Milan Gojak

Associate Professor
University of Belgrade
Faculty of Mechanical Engineering

Filip Ljubinac
Mechanical design engineer

Pollino Cold Storage System
Belgrade

Milos Banjac
Full Professor

University of Belgrade
Faculty of Mechanical Engineering

1. INTRODUCTION

Simulation of Solar Water Heating
System

The paper presents a mathematical model of the solar water heating
system. The analyzed solar system consists of flat collectors, two water
storage tanks, outer heat-exchanger and a source of auxiliary energy. The
implemented model enables simulation of system operation and
determination of appropriate energy characteristics of the system and its
elements for different locations (climatic data), orientations of collectors,
thermal characteristics of system components, as well as different
dynamics of hot water consumption. Results of the simulation are
presented for the days of a typical meteorological year for Belgrade and
the daily profile of hot water consumption. The analysis of the energy
performances of the system is presented. The results obtained by
simulation were compared with the results obtained with the f-chart
method of calculation.
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The usage of energy from fossil fuels has many negative
effects on the environment, which has been talked about
in recent years in the professional community and in the
general public. Therefore, there is a recommendation, as
well as an obligation, to increase the contribution of
energy usage from renewable and ecologically clean
sources. In that sense, the usage of solar energy has a
number of advantages. From different uses, water
heating is one of the most favorable ways to use solar
energy (it uses at a location where there is a need, the
efficiency is higher than in other cases, the system is
simple). For these reasons, solar water heating is
widespread throughout the world. Solar systems for hot
water production should be optimally designed and
operated. The proper sizing of the components of a solar
system is a complex problem which includes predictable
(collector and other components performance charac—
teristics) and unpredictable (weather data) components.
One of the most important data for the application of
technologies that use solar energy is properly deter—
mination of soler energy potential [1]. Computer
modeling of thermal systems has many advantages
(eliminate the expense prototypes, provide through
understanding of system operation and component
interactions, possibility to optimize the system
components, etc) [2].

In the literature there are many examples of
modeling of solar water heating systems for adopted
assumptions and specific working conditions. A review
and latest developments and advancement of water
heating system for solar energy applications is presented
in the paper [3]. Simulations of a performance of a
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simple solar system with a dynamic model for storage
tank only, while for other components of a static model
applied are shown in articles [4,5]. Article [6] shows
sensitivity analysis of solar system elements through
dynamic simulation, while article [7] describes the
general models of solar system components and models
of thermosyphon and drain-back solar systems for
preparation of domestic hot water. Paper [8] presents
the procedure and the software for sizing small solar
water heating systems where input data are based on
monthly averaged values. A solar system for the
domestic hot water production is analyzed in article [9]
by means of a dynamic approach based on a
Matlab/Simulink model. The f-chart method was
developed as simplified design tool which provides
excellent matching with the results obtained by detailed
simulations [10]. Method gives f, the fraction of the
monthly load supplied by solar energy.

This paper presents the mathematical model and the
results of simulation of the operation of the solar system
for heating sanitary water for the location of Belgrade,
Serbia. For each component of the system the model is
fully dynamic. It takes into account the daily and annual
variations of the temperature of the outside air and solar
radiation, as well as variations in load — in the
consumption of hot water. The developed software
enables analysis of the system operation and deter—
mination of energy indicators of its operation. The
results obtained by numerical simulation were compared
with results obtained by using the f-chart method of
calculation.

2. DESCRIPTION OF THE SOLAR SYSTEM

The scheme of the analyzed solar system is shown in
Figure 1. The system is predicted to provide hot water
for the hotel. The system consists of a field with 50 flat
collectors, which are connected - five collectors in a
series with ten parallel rows. The collectors are set up
with a slope of 45° and oriented to the south. The
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system has two hot water storage tanks, each of 5 m’
volume, which are located inside the building. The
working fluid in the collector’s circuit is the mixture of
propylene glycol (40%) and water (60%). In the heat
exchanger, fluid from the collectors transfers energy to
the water coming from the storage tank. The heat
exchanger is located outside the storage tank. The cold
water supply enters the storage tank S1 at the bottom,
the heated water exits from the top and then flows into
the storage S2. From the top of the storage tank S2, the

HW

Figure 1. Schematic diagram of the solar system:

1 — collector’s field; 2,3,5 - pipe network; 4 — pump;
EX - heat exchanger; S1,S2 - storage tanks;
HW - hot water, CW- cold water

hot water flows to the consumers. Behind the storage
tank S2 an auxiliary heater is installed, which is
included in the case when the solar system does not
deliver the water heated to the required temperature
(60°C). System regulation is achieved by a differential
thermostat, and it is based on the temperature difference
between the fluid at the exit from the last collector in
the series and the water in the tank.

3. MATHEMATICAL MODEL

Due to the daily and annual variability of the solar
radiation and the temperature of the ambient air, as well
as the changing demands of hot water and the operation
of automation, the operation of the solar system is non-
stationary. The thermal behavior of system’s elements is
described by differential equations of the mass and
energy balance.

The instantaneous energy balance of the i - th solar
collector is described by differential equation, with time
as independent variable, in the form:

daT,, ; .
Cc,i d,:’l = Ac,iGﬂi —MmpCp ¢ (Tf,out - Tf,in )i (D

The term on the left side of the equality sign in
equation represents the amount of energy accumulated
by the collector, while terms on the right side represent
a usefully absorbed solar energy and the energy
delivered to the fluid flowing through the collector. The
analyzed solar system consists of parallel rows in a
series connected five collectors and it was assumed that
the fluid temperatures at the outlet from the previous
one are equal to those at the inlet to the next in a series
connected collector. The thermal efficiency of solar
collector is defined by the ratio of useful energy
delivered to the working fluid in the collector and the
total energy of the solar radiation that falls at the surface
of the collector in the observed time interval [8].
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Official test data given by manufacturer contain three
parameters (77, , a;, a;) which define the efficiency of
the collector, which is given in the form:

— —-a Tm_Ta —a G(Tm_Tajz (2)
n 770 1 G 2 G

The heat losses of the collector are defined by the
heat loss coefficients (a; and a,) and the temperature
difference between the fluid in the collector and the
ambient air. The optical efficiency is the maximum
efficiency of the collector, when the collector’s
temperature is equal to that of environment and there
are no heat losses to the environment.

The total radiation on the tilted surface was
considered to include three components: beam, isotropic
diffuse from the sky, and solar radiation diffusely
reflected from the ground, i.e:

1-cosf

3 3

1+cos
G:GbRb +Gd Tﬁ-i-(Gb +Gd)pg

The beam radiation tilt factor R, the ratio of beam
radiation on the tilted surface to that on a horizontal
surface at any time, depends on the position of the sun in
the celestial sphere, i.e, from the time of day and time of
the year, the geographical latitude of the location s well
as the orientation and inclination of the solar col-lector
itself [11,12]. All of these parameters are included in the
developed model of the displayed solar system.

The equation of the energy balance of the i - th
element or segment of the solar system (section of the
distribution and return pipelines, storage tank) can be
written in general form:

ar, . k.
=D Oitpey 1 Tp) jin =
@i =

G
(4)
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where U; is the overall heat loss coefficient from the
given element. The signs k and » refer to the number of
inputs or outputs of the fluid into the given element
/segment. Similar to the equation for collectors, a term
on the left side of the equality sign in the previous
equation represents the amount of energy accumulated
by the given element. Terms on the right side represent
energy flows due to fluid flow at the inlet and outlet
from the given element, while the last member rep—
resents heat losses to the surrounding air. It is assumed
that the water in the storage tank is fully mixed and the
temperature stratification phenomenon does not occur.
In a heat exchanger the solar fluid transfers heat to
the water in the accumulation circuit. By introducing the
efficiency of the heat exchanger, the heat flow rate from
one to the other fluid in heat exchanger can be written in
dependence on the inlet temperatures of the fluids, i.e:

Qex = g(mcp )min (Ts,in _Tac,in) (%)

where (711C,, )i, is a smaller of the fluid flow capacity

in solar or accumulation circuit. The efficiency of the
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heat exchanger was calculated by using the &NTU
method [13], for the known construction of the exc—
hanger (cross-flow single-pass) and the fluid flow
regime in it.

The heat transfer rate delivered by solar system to
water is given by equation:

0, = mhwcp (T2 = To) (6)

and the total heat transfer rate required to cover the load
is given by:

Oy =ity (T =T,y @)

where 7, — is required temperature of the hot water.

The solar fraction expresses the contribution of solar
energy to the total heat load and predicts the long-term
system performance. It represents the fractional reduc—
tion in the amount of energy that must be purchased
[12]. For the i - th month the solar fraction was cal—
culated as [9]:

0 [ Oyt

S, At

i = T 8

Ly [ Qar ®
At

where is: Q,; — solar energy delivered to the user during
the month, Q;; — energy required to cover the load for
given month and Af — period of integration (one month).

4. INPUT DATA AND SIMULATION PROCEDURE

The solar radiation, ambient temperature, cold water
temperature, hot water consumption, temperature of the
air around pipe network and storage tanks must be
known at each time step. The solar radiation and the
ambient temperature were determined for the typical
meteorological year for given location [14]. Tempe—
rature of the cold water supplied by public water is
determined by the model given in the literature [15] but
for the relevant input data for the given location of the
system. Figure 2 shows the profile of the hot water
consumption in percent for every hour during the day.
This is the profile typical for hotels [7]. The total
consumption of hot water is 5785 [l/day]. The analysis
of system operation was conducted for the flat solar
collectors of a known manufacturer for which the input
data are known (4. =2,35 m*>, C.=19 kJ/K, 7,=0,791,
a;=2,41 W/(m’K)), a,=0,023 W/( m’K?)). The heat loss
coefficients for pipelines and storage tanks were calcu—
lated by the usual procedure with respect to the type of
fluid, the fluid flow regime, the thermal isolation, and
the environmental conditions in which the pipelines and
storage tanks are located.

A system of ordinary differential equations which
describe the dynamic behavior of the solar system was
solved numerically by the fourth-order Runge-Kutta
method. The program uses the condition that circulation
pumps to be switched on when the difference between
the temperature of solar fluid at the outlet from the last
collector in the row and the water in the storage tank
exceeds the set difference. When the pumps are turned
off, there is no fluid flow through the system and in the
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equations of mass and energy balance terms containing
mass flow are losing.
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Figure 2. Daily profile of hot water consumption
5. RESULTS AND ANALYSIS

The shown results refer to the 15th day of the
corresponding month of the typical meteorological year.
Figure 3 shows the values of the solar radiation incident
on the collector surface, the temperature of the outdoor
air and the temperatures of the water in storage tanks S1
and S2 in hours during the day for one spring and one
summer month (April and July).

ol i L e
2 504 ¢ 500
£ 40 400 %‘
2 ©
E 30+ 300
&

20 | 200

10 100

0 0

o
Temperature [ C]
[2%) o L [=3) =]
= = = = [=]
1 1 1 | ' 1

b
(=]
1 +

=
=]
1 +

Hour
b) July

Figure 3. Daily profile of solar system parameters

| - solar incident radiation; Il — ambient air temperature;
Il — water temperature in storage tank S1; IV — water
temperature in storage tank S2
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As can be seen, the water temperature in the storage
tank S2 does not change significantly during the day
because the cold water does not enter the tank directly
but only the hot water from the storage tank S1. A
significant change in water temperature occurs in the
storage tank S1, which is caused by the inflow of cold
water, i.e. by consumption of hot water, as well as the
inflow of energy from solar collectors. In April, the
temperature T is close to 45°C, while the temperature
Ts; changes between 37°C and 52°C. The nature of
changes in these temperatures in July is the same, but
due to the higher incedent solar radiation the
temperatures are higher. The temperature T, is almost
60°C, while the temperature T; changes between 50°C
and 68°C.

Figure 4 shows the daily profile of the water
temperature in the storage tank S2 for different months
(from April to October). Due to the assumption of
unchanged water consumption during the year, the
character of the changes in the temperature for the
different months are similar, with the values changing
the most in dependence on the available solar radiation.
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Figure 4. Water temperature in the storage tank S2

The daily profile of the useful energy supplied to
the water is similar to the hot water consumption profile
because the water temperature in storage tank S2 does
not change significantly during the day, so the decisive
influence has a consumption of the hot water. Figure 5
shows the monthly values of the useful solar energy
supplied to the water.
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Figure 5. Monthly value of useful solar energy
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The changes of hourly-averaged temperatures in a
row of five in series connected collectors are shown in
the Figure 6. The temperature changes are logical, cau—
sed by the values of the solar energy received and by the
position of the collector in a series. The results obtained
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Figure 6. Hourly-averaged temperatures in series
connected collectors (from 1 to 5)

by the simulation according to the model shown in
this paper are compared with the results obtained by
using the known f-chart method.
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Figure 7. Solar fraction
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The f-chart method gives the solar fraction on the
monthly load supplied by solar energy as a function of two
dimensionless parameters. One parameter is related to the
ratio of collector losses to heating loads, and the other is
related to the ratio of absorbed solar radiation to heating
loads [7,8,9]. Figure 7 shows comparison between solar
fraction values obtained by computer simulation using the
developed model and by using f~chart method. As can be
seen, matching the values is very good.

6. CONCLUSIONS

A dynamic simulation model for thermal solar system
was developed. The purpose of this model is to gain
insight energy performances of components and of the
whole solar system for water heating. The results
obtained by computer simulations using the presented
model are logical and easy to explain and they are well
matching to the results obtained by using the f-chart
method. The model provides an opportunity to analyze
the influence of different climatic data (different system
location), the dynamics of hot water consumption, the
characteristics of system components, fluid flow, the
orientation and inclination of the solar collectors and so
on. It can be a good tool for optimization of the
operation of solar systems for water heating.
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NOMENCLATURE

A area [m’]
a heat loss coefficient [W/(m’K)]
ay heat loss coefficient [W/(m’K?)]
C heat capacity [J/K]
specific heat capacity at constant pressure
P [IkgK)]
solar fraction, solar contribution
total incident solar radiation on the collector

c

~

G surface [W/m?]
G,  beam radiation on horizontal surface [W/m?]
G, diffuse radiation on horizontal surface [W/m’]
m mass flow rate [kg/s]
0 amount of heat [J]
Q heat transfer rate [W]
T temperature [K,°C]
t time [s]
U overall heat loss coefficient [W/K]
Greek symbols
B slope of the plane [°]
€ efficiency of the heat exchanger
n thermal efficiency of the collector

M, optical efficiency of the collector

P reflectance
Superscripts
a ambient air
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out

s2

accumulation
solar collector
cold water
exchanger
Fluid

ground

hot water

i-th element, i-th month
inlet

load

average

outlet

solar

storage tank S2

CUMYJIAIIMJA PAIA COJIAPHOI'
CHUCTEMA 3A 3ATPEBAIGE BOJIE

6=VOL. 47, No 1, 2018

M. I'ojak, ®. Jbyounau, M. baman

VY pany je mpuka3aH MaTeMaTHYK{ MOJEN paja coiap—
HOT' CHCTEeMa 3a 3arpeBame BoJe. AHAIU3UPAHU coJlap—
HH CHCTEM Ca/IP’KH paBHE COJIApHE KOJIEKTOPE, 1Ba aKy—
MyJallMOHa pe3epBoapa 3a BOJY, CIOJbAIIBU pazMe—
BHUBayd TOIUIOTE W JOMYHCKH H3BOp eHepruje. ITpnme—
BEHU Mojen oMmoryhaBa cumynanujy pama u oapehu—
Bamke OJIroBapajyhmx eHepreTckux IoKa3zaTesha pana
CHCTEMa W FErOBUX eJIeMEHATa 3a pa3InuuTe JIOKAIHje
(xTMMaTCKe YCIIOBE), OpHjCHTAINjy KOJEKTOpa, Tep—
MHUYKHX KapaKTepHCTHKA KOMIIOHEHATa CUCTEMa, Kao U
pa3nuuuTy TUHAMUKY Kopuiihema Torue Boxe. Pesyn—
TaTW CUMYyJalMje Cy IpHKa3aHH 3a JaHe THUITHYHE
METEOpOJIOIIKe roauHe 3a beorpan u AHEBHU mpodui
kopuihema Tomie Boje. [Iprkasana je aHaM3a eHep—
TeTCKUX KapaKTepHCTHKa crcTeMa. Pesynraru nobujeHu
HYMEpUYKOM CHUMYJIAllMjoM cy mopelheHu ca pesynra—
THUMa 100MjeHUM IPUMEHOM f-chart MeToie mpopadyHa.
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