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Abstract

We present a combined experimental-numerical aisabfsan innovative solar thermal device
to be used as an integrated collector storage ($§8em providing domestic hot water (up to
50°-60°C). In this equipment the collector actoas a storage unit, without requiring an ex-
ternal vessel. Due to its simple configuration, B8 was successfully used in several circum-
stances, especially in extreme situations such gest-earthquake tent cities or to reach re-
mote users in Africa.

In order to assess the efficiency of this collectee measured the draw-off curve (that is the
value of the mean temperature of the water disahgriyjom the tap while cold water is en-
trained in the collector). In the present configiara the draw-off is not completely optimised
and a more detailed analysis has been carriechauter to investigate the mixing of cold and
hot water in the solar collector during the disgeaphase.

A series of thermocouples was placed in selectadipons around the shield of the collector to
investigate the evolution of the near wall tempanet

Furthermore, a numerical analysis based on LarghrEamulation (LES) of the mixing proc-
ess inside the collector was carried out using@@naource, in-house, finite-volume computa-
tional code. This analysis is in progress and thmaalete results discussion will be provided in
the final paper

The analysis of the experimental and computatioeslilts showed that the present configura-
tion is not optimal and that improvements coulddiained improving the collector inflow
configuration.
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Introduction

Solar Thermal Technologies represents an effi@adtcost effective solution for collecting so-
lar energy received on the ground. In particula pinoduction of domestic hot water consti-
tutes a particularly interesting application ofesoénergy due to the very simple configuration
to be implemented and the general good efficieridheequipments.

In Europe the solar thermal market had a significarease in recent years due to several fac-
tors: the decision to reduce dependence on comraitiuels increasing the use of Renewable
Energy Sources (RES), the new provisions forcingtitmduce solar thermal systems in new or
renewed buildings in EU, the wide availability BESand their low environmental impact.
Therefore solar heating represents today a wedbéshed and reliable technology, potentially
able to achieve high levels of energy productidn [1

Solar energy collector is special kind of heat exager which absorbs the incoming solar ra-
diation, converts it into heat, and transfers teat to a fluid (usually air, water, or oil) flovgn
through it and then uses it for a variety of apgtiiens [2].

Solar thermal systems in which the same deviceesaas a collector as well as for storage have
an obvious advantage over the conventional systeithsseparate units. Such systems are re-
ferred to as integrated collector-storage syste@S)(

In recent years several configurations of solaggrdted collector storage systems for hot water
have been tested. Most of such configurations ased on the use of a storage water tanks col-
lecting the hot water flowing from the collector fdfomestic and industrial usages. Usually the
water tank is cuboid in shape and different comigjons were considered for heating: water
can be heated at the top surface and covered wahue insulation on all other sides, or the
water tank can have transparent insulation ontslexternal surfaces. Recently a simulated
well-stratified tank [3] was also considered fosufated water heaters.

The ICS system analysed in the present paper iarmvative device developed by Diparti-
mento di Ingegneria Meccanica e Aerospaziale, 8api€niversita di Roma [4,5]. It is a one —
piece, closed-circuit system and it works withoumps or electrical devices. The storage unit
is composed by the internal pipes. The panel aksbio solar energy and the water within the
collector rises up for convection moving towards tutlet pipe and reaching the domestic net
when hot water is required. Integrated collectoraje systems are simple, but they are char-
acterized by relatively low thermal conversion@éncy.

For these devices efficiency is strongly relatetl ardy to their capability to capture the solar
radiation, but also to their attitude to supply @tter during the discharge phase (draw-off)
with a constant temperature. On the other handctih@ water entrained into the collector
mixes with the hot fluid and this progressively ueds the temperature of the water flowing
through the tap. Presently this aspect is not aggtisading to a strong reduction of the water
temperature after a very short period (more th&n ahen 50% of the hot water filling the col-
lector was discharged). In optimal conditions ttesk water filling the collector should act as a
sort of piston pushing the hot water out and maimg the fluid temperature to a maximum
during all the discharge phase.

To increase the performance of this kind of ICSeaysboth experimental and computational
analysis have to be carried out. Experimental cagnpean give a clear indication of the real
behaviour of the equipment measuring the main diggh flow characteristics. On the other
hand, numerical simulations allows to analyse itaiti¢the thermal field in the collector and
therefore it has to be considered essential tactetessible improvements of the present con-
figuration. In particular LES in fact can give axtraordinary insight of the mixing process in-
side the ICS allowing to understand the mechanisside the tank and suggesting possible
ways to optimize the geometry and the positionhef inlet and outlet pipes. Even if similar
studies were conducted on heat exchange casemtpahciple are physically similar to the
present study but not on ICS applications. It isttvéo consider that in the present case LES
computations are not extremely expensive as thauR#er is sufficiently low. In the follow-
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ing paragraphs the experimental set-up and the ureragnt campaign are described. Then a
LES analysis of the thermal flow field evolving time collector is presented. Conclusion will
close the present work.

1. The experimental apparatus

1.1 The new ICS prototype

The prototype of the ICS here presented was buithé Solar Energy laboratory - Hydrogen
Centre of CIRPS, Sapienza Universita di Roma [6is komposed by 4 pipes of 120mm di-
ameter each with an internal total storage capadigbout 90 | (22,5 | for each pipe). It has a
specific storage capacity of about 60i/mhile in a plate solar collector this ratio isuafjto 1-

2 I/Im?. The absorbing plates are constituted by the pipesiselves and the working fluid of

the system is domestic water. In fact the colleadirectly connected with the water net and
no other components are needed to heat the water.

The main characteristics of the collector are shbinerable 1.

Table 1 - Characteristics of the ICS prototype

Characteristic Unit | Average Value
Capture surface m 1.5
Projected surface m 0.96
Pipe length m 2

Pipe diameter m 0.12
Water content I 90.42
Weight (no water) kg 38
Maximum operating pressurg ba 3

In Table 2 the components used to manufacturehaners

Table 2 - ICS prototype’s materials

Description Material Main Characteristics

Transparent alveolar polycarbonate Transmission coefficierni26;

covering thickness: 8 mm

Pipe Stainless steel 316 L Thermal conductibility 18/A8/nK]

Thermal dilatation 0.000016 [K

Lateral Polyurethane layer; Thermal conductibility 0.040 [W/mK]

insulation Closed Cell Elastomeric| Thermal conductibility 0.027 [W/mK]
— aluminium foil

Structure Galvanized steel Thermal conductibility 18 [W/mK]

The developed ICS prototype is shown in Figure 1.

The stainless steel pipes are connected in a sangkshe pipes are painted with a black high
temperature paint.

The thermal insulation has the function to minimize heat losses for conduction on the sides
and on the back of the pipes. A transparent plaster made of closed cell polycarbonate as-
sures an optimum thermal insulation with a gooddparency.

The inlet and outlet pipes of the collector havEGanm diameter, and they are welded in the
middle of the pipe. A ball valve has been placedheninlet and outlet pipe to close the system.
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Figure 1 — Sketch of the ICS prototype

1.2 The test bed set-up

To investigate the discharge process a test beddws set up in the laboratory. As the pipes
are connected in series, only one was instrumeritkd.inlet and outlet pipes were instru-
mented as well and the main pipe was isolated aigolyurethane layer and an elastomeric-
aluminium foil in order to reproduce the same ctinds of the whole collector.

A series of 8 J-type thermocouples have been plaxedeasure the temperature during the
thermal energy storage phase and during dischditge.accuracy of the thermocouples was
+1.5°C and the acquisition frequency was 0.88 HzarSadiation fluctuations have been fol-
lowed by a pyranometer system with an accuracy 1uV/(W/m?). The 8 thermocouples (7
have been used to monitor the pipe and one foathigient temperature) and the pyranometer
have been connected, through a Thermocouple andRddiles, with a National Instrument
Field Point with Ethernet connection and connedte@ data processing (PC) through Lab-
VIEW, as showed in Figure 2.

Fieltd L Ambient
Polnt temperature
O Pyronometer

Solor \EL
rodiotion

Thermocouples
output

Figure 2 - Experimental device

During the charge phase, the pipe has been placesttical position in order to be completely
filled with water and to eliminate the air. Therhds been placed on its supports, with a tilt of
42 degrees.

Figure 3 shows the position of the thermocoupleshenpipe. Three measurement campaigns
were carried out changing the thermocouples cirevenitial positions as shown in Figure 3
(positions A, B and C).



Third International Conference on Applied Enerdys-18 May 2011 - Perugia, Italy

POSITION A
PORITION C@ POSITION B
e T2 T4 T T
T 7
INLETO H oUTLET
400
GO0
ann
1200
1600
Figure 3 - Thermocouples placement
2. Experimental results

To characterise the discharge phase different aféwests have been carried out, monitoring

the temperatures measured by the 8 thermocoupteshanpyranometer. Before starting the

test, the pipe was filled with the water comingnfirthe net in order to have the same tempera-
ture value in the system. Then the collector hanlexposed to the solar radiation to store up
the thermal energy. This phase requires severashdepending on the weather condition of

the test day. The signals coming from the thermplesuwere monitored and elaborated during

the discharging phase and the domestic water vshaliged until the inlet temperature was

reached the same value of the outlet one £1°C.
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Figure 4 —Draw-off temperatures in the outlet sectin and in positions 2, 3, 4 (Figure 3)
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A set of normalized draw-off curves — i.e. the pemature variation depending as function of
the discharged volume - was analysed for each Fegptire 4 shows the draw-off profile nor-
malized with respect to the ICS prototype volumémthree different positions.

Results show that with a fairly sunny day in Deceméut the latitude of Civitavecchia (Italy),
the collector can heat water up to a temperaturaart than 45°C. The three tests showed in
Figure 4 were carried out with different environnarconditions, as showed in Table 3. This
brings to different inlet and outlet temperaturesthe three positions at the beginning of the
draw-off tests. For the position A, where the thecouples are placed at the top of the pipe,
even after the discharge phase the temperatuhe aollector was about 30°C, and it was poss-
ible to spill a water volume of 1.5 times the vokiof the system at a temperature of more than
40°C. The lower the environmental temperature |dler is the outlet temperature of the wa-
ter. Furthermore, Figure 4 shows that the temperaneasured by the thermocouples are in
phase (i.e. the same value along the shield) ymamment of the discharge process for all the
atmospheric conditions.

In Table 3 it is possible to see that the watethan ICS prototype can rise up to about 20° C
with respect to J.

Table 3 — Average value on the thermocouples

A B C
Thermal radiation [W/m ?] 684 631 700
Tout [°C] 43 36 20

Ten[°C] 21 18 8

3. Numerical simulations

From the experimental analysis it was possiblergoi@that improvements of the ICS configu-
ration are desirable. Having in mind that the gtkrof this collector is based on its simplicity,
an improvement of the collector efficiency shoukl dbtained by changing the inflow or out-
flow configuration maintaining the structure of 4@&S unchanged.

It is then fundamental to investigate the mixinggass inside the collector to detect the turbu-
lent structure arising in order to obtain usefuled for improving the collector design.

We assume here that the collector is completdidfibf water, no thermal stratification of the
fluid is present and that the pipe shield has at@omn temperature of 60 °C.

o,
Figure 5 - Computational grid: 90 degrees of the @ss- section are shown. Left: complete
cross-section. Right: the exit pipe (highlighted irthe red square on the left picture).
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Numerical simulations were performed using an opaumrce in-house Finite Volume cod¥ 2
order accurate in time and space on a paralleterl{ig-8]. The code was successfully tested in
a series of calibration and industrial test caseyc® out LES, URANS and hybrid
LES/RANS simulations [8-11]. The computational damieproduces one of the pipes of the
ICS and was discretised using about 2.2M cellsahedral cells were used to discretise a layer
along the solid walls whereas the rest of the domas meshed using triangular prisms; the
cell pattern is extruded in streamwise directions@ in Figure 5 just a cross-section on the xy
plane is shown.

Numerical computations were carried out with arompressible dynamic Smagorinsky LES
[12] and treating temperature as a passive scalasported by the velocity field. Reynolds
number (based on the inlet pipe diame&temflow bulk velocity Up,kx and water viscosity) is
equal to 19,258. The clustering of the mesh isicafit to ensurg/’<1.0 everywhere in the
cells row closer to the solid wallg'¢0.3 around the main pipe of the ICS). The simutetio
were performed in non-dimensional time and lengtitsuwusingd, t=d/Upykxand usingAT=T,-

Tin as reference value for Temperature. In ordernakite the draw-off process, the simula-
tion were performed starting from an initial comafit of still, hot fluid inside the ICS (i.e. ve-
locity components and turbulent viscosity wereteetero everywhere in the domain, pressure
was assumed constant, with non-dimensional temperdt=1.0). As boundary conditions we
imposed: in inflow a steady mass flow with non dirsienal temperature #=0.0 and bulk ve-
locity equal to 0.76; no-slip, fixed temperature=T.0 on the solid surfaces; convective condi-
tions at the outlet. For stability reasons, thatfitO time units (corresponding to the time
needed for the water to move from the inlet to 1%he length of the IC%&) were simulated
using a laminar solver in order to initialise thewf field and simulate the pressure unbalance
generated from the opening of the tap at the ouwliéér 10 time units the Smagorinsky model
was switched on imposing a constant valuerfdv=>5 at the inlet.

T

Figure 6 — LES of a confined jet - Isosurfaces of €8 (dark blue lines) andw=0.76

In Figure 6 the isosurface of Q factor in the pgpshown together with an isosurface of axial
velocityw. The Q criterion [referenza all’articolo del frase] represents a very effective way
to detect the evolution of the vortical structurktss possible to see that in the first stages of
the jet development (up to 5% of the pipe lengtig, Q shows a very regular, steady, toroidal
structure. Moving donwstream this structures besin@gular, unsteady and the torioidal
structure change the direction of its axis as shiomaeveral studies before -see e.g. [13].

In Figure 7 a snapshot of the instantaneous vel@oimponents and temperaturet*at250 is
shown. In the picture a section corresponding40% of the length of the pipe is represented.
As expected, the cold water jet breaks up after ifdlew diameter and it generates strongly
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unsteady structures mixing with the hot fluid aeducing the fluid temperature. Furtherm
an extended region of stagnant hot flow remains teainflow region anaroundthe jet.

0
Figure 7 - From top: snapshot of instantaneous streamwise velocity compent (w),
spanwise components (u and v), and temperature (Bh the YZ plane;only 40% of the
ICS chamber lengthL is shown.

In Figure 8 and Figure the development of the jet structure in three ssgige time step |
depictedt is possible to see that the inflow region uf3% of the collector leng L and cor-
responding roughly to the perturbed region showFigure 8remains quite steady and ur-
turbed cofirming the hypothesiabout the presence afregion of stagnant unperturbed fl
On the other hand the instabilities due to thellagicins in thepressure field are responsil
for the later unsteady behaviour that is partiailsible in the cros-section at 6% oL and
clearly reognizable in the following regions. These oscitias cause the jet to warp a
spread losing momentum as it entele chamber. At about 10% bfthe core of the vortex hi
almost halved the velocity and spread towards thé @f the main chambe conspicuously
promotinga strong mixing of hot and cold flcin the central region, yet leaving almost s-
turbed the tempature field in the first portion of the chamt

Evenif the computations are still in act, it is possilbb draw some conclusions regarding
geometrical setting of the solar collectWe argue that the present configuration, evenny
simple and easyo build up is not optimal and it has to be furthmvestigated. A possib
improvement could be obtained by changing the pwsibf the inlet and outlet pipes, and
insert some type of swirl in the inflow jet in ord® enhance the distribution emperature
inside the collector leading to a more appropriagen-off temperature.

Conclusions

A combined experimentadumerical analysis of a prototype of an integrateldr collector wa
here presented. The collector was disegned foghesed iremergency situation or for feedi
remote users.fen a very simple configuration was adog

The experimental analysis demonstrates that inpitesent configuration the ISthas a
reasonable performancesapplhing hot water during the discharge phase.

However the analysis of the dr-off curve,the measurement of the temperature vari. on
the shield of the collector and the LES analysithefmixing between hot and cold water ins
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the collector during the discharge phase indidaat improvements in the efficiency of the ISC
can be probably obtained by changing the settirtbefnlet and/or outlet pipes.

In the final paper the present analysis will be aboded indicating the most promising
solutions to be adopted to improve the overallgrenfince of the collector.

t=0.8
Figure 8 - Longitudinal view of the temperature (tg) and velocity magnitude (bottom)
fields in three successive time steps.

t=0.4

Figure 9 - Cross-flow plots of the temperature (topand velocity magnitude (bottom)
fields in three successive time steps. In each pice sections are taken (from left to right)
at 3, 6, 9 and 12% of the collector length.

Nomenclature

d: diameter of the inlet/outlet pipe
D: diameter of ICS

I length of the inlet/outlet pipe

L: length of the ICS

Re=dxUpyulv: Reynolds number

Ubulk: bulk velocity

X,Y: spanwise directions

y' non dimensional wall-distance
Q:O.5@ij Qij - Sj SJ) Q criterion

T: Temperature

9
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To: Initial temperature inside the chamber
Tin: Inlet temperature

Z: streamwise direction.

v molecular kinematic viscosity fits]
VsGS sub-grid scale kinematic viscosity $fs]

sub/super scripts:
*: normalised quantity
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