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This article is devoted to the methods for increasing the efficiency of the multi-module solar collector sys-
tem using as attachment to the boiler. To achieve the major aim of the study the mathematical model was
proposed and comparative analysis of efficiency of the alternative heating system using of the mullti-
module solar collector system using as attachments to boilers, which correspond to the requirements of
the energy saving technologies. A mathematical model of the heat exchange process in the system's ele-
ments was developed, taking into account the solar capabilities of the operating region. A methodology
for calculating the efficiency of the multi-module solar collector system using as attachments to boilers
was presented. The algorithm of numerical modelling of the heat exchange process in the system's ele-
ments taking into account the climate conditions was developed. The numerical modelling of thermal pro-
cesses in the elements of the alternative heating system using of the multi-module solar collector system
as attachments to boilers was carried out. The estimation methods for the energy efficiency of the pro-
posed alternative heat supply schemes were offered. Factors influencing the thermal and economic effi-
ciency of a combined alternative heat supply system using of the multi-module solar collector system as
attachments to boilers were identified. Design schemes for interaction between the solar collectors’ at-
tachments to the boilers were developed. The analysis of the results of numerical modelling of thermal
processes in the alternative heating system was presented. The rational ways of increasing the efficiency
of the alternative heating system with the account of climatic conditions were grounded. Results of simu-
lation, conclusions and decisions for the practical application of the alternative heating system using of
the multi-module solar collector system as attachments to boilers were developed. This methodology for
rising the efficiency enables the calculation of the thermal efficiency coefficient, heat removal coefficient,
and heat transfer coefficient, taking into account the design and operating conditions of the multi-module
solar collector system as attachments to boilers. The developed toolkit enables the determination of op-
timal values for the mass flow rate of the coolant, taking into account the circuit designs and design fea-
tures of the solar collectors. The significance of the obtained results consists in justification of conditions,
which make it possible to use the multi-module solar collector system as attachments to boilers at the en-
ergy saving principles
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1. Introduction dence of Ukraine have combined to increase interest
in the use of renewable energy sources to meet grow-

The global requirement for sustainable energy pro- ing energy demands. Current power systems are still
vision and a political imperative for energy indepen- dominated by fossil fuel-based electricity generation
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and operated on supply following the changing de-
mand. At present, the problem of energy saving can
be solved both by the energy losses reduction and as-
similation of the innovation technologies of generat-
ing and consumption of energy.

One most efficient technology of the energy sa-
ving is the implementation of the renewable energy
sources (RES) for heating [1]. However, the works
presented in literature, which describe the peculiarities
of the use of the heating tools for the low temperature
heating, ventilation and heat water supply are insuffi-
cient [2].

The energy sector offers the possibility to efficient-
ly use renewable energies and therewith provide car-
bon free energy from non-exhaustible resources. Al-
ready today, the majority of renewable energy de-
ployment takes place in the energy sector and the ob-
served learning and growth rates suggest that the share
of renewable energies in energy supply will continue
to rise steeply [3]. Especially in Ukraine, where ambi-
tious greenhouse gas emission reduction targets have
been legislated, renewable energies play a key role.
The solar energy is bound to be the most important
source, due to its large potential in Ukraine [4], the
observed growth rates, but also the existing support
schemes [5].

2. Analysis of the latest research on the use
of the alternative heating system using the
solar collectors

The foreign researches [3-6], lack the methods,
which can describe the alternative systems and condi-
tions of their practical application for heating with dif-
ferent heating units for the environmental conditions
of the Ukraine and South-Eastern Europe. The fea-
tures of influence the heat-circuit design solutions and
operating modes with the account on the replacement
factor of an alternative heating systems haven’t been
clarified till now [6-11]. Today, there is a need to
move to greater use of renewable energy sources,
which are inexhaustible and can guarantee energy and
environmental security.

When assessing the efficiency of a solar collector
(SC), parameters dependent on climatic conditions
and design characteristics are typically considered.
The nature and extent of the influence of these factors
on the SC's efficiency is typically determined under
conditions of natural work fluid circulation within the
SC [6]. When solar collectors are used as attachments
to hot water boilers, additional data on the SC's effici-

ency is required, as coolant circulation is forced.

The issue of increasing the efficiency of heat for
the use of various heat generators [12], operating in
the alternative heat supply system is given great atten-
tion [13-16].

But there is no theoretical information on th opera-
tion of the system with the multi-module solar collec-
tor system using as attachments to boilers, according
to the schedule of the working process, depends on the
duration of the period of heat generation during the
day that is the function of the outside air temperature,
taking into account the operating conditions of the
customer [16].

Using solar collectors in conjunction with tradi-
tional heating systems with water boilers requires ad-
ditional research of the efficiency of the multi-module
solar collectors as attachments to boilers, because in
this case, the coolant circulation in the circuit is
forced.

Thus, is necessary to analyze the efficiency of so-
lar collectors, firstly, by optimizing their design to re-
duce the cost of the combined system, and secondly,
by assessing the impact of the heated water flow rate
per square meter of solar collector area, as well as the
water circulation rate in the collector tubes. In this
case, optimal values for these parameters can ensure
high efficiency of the combined system and the coor-
dinated operation of the solar collector and boiler unit.
At present, the problem of energy saving can be
solved both by the thermal losses’ reduction and as-
similation of the innovation technologies of generat-
ing, distribution, regulation and consumption of the
heat.

3. The aim and tasks of the study

The main aim of the study is to determinate the ef-
ficiency of the effect of use the multi-module solar
collector system as attachments to boilers.

The objective of this study is to develop the toolkit
in order to optimizing the influencing parameters dur-
ing the combined operation of multi-module solar col-
lectors using as attachments to boilers, as part of the
alternative heating system of given configuration
(Figure 1).

Our work differs from those foreign papers pre-
sented earlier in that this article analyses the efficien-
cies of the multi-module solar collector system using
as attachments to boilers, which ensure the maximum
replacement of the thermal load, which correspond to
the requirements of the energy saving technologies.
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Figure 1 — Multi-module solar collector system using
as attachments to boilers: 1 — solar collector module;
2 — storage tank; 3 — boiler, 4 — pump, 5 — consumer

This reduces the consumption of the hydrocarbon
fuel in the structure of the heat balance of the regions
and ensures the substantial energy saving effect.

To achieve the goal, it is necessary to solve the fol-
lowing tasks:

— to develop the mathematical model of forced tur-
bulent fluid flow in the pipes of the multi-module so-
lar collectors using as attachments to boilers;

— to justify the possibility of use the multi-module
solar collector system as attachments to boilers, taking
into account the climatic factors;

— determine the energy saving effect of use the
multi-module solar collector system as attachments to
boilers.

4. Research methodology and data process-
sing

We propose a calculation method for a multi-
module heating system acting as an attachment to hot
water boilers.

The energy balance of the heating system:

Hge - Asc(a-7)=0y + Oy, (1)

where Hsc— solar radiation flux density incident on the
absorber, W/m? Asc — absorber plate area, m? o —
glass coating transmittance; T — absorber plate absorp-
tivity; Qu — heat flux transferred from the absorber to
the liquid, W; Ow— heat flux from the absorber plate
to the environment, W.

The heat flux transferred from the absorber plate to
the fluid Qu determines the heat transfer capacity of
the absorber:

QU:m'cp(Tl'_T2)ﬂ (2)

where m — mass flow rate of the absorber coolant,
kg/s; cp — the specific heat capacity of the environ-
ment, kJ/(kg-K); T1, T> — the fluid temperatures at the
absorber inlet and outlet, respectively, K.

The heat flux Qw determines the heat loss of the
absorber:

Oy =k- Asc(Tsc —T,), €))

where & — the total heat loss coefficient of the absorb-
er, W/(m*K); Tsc — the average temperature of the ab-
sorber plate, K; T, — the ambient air temperature, K.

Heat flux transferred along the plate, the source of
which is the solar radiation per unit length of the ab-
sorber tube [6],

” {mgj.p](a.r)ﬂsc_k.(TF_Ta), )

where F = th[p-(W — d)/2]/[p-(W — d)-2] — finning ef-
ficiency; W — distance between tubes, m; d — inner
diameter of tubes, m; Tr — temperature of working flu-
id, K; p — parameter of finning efficiency of the ab-
sorber plate of the solar collector, which can be de-
termined by the equation:

2o\
=| Z°F 5
p=(2 ), 5)
where: ar — heat transfer coefficient from the absorber
to the liquid in the tubes, W/(m?-K); A — thermal con-
ductivity of the plate material, W/(m-K); 6 — thickness
of the absorber plate, m.

The heat flux g is removed by water circulating in
the tube at temperature 7

Oy =r-d-ag- (T =T;), (6)

As for the entire surface of the absorber, taking in-
to account formulas (1-5), it follows that the total use-
ful heat flow [3] is equal to:

Oy = Fy-Asc [(a-7)=k-(Tr =T,)], ()

where Fr — coefficient of the heat transfer from the so-
lar collector, which can be determined by the equation:

m-cp

1—exp(—k-Age - F')

m-cp

Fp
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Coefficient of heat transfer of the solar collector F
is equal: [7]

- G'Cp(TZ_Tl)
[ Hse(a-7)-k(5-1,)]

F, , ©)

where G = m / Asc — consumption of water per unit ar-
ea of the solar collector, kg/(s-m?).

Coefficient of efficiency of the solar collector is
equal:

F'= k : (10)
1 1
WHk[aH(W—d)F] T rd-ay H

Equation (10) takes into account the ratio of the
thermal resistance between the heat transfer system
and the environment to the thermal resistance during
the process of heat exchange between the working flu-
id and the environment.

It should be noted that the heat transfer coefficient
ar from inner surface of the tube to the liquid can var-
ies within the range of 100 to 5000 W/(m?-K), which
is determined by the flow rate mode and geometry of
cross-section of the tube.

When calculating the heat transfer coefficient for
hot water supply systems with natural circulation, the
water heating temperature is typically specified, and
the efficiency is determined graphically [7,8] taking
into account the average temperature of the absorber
plate Tsc and the ambient temperature 7, taking into
account the number of transparent collector coatings.

In this case, the flow rate and velocity of the cool-
ant are determined based on empirical data, taking in-
to account the temperature difference AT = (7> — Th),
the relative position of the heat transfer coefficient
and the storage tank. Therefore, it is impossible to ac-
curately estimate the working fluid circulation veloci-
ty through the heat transfer coefficient tubes.

If a multi-module solar collector system operating
in conjunction with a hot water boiler is used to re-
place part of the heat load, the heat transfer fluid tem-
perature required by the consumer is guaranteed by
the boiler, while the solar collectors act as a forced-
circulation water economizer, providing preheating of
the boiler water.

The existing methodology for calculating solar col-
lectors with natural circulation does not provide an
answer to this question.

To study the change in the solar collector efficien-
cy factor /" as a function of the heat transfer coeffi-
cient ar, it is necessary to first establish the depend-
ence of the heat transfer coefficient on the fluid flow
regime in the pipes.

For forced turbulent fluid flow in the pipes, the
heat transfer intensity can be determined using the
formula [9]

0,25
Nup =0,021-Rel® Prd® (PEJ .
Pr,
where Rer = (V-d)/v — Reynolds number; V' — water
velocity in the pipes, m/s; v — kinematic viscosity co-
efficient, m%s; Pr — Prandtl number.

Equation (11) determines the average heat transfer
in straight smooth pipes for (//d) > 50. The determin-
ing temperature is the average liquid temperature 7, =
0,5-(T1 + T»), and the determining dimension is the in-
ternal diameter of the pipe d. The Pr, is selected based
on the average value surface temperature of the pipe
wall.

For forced laminar fluid flow in pipes, the depen-
dence of heat transfer intensity on the flow mode can
be determined using equations [10],

— in viscous mode for Rayleigh number: Ra =
GrPr<8-10°

d 1/3 1/7
NuF=1,55-(ReF-PrF-7j [”—F] . (12)

Hin

— in viscous-gravitational mode for Rayleigh num-
ber: Ra = Gr-Pr > 8-10°);

0,25

Nuy =0,15 ~(Re%33 Prl® G2 )(Pi] (13)
Pr,,

that allows to determine the heat transfer coefficient

from the absorber to the liquid in the tubes.

Figure 2 shows the calculated fluid circulation
schemes for the three most typical connection options
of the solar collectors’ modules at the same total flow
rate of the work fluid £G (m’/s), but with different
specific flow rates G = XG/Asc, m*/(s'm?).

The number of tubes in one solar collector module
is assumed to be 6, the tube length / = 1 m, the inter-
nal diameter d = 0.01 m, the distance between tubes is
W = 0.15 m; coefficient of finning efficiency "= 0.94;
working fluid is water.
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5. Results of simulation, conclusions and de- he Figure 3 shows results of numerical modelling
cisions the coefficient of the thermal efficiency F" and coeffi-
cient of the heat transfer F for varying flow condi-
The results of simulation of the thermal efficiency tions determined by the specific fluid flow rate G and
of the multi-module solar collector system according the design parameters of the solar collectors for three
to our toolkit for rising the efficiency were obtained configurations of its connection. The velocity of flow
for different options of connection the solar collector is assumed to be V' = 4-G/(n-d-n) = 0.01 m/s, which
modules (Figure 2) and for different specific flow corresponds to a specific fluid flow rate of G = 181073
range modes: £G/Asc = 0.01-107; 0.04:10; 0.16:103;  m?*/(s'm?). The number of pipes in one module is 6.

0.64-10° m*/(s'm?)) allow us to analyse the efficiency For similar conditions the Figure 4 shows results of
of the solar collectors in a wide range of circulation numerical modelling the change in the heat transfer
rates in its pipes. coefficient ar of inner surface of the absorber tube to
the coolant and the change in the corresponding tem-

- perature difference AT.

Forced circulation of water in the collector in-

e creases the efficiency factor to F' = 0.95, while the

I heat removal coefficient also increases to Fr = 0.95,

T and the temperature of the heated water approaches

the absorber surface temperature at temperature dif-

i ference of AT = 1 °C, that significantly rise the ther-
b

1
¥ mal efficiency of the collector [11-12].

The proposed toolkit allows to calculate the heat
transfer coefficient from the pipe surface to the cool-
ant circulating within them and determine the effi-
ciency of a multi-module collector system acting as an
attachment to a boiler [13-17].

a C
Figure 2 — Calculation schemes for different
connection options of the solar collectors: a — series;

b — parallel-series, ¢ — parallel
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Figure 3 — Dependence of the eefficiency coefficient F' and heat removal coefficient Fr on water circulation
rate in pipes of the solar collector for d = 0.01 m and T,, = 40 °C
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Figure 4 — Dependence of the heat transfer coefficient ar and temperature difference AT on water circulation
velocity in pipes of the solar collector for d = 0.01 m and Tc, = 40 °C
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The proposed toolkit for perfection of the thermal
efficiency of solar collectors allows to determine the
heat transfer coefficient between the inner wall of the
solar collector's absorber plate and the water circulat-
ing in the pipes at natural and forced circulation mode
of work, as well as the absorber plate temperature,
which has a significant impact on the total heat loss
coefficient of the solar collector.

Analysis of the calculation results shows that the
efficiency coefficient for solar collectors with natural
circulation of the work fluid corresponds to the range
F' = 0.8-0.85, and the heat removal coefficient lies in
the range Fr = 0.68-0.8. Moreover, the water tempera-
ture at the outlet of the solar collector is 10°C lower
than the absorber plate temperature, resulting in low
thermal efficiency of solar boiler attachments.

The use of forced circulation of the coolant in solar
boiler attachments allows increasing the efficiency
factor to F' = 0.95, while the heat removal coefficient
increases to Fr = 0.95, and the temperature of the
heated water approaches the surface temperature of
the absorber plate, which has a positive effect on the
thermal efficiency of the alternative heat supply sys-
tem.
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Cmamms npuceauena memooam nioSUweHHs eQeKmusHoCmi BUKOPUCMANHA 0A2amoMOOYIbHOI cucmemu
COHAYHUX KOJIeKMOpI8 K 000amKie 00 komuie. [nsi 0ocsacHenHs OCHO8HOI Memu 00CNiOxceHHs Oyno 3a-
NPONOHOBAHO MAMEMAMUYHY MOOENb MA GUKOHAHO NOPIGHANbHUL AHANI3 eeKmUBHOCMI albmepHamus-
HOI cucmemu onanents Ha 6asi 6a2amomooyIbHOI cucmemMu COHAYHUX KOJEKMOpi6 K 000amKié 00 Kom-
76, W0 iONosioarms suMo2am enepo3bepicarouux mexnonoziu. byno pospobneno mamemamuuny mo-
Oenb npoyecy menio00MiHy 6 eneMeHmax CUCMeMu 3 YPAaxy8auHAM 2eNiOMexXHIUHUX MOMCIUBOCMEl
peciony excnayamayii. [Ipedcmaegneno memooonoziio po3paxyuky egekmusnocmi 6a2amomooyibhoi cu-
cmemMu COHAYHUX KOJIEKMOPI6 3 GUKOPUCAHHAM iX K 000amKy 00 komiuie. Po3pobneno aneopumm uuc-
JI08020 MOOENI0BAHHS NPOYECiq MENI00OMIHY 8 eIeMEHMAX CUCIEMU 3 YPAXYBAHHAM KIIMAMUYHUX YMO8.
Buxonano yucenvre mMooenoeants meniogux npoyecie 6 enemMenmax aibmepHamueHoi cucmemu OnaieH-
H5l 3 BUKOPUCTNAHHAM 6a2amomoO0yIbHOI CUCeMU COHAUHUX KOEKMOpI8 AK 000amKy 00 komuie. 3anpo-
NOHOBAHO MeMOOU OYIHKU eHepeoeqheKMUBHOCTI 3aNPONOHOBAHOI AlbMEPHAMUBHOI cxeMu menio3abes-
neuenns. Busnaueno ¢paxmopu, wo eniuearoms Ha Meniogy ma eKOHOMIUHY eghexmusHicms bazamomo-
OYNIbHOI cucmeMuy COHAYHUX KOJIeKMOpie K 000amKy 00 Komiuig. Po3pobieno cxeMHO-KOHCMPYKIMUGHI
NPUHYUNU 83AEMOOIT COHAYHUX KOAEKMOpI8, AKi npaywioms Ak dooamku 00 xomiuis. lIpedcmagieno
aHaniz pe3yIbmamis YUceabHo20 MOOEIIO6AHHS MENI0GUX NPOYeECi6 6 aNbMepHAMUGHIL CUCTNEM] ONANeH-
Ha. OBIPYHMOBAHO PAYIOHANbHI WIAXU NIOBUWEHHS eeKMUBHOCMI 3anPONOHOBAHOI CUCMeMU anbmep-
HAMUHO20 menyio3abe3neduents 3 ypaxyeantam KiimamuyHux ymos. Pospoonena memoouka nioguuyenns
egpexmusrnocmi 003605€ pospaxysamu koepiyienm mennosoeo KKJI, xoeghiyienm mennogsiooaui ma
Koe@iyicnm menionepeoaui 6a2amomo0yIbHOI cucmemy COHAYHUX KOJIEKMOpI8 AK 000amKy 00 Komia, 3
VPaxy8aHHam KOHCMPYKMUGHUX MA eKCNAYAMAYitiHuX YUHHUKIE. 3anpononoganutl incmpymenmapiii 003-
B0JIAIE GU3HAYAMU ONTNUMANTLHI 3HAYUEHHS MACOB0T UMPAMU MENIOHOCIA 3 YPAXYEAHHAM CXEMHUX PIUIEHD
Ma KOHCMPYKMUBHUX 0COOTUBOCMEU COHAYHUX KOJIEKMOPIG. 3HaAUeHH OMPUMAHUX Pe3YIbmamie noiseac
6 OOTPYHMYBAHHI YMO8, WO 00380JSIOMb GUKOPUCIOBYEAMU 0A2AMOMOOYIbHY CUCMEMY COHAYHUX KO-
JIEKMOPIB K 000amKa 00 KOMJi6 Ha 3Aca0ax eHepe030epedicenHs.
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