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Numerical Simulation of a Solar Domestic Hot Water System

L Mongibello®, N Bianco?, M Di Somma?, G Graditi*, V Naso?

' ENEA - ltalian National Agency for New Technologies, Energy and Sustainable
Economic Development, Portici RC — Napoli — Italy

% Dipartimento di Ingegneria Industriale (DIl) — Universita degli Studi Federico Il —
Napoli — Italy

Abstract. An innovative transient numerical model is presented for the simulation of a solar
Domestic Hot Water (DHW) system. The solar collectors have been simulated by using a zero-
dimensional analytical model. The temperature distributions in the heat transfer fluid and in the
water inside the tank have been evaluated by one-dimensional models. The reversion
elimination algorithm has been used to include the effects of natural convection among the
water layers at different heights in the tank on the thermal stratification. A finite difference
implicit scheme has been implemented to solve the energy conservation equation in the coil
heat exchanger, and the energy conservation equation in the tank has been solved by using the
finite difference Euler implicit scheme. Energy conservation equations for the solar DHW
components models have been coupled by means of a home-made implicit algorithm. Results
of the simulation performed using as input data the experimental values of the ambient
temperature and the solar irradiance in a summer day are presented and discussed.

1. Introduction
The production of Domestic Hot Water (DHW) by means of non-concentrating solar thermal
collectors is one of the most efficient and cost effective ways to utilize the solar energy.

In the last decades, several papers have focused on transient mathematical models of solar DHW
systems. Rodriguez-Hidalgo et al. [1] developed and validated experimentally a transient model in
order to achieve the design criteria of solar DHW systems under daily transient conditions. Dehghan et
al. [2] investigated numerically the transient performance of a solar DHW system including a vertical
storage tank with a mantle heat exchanger. Kenjo. §8Jainodeled the mantle tank of a solar DHW
system by using a zonal approach, and they validated the model with experimental tests.

Several transient models of the components of solar DHW systems have been proposed. Klein et al.
[4] studied numerically the effects of the thermal capacitance on the performance of a flat plate solar
collector. Rodriguez-Hidalgo et al. [5, 6] investigated the efficiency of a flat plate solar collector by
using a transient zero-dimensional mathematical model. Cadafalch [7] analysed different
configurations of a flat-plate solar collector using a one-dimensional transient numerical model.
Transient mathematical models for solar DHW systems were also proposed by Logie et al. [8] and
Chauvet et al. [9].

This paper is focused on the numerical simulation of a solar DHW system consisting of two flat
plate collectors connected in series, a vertical cylindrical water tank for the heat storage, and a caoill
heat exchanger immersed into the water tank. The performance of the system has been simulated using
a Matlab home-made code. The temperature distributions in the heat transfer fluid and in the water
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inside the tank have been evaluated by unsteady one-dimensional models. The reversion elimination
algorithm has been used to include the effects of natural convection among the water layers at
different heights in the tank on the thermal stratificatlarthe first part of the paper, the analytical
models, the numerical schemes and the algorithms used in the simulation are reported in detail. In the
second part, results of the simulation performed using as input data the measured values of the
ambient temperature and the solar irradiance in a summer day are presented and discussed.

2. Models of the solar DHW system components
Figure 1 shows the sketch of the investigated system.

2.1. Solar collector model

In the present study reference is made to a couple of commercial flat-plate solar collectors Vitosol 100
w2.5 by Viessmann Werke GmbH and Co ®GTable 1 reports their main data. The collectors were
assumed to be connected in series and installed in Portici (ltaly), due south, with a 30° inclination
above the horizontal. The wind velocity was assumed to be equal to zero and a solution of water and
propylene glycol (30%) was considered as the heat transfer fluid (HTF).

A zero-dimensional analytical model has been developed to evaluate the time-variable temperature
of the collectors components and the temperature of the HTF at the exit sections of the collectors.
Figure 2 shows a sketch of the collector cross section and the thermal circuit for the lumped-element
model that has been used to carry out the energy balances. The conductive thermal resistances of the
box aluminum back cover, the glass, the copper absorber plate were neglected, since they are
negligible compared with the insulation thermal resistance.

With reference to figure 2, the following correlations hold for each collector.

The energy balance on the collector insulation gives

d (Tins,coll)

Tabs - Tins,coll Tins,coll - Tbox _ A L 1
- - Cins,coll pins,coll ins,coll ~ins,coll dt ( )

Rins,coll Rins,coll

whereTas and Ty are the temperatures of the absorber plate and the box back cover, respectively;
Tinscall is the lumped temperature of the insulati@),s co11, Pinscotrs Lins,cous are the specific heat, the
density, the thickness of the insulation, respectivelyis the time; and the insulation thermal
resistance, R, IS given by

-1
Rins,coll = (Lins,coll/z)(Ains,coll kins,coll) (2)

Table 1. Collector data.

Collector width: 2.39 m; Collector length: 1.14 m
Absorber plate area: 2.50°'m

AT STORAGE Glass cover thickness: 4.01

TANK Inner air layer thickness: 28 m

Absorber sheet thickness (Cu): 26* m

Outer tube diameter (Cu): 1107 m

Inner tube diameter (Cu): 81@° m

SOLAR THERMAL
COLLECTORS

—— | Exciavorx Insulation thickness (mineral fiber): 510° m
@ Box back cover thickness (Al): 210° m
oo Glass emittance: 0.85; Glass transmittance: 0.90

Absorber plate emittance: 0.70
Figure 1. Sketch of the solar DHW system. Absorber plate absorptance: 0.94
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Figure 2. Cross section and thermal circuit of the collector.
with Ainscon the insulation section area;sky the insulation thermal conductivity.
The heat rate dissipated through the box back coyeis Q
-1
Qi = (Tpox — Tamb) (Rconv,d ) (3)

whereT,y, is the ambient air temperature and the convective thermal resistance at the box back cover
surface, Ry, IS given by

Rconv d — 1/( Abox conv, d) (4)

with Apx the area of the box back surface in contact with the aiﬁ@;;yqd the mean convective heat
transfer coefficient at the box back surface, evaluated as in [10].
Rint Qup = labs — Tglass (5)

whereQy, is the heat rate transferred by the absorber plate to the Glasss the temperature of the
glass and the thermal resistance of the enclosure between the absorber plate and the glRss cover,
accounts for the parallel contributions of radiation and convection in the enclosure

-1
mt (Rrad Lnt conv int (6)

The internal radiative thermal resistancgy R, assuming the surfaces to be grey, is given by

Rrad int — (1/€glass Eabs)[o- Aabs( glass abs)( glass + Tabs)]_1 (7)

whereeggass andeys are the emittancies of the glass and the absorber plate surfaces, respeasvely;
the Stephan-Boltzmann constang;sAs the absorber plate area.
The internal convective thermal resistancg.R:, is given by

Rconv,int = 1/( Agps Econv,int) (8)
whereh ony,ime iS the mean natural convective heat transfer coefficient in the enclosure
Econv,int = (mair kair) b1 (9)

with Nu,;, the mean Nusselt number evaluated using the Hollands et al. correlation,[1tte k
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thermal conductivity of the air; b the enclosure thickness.
The convective heat rate from the glass to the ambientgiy,£is given by

Qconv,up = (Tglass - Tamb)/Rconv,up (10)
where the convective thermal resistance at the glass cover sugfagg, iR given by
Rconv,up = 1/( Aabsﬁconv,up) (11)

with }_lcom,’up the mean convective heat transfer coefficient at the glass surface, evaluated as in [10].
The radiative heat rate from the glass to the ambiegt,iQgiven by

Rrad,ext Qraa = Tglass - Tsky 12)
with the external radiative thermal resistamgy ex¢
Rrad,ext = 1/[0 Eglass Aabs (T;lass + Tszky)(Tglass + Tsky)] (13)

where Ty is the “sky temperature” evaluated as in [12]
Toky = 0.0552 Topmp (14)

The radiative solar energy rate absorbed by the plaig,i€

Qabs = qabs Aabs (15)
where the fraction of the solar irradiance absorbed by the absorber plaie, q
Gaps =N G (16)

with G the solar irradiance measured on a due south 30° inclined surface a&he glass
transmittance (0.90) times the absorber plate absorptance (0.94), that is assumed to be constant.
The energy balance on the heat transfer fluid gives

d (THTF,avg)

Tabs - THTF,avg
———— — Vurr PurF Curr (THTF,out - THTF,in) = Purr CurF Vurr T 7)

Rtot,HTF

With Tyrr oue @ndTyrr i the time varying temperatures of the HTF in the outlet and inlet sections of
the collectorsTutraw = (Turrout + Thrr.in)/2: Vare, Pures Cures Ve, the volumetric flow rate, the
density, the specific heat and the volume of the HTF in the collectors, respectively.

The thermal resistance between the HTF flowing in the tube and the absorbeRplates, is
evaluated taking into account only the contribution of the convective resistance and neglecting the far
smaller conductive resistances in the tube and the absorber plate walls

Rtot,HTF = 1/(}_1tube Ai,tube) (18)

where 4 .. is the area of the inner surface of the tube apgl.hs the mean convective heat transfer
coefficient

Etube - (mtube kHTF) Di,tube_1 (19)

with kye the thermal conductivity of the HTB; wpe the inner diameter of the tub®i,,,. the mean
Nusselt number evaluated using the correlation for thermally fully developed laminar flow in ducts,
the Reynolds humber being lower than 2300.

The termVyrr pyrr CHTF(THTF,out - THTF,l-n) in equation (17) represents the heat rate delivered to
the coil heat exchanger Q..
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Each collector has circular distributor pipes, with a diameter of 222f1,0n the HTF entrance and
exit sections. Their contribution to the heat transfer from the absorber to the HTF was also considered.
The energy balances on the overall collector and on the glass give, respectively,

Qaps = Qup +0Qq+ Quseful + Z Vi pr ¢k (dTy/dt) (20)
k

Qup = Qconv,up + Qrad + Vglass pglass Cglass(dTglass/dt) (2 1)

with Vi, pi, ¢« andT the volume, the density, the specific heat and the temperature of each component
of the collector (absorber plate, back box cover, tube, air). The thermal capacitance of each component
in equation (20) has been modelled for each component of the collector. The reference temperatures
for the tube, the insulation and the air layer have been chosen equal to the absorber plate temperature,
the arithmetic mean of the absorber and the box back cover temperatures, and the arithmetic mean of
the absorber plate and the glass temperatures, respectively. The first order backward discretization of
the time derivative has been applied.

At each time-step, the system of equations (1, 3, 5, 10, 12, 15, 17, 20, 21) is solved implicitly. The
input temperature of the HTF at the inlet of the first collector is given by the coil heat exchanger
simulation, while the HTF temperature at the inlet of the second collector is assumed equal to the HTF
temperature at the outlet of the first collector. The model outputs are the time-variable temperatures of
all the collectors components and the time-variable HTF temperature at the exit of the collectors tubes.

2.2. Immersed coil heat exchanger model
A transient one-dimensional model has been developed for the evaluation of the temperature field in
the HTF flowing through the immersed coil heat exchanger. The data of the enameled crude steel coll
heat exchanger that has been considered in the present study are reported in Table 2.

The heat exchanger has been subdivided lintmthermal nodes, having the same volume. The
energy balance equation for titlenode is

v ATyrr, _ Tw tank — TurF,i
PHTF,i CHTF,i YHTF,i dc

R + PHTF,i CHTF,i VHTF,L' (THTFin,L' - THTFoum-) (22)
coil

wherepyrr; andcyrp; are the density and the specific heat of the HTF attthaode, respectively;
Vurr,; 1s the volume of théth node; T, is the time and space varying temperature of the water
inside the tankVyr;is the volumetric flow rate in thigh node;Tyrr,,; andTyrr,,,; are the time

varying HTF inlet and outlet temperatures at the boundaries ahthede, respectively;
The thermal resistance between the HTF in the coil heat exchanger and the water in thg taék, R

Rcoil = Rconv,icoil + Rconv,ewil + Rcond (23)
The internal convective thermal resistariégm,,_iw”, is given by
Rconv,icoil =1/ (Ai,coil Econv,icoil) (24)

Table 2. Immersed coil heat exchanger data.
Thermal conductivity  40.0 W/m K

Inner diameter 3.010%m
Outer diameter 3.4110°m
Helix diameter 44.010° m
Helix height 75.010%°m
Helix length 16.63 m

Helix outer area 1.76 M
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where A o IS the area of the internal surface of each node of the coiE@ggl_iwu is the mean
internal convective heat transfer coefficient

Econv,icoil = (micoil kHTF)/Di,coil (25)

with miwuthe mean Nusselt number, evaluated using the Gnielinski's correlation for a coiled tube
heat exchanger [13], an; .,; the inner diameter of the coil.
The external convective thermal resistarR;gm,,ewu, is given by

Rconv,ecoil = 1/(Ae,coil Econv,ecoil) (26)

where A, .,;; is the area of the external surface of each node of the coih@pgl, is the mean
external convective heat transfer coefficient

hconv,ecou = (mecoil kw,tank)/Decoil (27)

with De i1 the outer diameter of the coid, . the thermal conductivity of the water inside the tank
and mewu the mean Nusselt number evaluated with the Morgan’s correlation for natural convection
over horizontal cylinders [14].

The conductive thermal resistance of the coil has been neglected, since it is negligible compared
with the internal and external convective thermal resistances.

For each time-step and for each node, equation (22) is solved using the implicit Euler method. The
input for the numerical simulation of the HTF inside the coil are the HTF temperature at the inlet
section, that has been considered equal to the HTF temperature at the outlet of the second collector,
and the temperature distribution of the water inside the tank. The output of the model is the time-
variable HTF outlet temperature at each node.

2.3. Heat storage tank model
A vertical cylindrical heat storage tank has been considered in the present study. The inner tank
diameter is 0.58 m and its heightHg, = 1.5 m, with a 0.40 fnvolume. The thermal insulation
consists of a 50 mm thick polyurethane layer. The inlet section of the immersed coil heat exchanger is
located on the tank side wall, 0.75 m above the tank bottom, while the outlet section is at the tank
bottom. No water inlet or outlet and no auxiliary heaters have been simulated. Figure 3 shows the
temperature array used for the simulation of the storage tank.

The water is subdivided intd isothermal nodes, each representing an equal volume water layer.
The energy balance for tith node can be written as

dTw,j _ THTF - Tw,j Tw,j - Tamb

pw,j Cw,j Vw,j dt

+ Qcond - (28)

Rcoil Rtank
wherep,, ;, ¢y, j, Vy,j @andT,, ; are the density, the specific heat, the volume, and the temperature of
each water layer, respectivelij;r is the time and space varying temperature of the water inside the
coil; Qeng IS the conductive heat rate between jthelayer and the adjacent water layers, that is the
sum of the following two contributions

nDf  k nDf  k
Qcond = Zank WAttlmk (Tj—l _ T]) + ltank ~Wtank (T]_+1 _ T]) (29)

4 A

where Dnkis the inner tank diameter angis the distance between two adjacent nodes.
The thermal resistance of each layer of the tank Wall, was evaluated as

Rtank = Rconv,imnk + Rcondmnk + Rconv,emnk (30)



32nd UIT (Italian Union of Thermo-fluid-dynamics) Heat Transfer Conference IOP Publishing
Journal of Physics: Conference Series 547 (2014) 012015 doi:10.1088/1742-6596/547/1/012015

where the inner convective resistanRg,,,, ; ,is
7 - ‘ttank

1y Rconv'itank = 1/(Aitank Econv'itank) (31)

with 4;, .., the area of the inner lateral surface of each layer

and Econv,imnk the mean convective coefficient at the inner
tank wall, which was evaluated with the correlation for
natural convection on a vertical flat plate.

7> The conductive thermal resistance of the tank wall,

T = v R was evaluated as
1

H, lank

condegnk?

. Rcondtank = ln(rotank/ritank)/(z T kinstank Al) (32)
Figure 3. Temperatures array for i i
the heat storage tank simulation. Wherer,,,, andr; , are the outer and the inner radius of the

tank, respectively, ankl, s .qnx iS the thermal conductivity of the insulation. The tank thickness was
assumed to be equal to the insulation thickness, since the conductive thermal resistance of the tank
steel was neglected.

The convective thermal resistance at the external wall of the t%e’gank , is given by

Rconv,emnk = 1/(Aetank 71conv,etank) (33)

where 4., .. is the external lateral area of each layer of the tankTam,qv,emnk is the mean

convective heat transfer coefficient at the external wall of the tank, that was set equal té B.W/m

For each time-step, the system of energy balance equations (29) is solved using the implicit Euler
method. The empirical reversion-elimination algorithm [15, 16] was adopted, in order to account for
the effects of natural convection between the water layers at different heights in the thermal
stratification inside the tank. Indeed, at each time-step, should an unstable gradient arise, namely when
a node temperature becomes higher than the temperature of the adjacent above node, the mixing of the
fluid in the two layers occurs. The mixing process continues until the above layer is warmer than the
below mixed layers. Then, the algorithm goes bottom-down to allow layers to mix with the warmer
layers below. The input for the heat storage tank model are the ambient temperature and the HTF
temperatures.

2.4. Components coupling

The solar DHW system was simulated numerically by means of a Matlab home-made code. Heat

losses through the piping walls have been neglected. The system components were coupled with an
iterative approach. At each time step, the first collector is simulated by using as input temperature at

its inlet section the HTF temperature at the exit of the coil heat exchanger at the previous time-step.

Then, the second collector is simulated using as input temperature at its inlet section the updated value
of the HTF temperature at the first collector outlet. The coil heat exchanger is simulated using as input

temperature at its inlet section the HTF temperature at the exit section of the second collector, given

by the above described simulation of the collectors; the temperature distribution in the tank water is

that evaluated in the previous time step. Finally, the tank is simulated using the updated temperatures
of the HTF inside the coil heat exchanger. Then the process restarts from the collectors simulation

using the updated temperatures and goes on till convergence is attained.

3. Simulationsresults

The results of a one-day simulation of the solar DHW system are presented in the following,. The
input time-varying ambient temperature and solar irradiance, measured at the ENEA Portici RC, as a
function of the hours of the day are reported in figure 4. The HTF flow rate was set equal t0 6.0[10
m’/s and a 60 s time step was used. The initial temperatures of the collectors components were set



32nd UIT (Italian Union of Thermo-fluid-dynamics) Heat Transfer Conference IOP Publishing
Journal of Physics: Conference Series 547 (2014) 012015 doi:10.1088/1742-6596/547/1/012015

—sa— Total solar irradiance on 30° sloped plane
o— Ambient temperature

100" 2
& _ + g
£ 800 - 1 % =]
E 700 7 Q —_
< 600 - T8
8 500 - +24 €0
5 25 [ BET
g 200 %%@%; " 225
£ 100 - + 2138
E 0 T T T T T 20
3 0:00 2:24 4:48 7:12 9:36 12:0014:2416:4819:1221:36

Hour of day

Figure 4. Solar irradiance and ambient temperature vs. hour of the day.

equal to the ambient temperature at midnight, while the initial temperatures of the water in the tank
and of the HTF in the heat exchanger were chosen equal to 18°C, that is the average temperature of
mains water in July at Portici.

The HTF temperature in the heat exchanger inlet and outlet sections as well as the mean water tank
temperature as a function of the hour of the day are reported in figure 5. Since the heat losses through
the piping system have been neglected, the HTF temperature at the heat exchanger inlet coincides with
the HTF temperature in the second collector outlet section and the HTF temperature in the heat
exchanger outlet section is the same as the HTF temperature at the first collector inlet section.

As it was to be expected, the HTF and water temperatures undergo a strong increase after the
sunrise and, due to the thermal inertia of solar collectors, the maximum value of the HTF temperature
in the inlet section of the heat exchanger is attained at about 14.00. It is worth noticing that the
temperature of the HTF in the inlet section of the heat exchanger and the mean temperature of the
water tank become equal at about 18.00. Afterwards, till midnight, the HTF circulation is switched off
to avoid heat transfer from the heat storage tank to the solar collectors, and the HTF temperature in the
heat exchanger is assumed equal to the mean water temperature. The slight decrease in the mean water
temperature when there is not the HTF circulation is due to the heat losses through the tank walls.

Figure 6 shows the collectors components temperatures, the mean HTF temperature in the tube, and
the ambient temperature during the day. Before sunrise, the temperatures of the external components
of each collector, namely the box and the glass, are nearly equal to the ambient temperature. The

90 T T

/ I
—Teerb, . N

80 h

~
[=]

Temperature (°C)
N o @
(=) o Q

w
(=]

N
(=]

-
(=)

0
Hour of day

Figure5. HTF temperature in the heat exchanger inlet and outletsections and mean water tank
temperaturers. the hour of the day.
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Figure 6. Collectors components temperatures, mean HTF temperatures
in the tube, and ambient temperaturetvs hour of the day.

temperatures of the absorbers and of the heat transfer fluids are lower than the ambient temperature,
since the initial temperature of the tank water is lower than the ambient temperature, and also because
of the thermally resistive layers in the collectors. The above layers consist of the insulation and the air
gap that separate the tube and the absorber from the box and the glass, respectively. The hour at which
the HTF circulation switches off can be easily seen in figure 6, which points also out a strong decrease
in the temperature of the collector components due to the energy losses to the ambient.

The useful heat rate and the heat rate dissipated at the top and bottom sides of the collectors are
reported in figure 7. It can be noticed that the useful heat rate attains the maximum value at the same
time, when the solar irradiance is the maximum. Figure 5 showed that the HTF temperature in the inlet
section of the first collector becomes slightly higher than the outlet temperature in the second collector
at the switch-off time. This is the reason why the useful heat rate becomes negative at the switch-off
time, as shown in figure 7. Due to the larger heat losses from the second collector, the useful heat rate
is higher in first collector until 16.30. Afterwards the useful heat rate in the second collector becomes
slightly higher, due to the larger thermal energy stored in the absorber plate and pipes.

The collectors efficiency, that is the ratio of the collector useful heat rate to the solar irradiation on

1600 \ = T
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1400~ o AN 1
=~ Qup 17 collector 4 \
1200} |~ Qd 1% colector / AN .
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Figure 7. Collectors useful and dissipated heat rategheshour of the day.
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Figure 8. Collectors efficiency.

the collector, as a function of the hour of the day, is reported in figure 8. It can be noticed that for the
same reason, again at about 16.30 the efficiency of the second collector becomes higher than that of
the first collector.

4. Conclusions
The numerical simulation of a solar DHW system, made up by two flat plate solar collectors, a vertical
cylindrical water tank for the heat storage and an immersed coil heat exchanger, has been addressed.
Mathematical models and numerical schemes for each system component, described in the paper, were
implemented in a Matlab home-made code, allowing the numerical simulation of the system.

Results of the simulation performed using as input data the ambient temperature and the solar
irradiance at the ENEA Portici Research Center in a summer day were presented and discussed.
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