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Influence of the flow rate and the tank stratification degree
on the performances of a solar flat-plate collector
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Abstract

Using a thermal model of finite differences, the performances of a solar flat-plate thermal collector wholly manufactured in a copolymer
material is studied in low flow conditions. The influences of the flow rate and the stratification of the tank are analysed. Thermal performances,
productivity and efficiency of such a solar system (collector with surface of 2ndl a storage tank of 150 litres) are presented for a
Mediterranean site. Such a system presents a yearly mean efficiency of about 55.5% and 53.0% and the annual mean of daily productivities
are 4.98 kWh and 4.75 kWh for, respectively, high thermal stratified tank and fully mixed tank.

These results show that a stratified tank has much higher performances than a fully mixed tank. With high degree of stratification saving
energy is higher (5.25% over one year of use) than fully mixed tank. The use of polymer materials reduces the collector weight by 50% in
comparison with a traditional metal collector, what implies an easier installation.
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1. Introduction meet 50% of demand and the remaining 15% are brought
to Corsica from Italy via the SACO electrical cable.

Solar water heating systems have reached technical ma- This particularly character also induces a great gap
turity and are used in many countries. After the first oil cri- between the production and distribution cost of electricity
sis in 1973, the strategies used by industrialised and devel-(identical in all over the French territory, 0.1€2kWh=1)
oping countries to reduce their oil dependence have beenagainst 0.12€-kwh~! duty-free. So, each kWh sold in
numerous. A diversification of energy import, a structural Corsica increases the deficit of the French utility EDF
change of the large domestic product (industrial develop- (56 M€ deficit for a turnover of 105 ME). To reduce
ment of activities using a low energy expenditure) or an s geficit, EDF favours in Corsica and in French overseas

increase of the national supply have been the essential Meaggjtories (with the same EDF deficit) actions to reduce
sures taken by the countries with various degree of impor- electricity consumption.

tance. . .
. . . In this context, since the early 80s, the French Agency for
The island character of Corsica in Mediterranean sea Environment and Energy Management (ADEME) and the

(particularly the fact that this island is not connected to Corsi Territorial Collectivity h ol q
the French continental electrical grid) caused this region orsican Territorial Collectivity have implemented a com-

to opt for an energy sources diversification [1]. Natural mon policy consistipg of financ_ial aids for the development
resources of hydroelectric energyprovide about 30% of the of renewable energies and actions to control and reduce en-

island electrical’s demand, two fuel thermal power plants €rgy cost.
This policy of aids (FCME) allows to develop the thermal

_ solar energy in individual and collective applications. Today,
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Nomenclature
A surfacearea. ...l m o Boltzmann
bo numerical constant constant.......... (5.66910~8 W.m~2.K—4)
B collector control function T transmittance
CC  thermalcapacity..................... W v VOIUME ..o 3m
C specific heat capacity ............ kg 1K1 Subscripts
D hydraulic diameter........................ m o )
DT temperature difference; Ty — Tye ... . . .. K a inside air
DT1  temperature difference; oy — Tif .... ... K ae outside air
e thickNess ..o, m P beam
E energy gain by the fluid .. .............. kwh ¢© collector
G total solar radiationig = 45°) ........ Wm—2 cd conductive
h heat transfer coefficient ......... 2K L cv convective
I instantaneous incident solar radiation on the d diffuse
horizontalplane..................... W2 dp dew point
K incidence angle modifier eb effective beam
L lenght... ... m e&d effective diffuse
1 collector mass flow rate . ........... lgtm2 € effective ground
M material or fluid weight................... kg f fluid
Pr Prandtl number g ground
q heat carried by the heater fluid............. w i node (variables denoting certain parts of the
r FeSIStANCE. . ...t Wt . system)
R geometric factor IS0 insulation _ _
Re Reynolds number j node (variables denoting certain parts of the
S solar energy absorptionrate .......... T2 system)
t tme ... s ! inlet fluid in the tank from load
T temperature ... K m mean
U heat loss coefficient............. WK1 n normal
v windspeed ..., -snt P absorber
pb bottom half of the absorber
Greek letters pt top half of the absorber
o absorptivity r radiative
B inclination of the collector ................ ° S tank
e emissivity sky sky
A internodespacing.............ooiiiiian.. m wl fluid in pipecollector-tank
¢ potential sourcesorwells................. W w2 fluid in pipetank-collector
n instantaneous or Daily mean of efficiency... % 0 total incident at the horizontal plane
A thermal conductivity ............ wh—2.K-1 1 inlet fluid in the collector from the tank
0 incidenceangle .........................% 2 outlet fluid from collector
P density.........iiii i kg3 22 inlet fluid in the tank from collector

and more generally in France shows that a real environmen-2. Literaturereview
tal policy and more competitive prices of installations are
necessary for a more extensive use of these systems. 2.1. Choice of the collector configuration
In such way, we developed a copolymer solar collector
whose thermal behaviour has been modeled and optimised  \/45ious researches, developments and demonstration

using a finite difference model [2]. works on large-scale low cost plastic bag solar collectors

In this paper, we analyse more accurately the influence of haye heen realised since the seventies [3-5]. The system con-
the flow rate and consequently the stratification degree of thesisted in a plastic film water bag which rested on layer of
tank on the water heating system performances. The interesthermal insulation. In 1997, Tsilingiris [6] proposed a solar
of this study resides in the approach used to model the tankcollector based on the same principle but including a collec-
and in the analyses of the number of the nodes used on theaor enclosure made with hard structural thermal insulation
gained energy. material.
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Solar domestic hot water (SDHW) heaters are widely 2.2. Choice of the low flow SDHW design

used today for collection of low temperature solar thermal
energy. This type of collectors have been the subject of
numerous studies and developments since 1950. Bliss [7]
and Willier [8], Hottel and Willier [9] studied for the first

Low flow SDHW systems differ from traditional SDHW

system by having low volume flow rates in the solar

time these solar collectors through the first thermal analysescollector loop of the systems. This configuration has several
for a parallel tubes collectors which served as a basis for advantages comparing with a traditional operation (high

many further developments.

An empirical equation to calculated the top heat loss coef-
ficient from the collector plate was developed by Klein [10]
following the basic procedure of Hottel and Woertz [11].

Hottel [9], Willier [8] and Bliss [7] elaborated relation-
ships available for most collector designs (tube and sheet
case) using an appropriate form of the collector efficiency
factor.

Matrawy and Farkas [12] compared a two parallel plate
collectors (TPPC), with respectively a parallel tubes collec-
tors (PTC) and a serpentine tube collectors (STC). Under
the same ambient and performance conditions, efficiency of
the TPPC is respectively 6% and 10% greater than STC and
PTC efficiency.

The authors explain performance of the TPPC by the
uniform temperature distribution over the absorbed plate
surface and the uniform distribution of the working fluid
between the two plates. However, this comparison study has
been performed for a plate thermal conductivity of different
collectors equal to 211 Wwh~1.K~1 corresponding to the
use of expensive materials, for a configuration STC and a
distance between tubes of 0.167 m.

The use of a polymer absorber has been studied by

flow) at various levels:

— Thermal stratification:Using low flow operation re-
sults in an increased outlet temperature from the so-
lar collector and consequently induces a higher degree
of thermal stratification inside the heat storage; More-
over, the temperature at the top of the storage will be
closer to the desired load temperature. Therefore, the
auxiliary energy consumption will be decreased which
increases the solar fraction. Further, with highly strat-
ified heat storage the return temperature to the solar
collector will be lowered and the working periods for
the solar collector will be longer, which implies in an
increased output energy from the solar collector [14,
15].

— Piping in the solar collector loopWith low flow sys-
tems it is possible to use smaller pipes, in this way at
first less material is used for pipes and insulation and
secondly the heat losses are reduced.

— Pump:The energy consumption of the circulation pump
is decreased.

The design of low flow SDHW systems varies from one

Van Nierkerk et al. [13] with the aim of evaluating the country to another, which is due to differences in [16]:

performances of parallel tubes collectors in south of Africa.
The variation of geometrical variables such as tube diameter,
tube spacing and pitch have been studied for optimising the
collector performances. Van Nierkerk et al. [13] concluded
that the best configuration is obtained for an inter tube
spacing equal to zero. It appears that the configuration of the
flat plate collector is the most important parameter which
affects collector performance.

We propose in this paper to study the collector configura-

e Regulatory issues concerning hot water systems;

¢ Design of conventional hot water systems;

e Available conventional energy sources and energy
prices;

e Local conditions and traditions;

e Hot water consumption and patterns;

e The climate variations from one country to another.

tion which presents the highest performance similar to what The Canadian and North American low flow SDHW systems

proposed Hottel [9], Willier [8] and Bliss [7] and Matrawy
and Farkas [12] but which differs mainly:

are normally based on pre-heating tank and an auxiliary
tank.

In northern of Europe, low flow systems are often based

— in the choice of the low conductivity material used with  on vertical mantle tank. The heat exchange between the solar

the aim of having a solar collector which is corrosion collector fluid and the consumption water takes place in the
resistant and not prone to scaling, of decreasing its mantle.

weight and cost price;

In central Europe, to obtain a very good stratification, a

— in its rectangular flow passageways conception in order manifold diffuser is often used but this type of system is

to increase its toughness;

very expensive also compared to the increased performance

— in the calculation, heat capacities of the various compo- injtiated by the fine thermal stratification. However, in order
nents are taken into account and allows to make dynam-to study the influence of thermal stratification in the tank, we

ical simulation of system behaviour.

will opt for this last configuration.
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3. Description of the solar system The absorber-exchanger, made of copolymer material,
must satisfy the following constraints: UV protected, high
We consider a classical solar water heating installation thermal conductivity, water-resistant and glycol-resistant
with a flat-plate solar collector and a water tank for storage (anti-freezing solution), good thermal range of utilisation
as shown in Fig. 1. A bypass is required which is controlled (—10°C < 150°C), a good mechanical strength and to be
by a differential controller turning on the inlet fluid in chemically stable.

the tank when the temperatuf®ys is greater than the Various anti-UV treated copolymers such as polycarbpn-
temperature of the fluid in the tanks; corresponding to  &t€, polyphenylen ether or methyl polymethacrylate satisfy
the lowest temperature (at the bottom of the tank)T all these criteria. However, for our study, we selected the
is lower thanTs;, the fluid return to the collector [17]. anti-UV treated polycarbonate which is the cheapest poly-

The studied flat plate water collector is composed of a mer and which satisfies chemical, mechanical and thermal

transparent cover and an absorber-exchanger which transconstraints. All the properties of this copolymer are sum-
form the solar radiation to heat. This “absorber-exchanger” marised in Table 1. We chose a single glass cover plate with

has back and side insulations (in expanded polyurethane & thickness equal to 4 mm.

piso = 80 kgm—2, Aiso = 0.022 Wm~1.K~1), which is in-

serted in the body of the collector which allows a good 4 Theoretical analysis: Equationsand resolution

mechanical behaviour of the collector structure as shown

in Fig. 2. We present a model of finite differences which includes
The fluid is distributed uniformly under the surface of the the essential thermal transfers. This model is composed of a

absorber. The water flows are parallel. A header pipe sup-serial assembling of many elementary models. Each model

plies each pipe and another one collects the warm fluid. Theis based on a nodal discretisation of a collector section and

pipes are connected to the system users as shown in Fig. 1. of the storage circuit.

Water Outlet

T. T.
2f 22f Hot Water Outlet

Flat-Plate Collector —eeee O [ [ \
| ]
<7 i
i

» Manifold
o diffuser

Pump Storage Tank

° of Hot Water
!
Bypass Controller : : !

| AT | -
D i
- T 5,10
= Q) 6 D—
Water Inlet [j \ ) Cold Water Inlet
T]f
Expansion Tank
Fig. 1. Layout of the solar system installation.
Thickness of cover (equal to 4 mm)
Length (equal to 1 m) /
< v >
I Height H
Insulation thickness e
fluid layer thickness Thickness of the body
T T ] (equal to 2 mm)
Gap (equal to Icm) Thickness (equal to 1 mm)

Fig. 2. Transversal section of the polymer collector. Schematic section of the pipes (in the flow direction).
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Table 1
Properties of polycarbonate

459

Properties Units Polycarbonate copolymer
Physical
Density kgm—3 1.18
Water absorption % 0.15
Rate of cristallinity % 0
Mechanical
Breaking constraint MPa 65
Breaking elongation % 7
Traction module MPa 2250
Thermal
Vitreous transition () °C 150
Casting shrinkage % 0.7-0.9
Thermal conductivity wi—1.k-1 0.7-0.85

Advantages

Good mechanical properties, good
dimensional stability, even in humid
atmosphere, large range of using temperature
(—80°C, +135°C)

4.1. Presentation of the collector: Model and assumptions

The simulation is done by dividing the transversal section
collector into six isothermal regions: the glass cover (G),
the air layer (A), the top half of the absorber (P1), the
water layer (F), the bottom half of the absorber (P2) and the
insulation (1); therefore, we propose to dividing the length
collector into ten sectiongi in order to take into account
the temperature distribution of the working fluid inside the
collector.

This model also takes into account the following input
physical parameters:

diffuse and direct solar irradiancégand Ip;
temperature of the ambient outside Aig,

temperature of the inside &} of the house;

air velocity in front of the collectoV ;

sky temperaturelsky calculated from the following
equation [18]:

250 @)

T4p: the dew point temperature.

Tap- 273144

A detailed description of these regions is shown in Fig. 3

and in Fig. 4. A heat balance is done for each region. These
equations are elaborated from a model based on an elec
trical analogy where temperatures, flows, flow sources and
imposed temperatures are respectively analogous to potenUl“ _ Ui xU;
tials, currents, current generators and voltage generators. U+ Uj

The model is based on the following assumptions:

— the thermo-physical properties in solids and fluids are
constant;

— the conductive transfers are neglected compared to the

convective and radiative exchanges in the fluid layer;

— in the water layer of the collector, the conductive and
radiative transfers are neglected with regard to the
convective ones;

— the radiative transfers are neglected compared to the
convective ones on the bottom face of the collector.

4.1.1. Global equations
For each node, according to the Kirchoff’s law:

CC'dTi
"dr

=) Uii(Tj—T)+¢ 2)
J
Whereg is the solar irradiance incident on the glass or on the
top half of the absorber depending on the considered node.
The capacitie€C; come from the term of power varia-

tion M; C; % from the balance equation for the mesh peint
CCi =M;C; = piCiv; (3

The conductive term from the discretisation of the term

Ai A % is expressed according to the Fourier’s law by:
1
Uij = Ai A A_zj (4)

WhereA;; is the inter node spacing.

ConcerningJ;;, if the material of the mesh points dif-
ferent from the material of the mesh pojhthe conductivity
is expressed like two serial electrical resistances. If we as-
sume a good contact between these two materials, we have:

()
The convective term is given by the Newton’s law
hA;j
The radiative exchange term is given by
oeioj AR (T} — T7) (6)
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|j Conductive Exchange

J
e T
]
4 —
T 5—‘ k=10 <|5 Variable Thermal Radiative Exchange
s & J; Tae = potential
N J L . .
e - Specific % Convective Exchange
,% heat
k=1
Fig. 3. Topologic diagram of the polymer collector.
Fig. 4. Transversal section of the polymer absorber-exchanger.
where the different surfaces are considered as grey. Tcopr1— Teap
When the temperature differend® — T; is relatively k k
small, the previous expression can be linearized to: =2Tfar1—4) Tfj+4) Tfr1— 2Ty (9)
=1 =1
4oeiajAiRij (T — T)) Ty ;i (7 ! !
Teo —Tex—1
The radiative conductivity is then expressed by: k k
=2Tfu—4) Thi1+4) Tfrj_o+ 2Ty (10)
Urij = GSiajA,'Rij(sz—i-]}z)(Tj‘i‘E') ; ;
= dociajA;R;j Trﬁ,,-j (8) with T f; the average temperature in each secficof the

Lastly, the fluid transport is introduced into Eq. (2) by the collector & < [1, 10)):

factorUs(T; — T;) whereUt = rircC . Th = (Tcg41+ Tex) (11)
More particularly, in the collector the fluid transport is 2

introduced byUs(T cx+1 — Tck). The different expressions  The natural and forced convective coefficients and the con-

of temperature difference are given by figuration factors are estimated from classical correlations.



C. Cristofari et al. / International Journal of Thermal Sciences 42 (2003) 455-469 461

The following relation [19] describes the convective 6gpis the incidence angle of the beam solar radiation and the
thermal exchanges inside the collector pipes, for the laminar numerical constarity = —0.1 is for single glazed collectors.

flow regime: For the sky and ground diffuse radiation, this coefficient

S D 1/3 is given as a function of the diffuse radiation equivalent sky
ht = 5*1.607(—Re Pr) for Re< 2300 (12)  andground incidence angles:

C
1
The convective transfer coefficient on the outside collector Ka=1+ bo(cos@ - 1) 17)
surface is related to the wind spe€dy the relation [20]: 1 ed
Ky=1+4+b -1 18

he=7.0+21V (13) 9=+ O(coseeg ) (18)

Among all the elements taken into account in the total The equivalent sky and ground incidence angles for dif-
coefficients of the thermal transfer, two terms allow to fuse radiation are given as a function of the collector field

justify the choice of a collector with an absorber using tilt angle and calculated according to Duffie and Beck-
polymer material. The first one depends on the conductivity man [23]:

of the layer crossed by the thermal flux, and the second
one depends on the convective transfer coefficient betweerfed= 59.68— 0.13888 + 0.001497° (19)
the surface which is in contact with the fluid and the fluid geq = 90— 0.57883 + 0.0026932 (20)
itself. But, the first is much greater than the second. Thus,
we propose an ‘absorber-exchanger’ in copolymer material,
poor heat conductor, but which can be used with a low
thickness.

with the inclination of the collectog = 45° and the ground
albedo pg = 0.2 for our site. The normal transmittance-
absorbance is fixed at 0.80.

4.1.2. Meteorological data and solar energy absorption 4.2. Presentation of the tank: Model and assumptions

assumptions

The results presented are determined from real me-
teorological data collected in our laboratory situated at
Ajaccio, a seaside Mediterranean site (Latitudé5&IN,
Longitude 848). In this site, we have a complete mete-
orological station, where the direct normal and the global
horizontal and tilted (3Q 45° and 60) irradiances are re-
spectively measured by an Eppley NIP pyrheliometer and a
Kipp and Zonen (CM5) pyranometer. The standardisation of
such instruments is maintained by the French meteorological
organisation Meteo France. Other parameters such as am:
bient temperature, pressure, relative humidity, wind speed
and direction are also recorded. The data are collected ever
minute and recorded. The diffuse radiation is not measured
but can be obtained easily from the following:

Water tank may operate with significant degrees of
stratification with the top of the tank hotter than the bottom.
In our case, the tank will be modeled in sections {
nodes), [23] with energy balances written for each section
of the tank.

To formulate these equations, we make assumptions
about how the water entering the tank is distributed to the
various nodes.

The water from the collector and from the load enter
respectly at a temperatu®ys and 7;. It can be assumed
that all water finds its way down inside the tank from node 1
to nodei, where its density is nearly equal to the density of
¥he water in the tank corresponding to the ned€o obtain
'this configuration, we use a manifold diffuser (Fig. 1) [16].

A collector control functionB’ can be defined to deter-
Iy=1-1 (14) mine which node receives collector return water:

where Iy, I and I are respectively the diffuse, total and 1 Wi=1andTyf> Ts;

beam solar irradiance. We supposed that the collector facedB, 1 i Tsi1 > To2p > Ts; 21)
to the south and 4&ilted [17]. 0 ifi=0o0ri=N+i
The calculation of the abso_rbed solar |rrad|arﬁ:as__ 0 otherwise
bfa_sedzgr? the ASHRAE convention [21] and used by Tsilin- The i branches of the collector return water are controlled
giris [22]: by this collector return control function as shown in Fig. 5.
1+ cosp The liquid returning from the load can be controlled in a
§ = (@a)n| RoloKp + l4Kd— similar manner with a load return control functié.
1-cos 1 ifi=NandT; <Tsy
+(1b+1d)/0gKgT'3> (15) i
B — 1 if Tsi—12T > Ts; (22)
the incidence angle modifier for the direct component of : 0 ifi=0o0ri=N+1
solar radiation is given by: 0 otherwise
The net flow between nodes can be either up or down
Kp= 1+bo(coseeb - ) (16) depending upon the magnitudes of the collector and load
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to load
Tzz,f Tvl
. g
from collector B me — >
Tv,l Bl ml
1 2 3 4 5 6 7 8 9 i
B, mc l T (B +B; +B) +B; +B; +B; +B; +B; +..+B;)m|
2, <—| 2,
Bc me Tv,l Bl m
1 5 3 4 5 6 7 8 9 i
(Bc*Bc)”’Cl T (B +B; +B; +B; +B; +B; +B; +..+B;)mi
3 < 3
B, me Tm < By mi
1 T T 1
1 1 1 I
1 1 1 I
1 1 1 1
8’ 8’
Bc me > ng < By mj
1 2 4 ) 9 i
(BC+BC+BS+B(,+B:+B§+BZ+B§)mCl T (B +..+B;)m|
9’ 9 "
BC me }—b Ts,‘) < B/ mj
12 3 4 5 6 7 8 -1 | P i
(Bo +B; +B, +B, +B, +B; +B, +B, +..+ B, )me | : 31’”’1 !
A
B, mc W
< ¢ Ts,i - fE
B[ mj
T T,

s\

to collector from load

Fig. 5.i nodes stratified liquid storage tank.

flow rates and the values of the two control functions at any evening demand for which the hot water is totally used from
particular instant. It is convenient to define a mixed flow rate 18 hours.
that represents the net flow into noddérom nodei — 1,

excluding the effects of flow, if any, directly into the node 4.3. Connection pipes

from load
mm1=0 Modeling the connection pipes with insulatian£ 3 cm)
i1 N is simplified by considering the energy balance as a whole
Hitm.i =rthBé — iy Z sz (23) for the liquid returning from the load and returning from
’ j=1 j=i+1 the collector. The temperature developments in the pipe
fitm va1 = 0 connections are assumed linear. Thus, the energy balance
i mE ] . can be described as:
With control functions defined above, an energy balance on dT.
nodei can be expressed as: chd—\;ﬂ = mcCs(T22f — T2f) + UpLwae(Tae — Tw1)
0iCiv; d7s, + UpLwa(Ta— Tw1) (25)
dr dTw2
=Us(Ta— Ts;) + BémcCi(Tzzf —Ts;) LCt d\;v = mcCi(T1f — Tsi) + UpLwae(Tae — Tw2)
+ B;mlCi(Y} —Ts.i) + UpLwa(Ta — Tw2) (26)
{ mm,;Ci(Tsi—1— Ts;) if ;>0 (24) L = Lwae+ Lwa (27)
mm,i+1Ci(Tsi — Tsi+1)  if mmit1 <0

We supposed a pipe lengthyae = Lwa = 1.5 m correspond-
where a termUs(Ty — Ts;) has been added to take into ing respectively to the part of pipe outside and inside the
account the heat losses from noddo the environment  house.
(house) at the temperatuig assumed constant and equal
to 20°C. 4.4. Method of solution

This model is based on the following assumption: the
conductive transfers of the manifold diffuser is neglected  All the energy balances can be written in the guise of a
compared to thermal exchange of mixed flow. differential matrix equation:

The various simulations have been developed for a d7 (1)

normalised water consumption profile corresponding to an [C] p [MIT (1) + [STE (1) (28)
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T() is a vector containing system temperatures at the hypothesis for the low flow but becomes more realistic for
62+ i nodes (., Ty, Tpt, » Tt,» Tpb, » Tiso.» Twi, Twz, Tsi) Of high flow as seen in Fig. 6 where the gained energy is
the mesh,[C] is a diagonal matrix (dimension: 62 i) identical whatever the number of nodes is.
with all the values of the thermal capacities of the ma-  As a matter of fact, even with only one orifice, using low
terial, [M] is a squared matrix (dimension: &2i, with flow rate results in a thermal stratification.
i =1,3,6,10,15) with all the heat exchange coefficients We note that the modeling with 10 and 15 nodes conduces
between the elements of the megl§] is a matrix (di- to the same results: so it seems to be not necessary to use
mension: (62 + i) x 5) which joins together the 5 input more than 10 nodes and so, no more than 10 orifices, to
ghysical parameters (or excitations) expressed by the vectorstudy the behaviour of this solar domestic hot water. In the
E(t)(Ip, 14, Tae Ta, Tsky) and 624 i elements of the mesh.  following of this article all the presented results will be
By solving the equations of this analogical model, we get computed with a ten nodes model for the tank and so with a
directly the expression of the temperature for each nodes ofmanifold diffuser with ten orifices.
the model in function to the input parameters. This equation
system is solved by the Runge Kutta Merson’s method (or- 5.2. Influence of the flow rate
der 4).
Using low flow operation results in an increased outlet
temperature from the solar collector and a higher degree of
5. Resultsand discussion thermal stratification inside the heat storage. We note that
a stratified tank has much higher performance than a fully
The sizing must respond to the needs of hot water for 3 mixed tank.
inhabitants in a Mediterranean site. Thus, we considered a The Fig. 6 show that the mixing caused by a high flow rate
collector with a surface of 2 fa storage tank of 150 litres.  begin for about 30 kgn—2.s~1 because from this flow rate
All the temperatures of the incoming water in the tank value the results obtained with 1 and 10 nodes are similar.
are summarised in Table 2. The simulations have been For a stratificated tank, it appears an optimal flow rate
performed with one year of real weather data. It is assumedequal to 2.65.0~2 kg:-m~2.s71 (i.e., 0.12 tank volume per
that, in the early morning, the water inside the collector and hour) which maximize energy saving.
all the parts of the collector follow the ambient temperature ~ With this flow rate conducing to a stratificated tank, the
and the temperature of the water inside the tank are given ingained energy is 5.25% higher than a fully mixed tank. These
Table 2. results are close to results obtained by Furbo [14] in testing
To take into account in the modeling the degree of tank low flow solar heating.
stratification, it is necessary to divide the tank in a given  Thus, the value of flow rate equal t0.6B x 103
number of nodes. Obviously, if the tank is fully mixed, the kg-m~2.s~! seems to be adequate for our solar collector.
temperature at these various i nodes will be the same oneThis optimal value of the flow rate is used to determine the
whatever the number orifices of the manifold diffuser is. collected solar thermal energy and the daily mean of the
More the degree of stratification is high, more the number efficiency over one year of use.
i of nodes (and so orifices) will have to be high. Thus,
we want to determine the optimal number of nodes needed5.3. Daily dynamical evolution of fluid temperatures and
to maximise correctly the performances of the low flow efficiency
SDHW. In a second time, we will calculate the optimum flow
rate allowing a maximum production of thermal energy. For a given geometrical configuration, for a given running
mode (insulating thicknesg = 2 cm, flow ratem. =
5.1. Influence of the number of nodes used to model the  2.651073 kg-m~—2.s~1, fluid layer thickness equal to 1cm,
tank [2]) and for a stratified tank (10 nodes), we show in Figs. 7
and 8 the daily evolution of the efficiency, the temperature of
Fig. 6 show the influence of the number of nodes on the the output collector fluid and the temperature of the storage
gained energy calculated on one year of data. tank fluid for a summer day (August 25) and for a winter day
We modeled the tank using respectively 1, 3, 6, 10 (February 28).
and 15 nodes corresponding to the orifices number of the The daily mean efficiency is given by the following
manifold diffuser. According to the number of nodes, the relation [23]:

calculated performances are different. More the flow rate is

- e cl > af
low, more the degree of stratification in the tank is important. 7day = A sunset; (29)
So, in order to take into account this stratification, the Cfsunrise](t) g

tank must be modeled with a sufficient number of nodes  The simulation based on the August 25, shows that the
and consequently the manifold diffuser must have sufficient important radiation (daily peak greater than 700nwW2)

number of orifices. In fact, using only one node correspond allows a constant energy supply during all the day to the
to a homogenous temperature in the tank which is a wrong storage tank from the collector. The Fig. 8 presents a variable
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Table 2
Average temperature of the incoming water in the tank
Ajaccio
41°55
January February March April May June
10°C 10°C 11°C 14°C 16°C 18°C
July August September October November December
19°C 20°C 18°C 16°C 14°C 11°C
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850.00 — —i
750.00
E
Z
% 650.00
2
=
—¥— Stratified tank- 15 nodes
550.00 1 4 Stratified tank- 10 nodes
—¥— Stratified tank- 6 nodes
—@— Stratified tank- 3 nodes
—&— Fully mixed tank- 1 node
450.00
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= (kg /sqg .ms) .

Fig. 6. Gained energy versus the flow rate of the fluid (with a thickness of insutatbom).

Total Solar Irradiance (W/sq.m.)

Temperature (°C)
Efficiency (%)

Fig. 7. Evolution of the efficiency and storage fluid temperature (August 25).
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Fig. 8. Evolution of the efficiency and storage fluid temperature (February 28).

Volume (I) (node i) / 150 (Ts1)

135 (Ts2)

120 (Ts3)

105 (Ts4)

90 (TsS)

75 (Ts6)

60 (Ts7)

45 (Ts8)

30 (Ts9)

B
T t °C
\ say 2 emperature (°C)
| | |

T T T

20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00

Fig. 9. Temperature profile in tank (August 25).

radiation due to cloud passages. We note a gain of energy7s 10) = 21.0°C), and with 71% and 61.5% respectively of
in the storage fluid during the first half of the day. The mean collector efficiencies, with a wind speed taken equal to
water stays in the collector when the regulation is on, 0 ms™1.

then the fluid temperature comes closer to the outdoor air We see in Fig. 11 the temperature profile in the collector
temperature. computed from simulations.

We note in Figs. 9 and 10 the temperature profiles in  Fig. 12 illustrates for a summer day (august 25) the
the tank for a summer day and a winter day; the final temperature difference between outlet and inlet fluid of
average temperatures in the storage tank are respectivelyhe collector. It varies in the range fronfO to 7°C for
about 480°C (degree of stratification max{1 — 7s 10) = fully mixed tank and in the range from°C to 40°C for
19.5°C) and 297°C (degree of stratification maxi{; — high thermal stratified tank. Using low flow operation, we
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Fig. 10. Temperature profile in tank (February 28).
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Fig. 11. Temperature profile in the collector.

note a working period for the solar collector longer than a  Consequently, this low flow rate induces a thermal
conventional flow operation where temperature difference is stratification of the tank which increase and maximise
about ®C during the last 2 hours and 30 minutes of the day. €nergy saving (Fig. 6).

Using low flow operation results in a decreased outlet
temperature from the tank, a decreased of the annual mean o?'4' Performance of the system
temperature solar collector (evenif we note anincreased out-  The flow rate has an important influence on the per-
let temperature from the solar collector) and so a decreasedormances of the solar system. We studied this influence
of DT and consequently a higher instantaneous efficiency of in calculating the average efficiency of the collector dur-
the system (Fig. 13). ing five minutes (for a high thermal stratified tank =
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Fig. 12. Temperature evolution of outlet and inlet fluid of the collector for stratified tank and fully mixed tank.
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Fig. 13. Instantaneous efficiency versus the ration “DT/G” for fully mixed tank and stratified tank.
2.65 x 1073 kg-m~2.s71 and for a fully mixed tankic = when we used low flow operation, and so with high strat-
30x 103 kg-m—2.s71). ified tank, the working periods for the solar collector will

For two particular days (winter and summer), the Fig. 13 be longer, which results in an increased nots in higher effi-
illustrates the effect of the flow rate on the response of ciency.
the collector efficiency. This study has been performed on  Equations of the straight lines (calculated by linear
365 days, we note a linear response of the efficiency [23] regression method on the basis of about 45000 points,
according to the flow operation: i.e., 365 days) are respectively for fully mixed tank and
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Fig. 14. Monthly mean temperature of the storage fluid for fully mixed tank and stratified tank.

Table 3
Daily mean energy and efficiency for fully mixed tank and stratified tank for each season
Seasons  Mean temperature  Daily mean solar energy Stratified tank (10 nodes) Mixed tank
(kwWh) (B =45°)
Daily mean Daily mean Daily mean Daily mean
energy collected efficiency energy collected efficiency
(kwh) (%) (kwh) (%)
Winter 96 6 306 50 288 48
Spring 162 1179 648 55 625 53
Summer 2% 1251 7.63 61 738 59
Autumn 138 4.78 272 56 248 52

high stratified tank:y = —0.41DT/G + 79.73 andn =
—0.44DT/G + 77.82.

Daily evolution of the available solar energy
For a solar collector with a surface of Znfrom Table 3,

radiative conditions. We chose a copolymer material for
the ‘absorber-exchanger’ satisfying chemical, thermal and
mechanical constraints: the polycarbonat.

We developed a nodal model for the solar water heating
installation and studied the influence the flow rate and ther-

the annual mean of daily efficiencies are 55.5% and 53.0% mal stratification tank. The optimised system has an insula-

and the annual mean of daily productivities are 4.98 kWh
and 4.75 kWh, respectively, for fully mixed tank and high
stratified tank.

Fig. 14 illustrates during a year the evolution of monthly
mean temperature of the storage fluid for fully mixed

tion of 2 cm, a thickness of 1 cm for fluid layer and works
with a collector flow rate of 5 x 102 kg-m—2-s~1. Such

a system presents a yearly mean efficiency of about 55.5%
and 53.0% and the annual mean of daily productivities are
4.98 kWh and 4.75 kWh respectively for fully mixed tank

tank and high thermal stratified tank. These monthly mean and high thermal stratified tank.

temperatures vary in a range from.29C to 697°C for
fully mixed tank and in a range from 2I°C to 712°C for
high thermal stratified tank.

6. Conclusion

In this paper, we illustrated the thermal behaviour of
a solar collector using a copolymer material in regard to

The results show that ten orifices for the manifold diffuser
are enough to have a high stratified tank and a stratified tank
has much higher performance than a fully mixed tank. With
high degree of stratification saving energy is higher (5.25%
over one year of use) than fully mixed tank.

The utilisation of a copolymer for the total design of the
solar collector has the advantage of reducing the weight by
more half in comparison with a traditional collector using
essentially metals with similar performances.
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