural heat sink is limitless and on nights with fair weather, its
temperature is lower than that of other environmental sinks (soil and air). The sky’s promise as
an environmental heat sink prompted this exploration of the potential of nocturnal radiation
cooling. A review of the state of the art revealed that in all the radiative dissipators developed
and tested to date the dissipation fluid (water) transferred heat indirectly to the heat sink (the sky)
by circulating water inside solar collector pipes. The highest dissipation power values reported in
the literature were on the order of 100 W/m?,

Whilst in-pipe nocturnal dissipation has been analysed by earlier authors, downflow systems have
not been researched. Given the foreseeable increase in cooling power in the latter operating mode,
the aim sought in this study was to experimentally assess the nocturnal dissipation power of a
downflow system and compare its cooling power to that of conventional in-pipe setups.

The foreseeable enhancement of cooling power in the downflow operating mode was compared
experimentally to the conventional setup.

The most prominent conclusions drawn from the experimental findings are listed below.

e The rise in cooling power attributable to evaporative cooling was greater in the early
hours of operation when the difference in temperature between water and air was wider
and relative humidity lower. At wide differences between the water and equivalent heat
transfer temperatures, dissipation power was observed to be up to five-fold higher in test
2 (downflow) than in test 1 (in-pipe).

e The mean energy dissipated daily in the in-pipe setup was 1.3 kWh, with an 85"
percentile value of 1.6 kwh and a 15" percentile value of 1.1 kWh for the entire suite of
tests conducted. Those means were substantially lower than the 2.3 kWh with an 85%
percentile of 2.7 kWh and a 15" percentile of 1.8 kwWh for the downflow mode.

e Possibility of hybridising modes: downflow during the first hours of the night followed
by the conventional operating mode towards the end of the night given the evaporative
power reduction.

¢ In downflow operating mode mean overnight (00:00 h to 08:0) water consumption was
2.4 L/m?, a loss deemed to be satisfactory relative to the power gains delivered.
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