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The paper proposes a framework of a general model of the thermal exchange of the solar collector and
reviews the most important parameters for the heat-transfer processes such as the coefficient of thermal
convection of water, the water flow rate and water flow power which are mainly determined by the system
parameters and fluid flow rates and also based on experimental studies of the systems. In the model under
consideration, it is proposed to take into account the turbulence of the fluid flow, as well as to choose the
most effective mode of fluid motion, and, consequently, the fluid flow rate for heat transfer. Methods for in-
creasing the amount of heat, which is removed from the surface of the solar collector, coming to it, at the ex-
pense of the total solar radiation, as well as methods of optimization for different temperature gradients are
briefly presented in this article. An analysis of the results shows that methods for increasing the efficiency
of heat removal from the surface, which corresponds to the achievement of the maximum power withdrawn,
strongly depend on the fluid flow rate and temperature gradient. The optimal values of the temperature
gradient are identified based on analytics of the fluid flow rate and magnitude of power withdrawn.
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1. INTRODUCTION

The generation of thermal energy from solar is of
great interest among researchers. The electrical effi-
ciency of solar cells is low, so most of the incident sun-
light is lost in the form of heat. The temperature of the
solar cell increases due to this heat, which leads to a
decrease of 7 of the photovoltaic system [1]. Therefore,
the removal of thermal energy arising and associated
with the solar cell is necessary to achieve maximum
efficiency. Creation of combined photovoltaic-thermal
system (PVT), which converts incident radiation into
electricity and heat at the same time, is gaining popu-
larity [2, 3]. The system can be significantly improved
by cooling the PV surface with water as a coolant [4]:

n=m[1- BT, ~T)], oY)

where 7o is the solar efficiency at standard test condi-
tions (STC), fo is the temperature coefficient of efficien-
cy (1/K), Te and To are the solar cell and coolant tem-
peratures (K), respectively. The coolant in the PVT
system is then used to heat the water in the secondary
circuit and its further use in domestic needs [5]. Mod-
ern humanity is accustomed to the presence of hot wa-
ter in home and PVT cooling system satisfies the need
for electricity and hot water simultaneously.

However, the lack of a good consistent model is an
obstacle to the widespread optimization of such sys-
tems. And the creation of such a generalized model for
taking into account all the necessary parameters is an
urgent task to this day.

For example, earlier in [6] efforts were made to cre-
ate a model for adsorption cooling: innovative adsorbing
materials and heat pipes were applied, the specific heat
removal capacity was improved, and an efficiency equal
to 0.39 was obtained. The numerical modeling and op-
timization carried out in [7] allowed us to obtain typical
values for the efficiency of about 0.15 that is not con-
sistent with the experimental results. Also it was con-
ducted experimental studies of two-stage systems [8],
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various cycles (e.g. continuous heat recovery, mass re-
covery, heat wave, cascade effect) [9, 10], the calculated
value for the efficiency of such systems is close to 0.5.

Further research, like the previous ones, considered
the disparate experimental results and described them
as particular physical models that do not work at all
[11-13]. Therefore, the aim of this work was to propose
the basis of a general model of heat exchange of the
solar collector, which allows us to take into account all
the necessary parameters, including parameters for the
development of PVT systems.

2. MODEL BASIS

The Navier-Stokes equations are the basis for the
processes under consideration and describe the fluid flow
for various variations and systems. Newton’s second law
describes the change in the velocity of an object when a
force is applied. The Navier-Stokes equations are equiva-
lent to Newton’s law, when many objects, such as micro-
scopic particles in air or water, are considered as a
group, that is, independently of each other. Ocean cur-
rents, smoke movement, dynamics of hurricanes or
weather conditions, air/liquid flow when a detonating
device is triggered, heat removal by an air/liquid flow
from a heated object, and many other interesting phe-
nomena are all examples of situations where the Navier-
Stokes equations can be applied. We write the energy
equations and the Navier-Stokes equations in a general
form for the system under consideration [14, 15]:

o(pc,T) . d(puc,T) N o(pve,T) N o(pwe,T) _VUNT)
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where p is the liquid density (kg/m3); ¢, is the specific
heat (J/(kg K)); T is the temperature (K); u, v, w are the
velocities (m/s); x, v, z are the coordinates (m), & is the
coefficient of thermal conductivity (J/(m K)), P is the
pressure (Pa).

Important parameters for the heat-transfer process-
es are thermal convection coefficient of water A, and
power of water flow Njow, which are mainly determined
by the system parameters and fluid flow rate. Calcula-
tion formulas for A and Npow are the following [16]:

h, =k,NulD,

W , )
Nflow = thl?pwuwn

where kw=0.599 W/(m K) is the thermal conductivity
of water; Nu is the Nusselt number; D, = 10-2 m is the
pipe diameter (m); f is the viscous friction coefficient;
[ =2 m is the pipe length; pw = 998.2 kg/m? is the water
density; uw is the water flow rate (m/s); n =8 is the
number of pipes in the system.

Since in the system under consideration the inner
diameter of the pipe Dx > 102 m, the dimensions of the
system can be considered as macroscopic channels, the
values of Nu and f can be found using the classical re-
lations of convective heat transfer in a pipe [17, 18].

Laminar flow, Re <2300 : Nu = 4.364,
f=64/Re

Transient flow, 2300 < Re <10000, , (4)
Turbulent flow, Re >10000 :

Nu=0.023Re®® Pr, f =[1.14+2log(D, / R)) |~

where Re = wwDi/pw is the Reynolds number, Pr = ywow = 7
is the Prandtl number, i = 1.006 10~ % m?/s is the kin-
ematic viscosity of water, aw =0.151-10-% m?%/s is the
thermal diffusivity of water [19, 20], R;=310-¢m is
the rms surface roughness coefficient.

At low liquid flow rates in the pipe (Reynolds num-
ber Re <2300) the fluid flow is laminar, and at high
velocities (Re > 10000) it is turbulent. In the range of
2300 < Re < 10000 there is a transient flow from lami-
nar to turbulent [18]. In all cases, even when the flow in
the pipe is turbulent, the flow in the narrow wall layer
is laminar.

In the considered model, it is proposed to take into
account that the strong turbulence of the entire flow,
which occurs even in the transition mode, provides
good heat transfer in the near-wall zone, as well as the
absence of deposits on the wall. Powerful vortices de-
stroy the wall laminar layer. They are formed when the
flow is twisted in twisted pipes and when the flow is
cut off from protrusions, depressions, ribs, various stat-
ic defects and irregularities placed on smooth pipes.
The same vortices prevent the formation of deposits.
The flow is constantly strongly turbulized in the entire
volume, both in the central zone and in the near-wall
layer, i.e. we can consider the problem in the turbulent
flow approximation.

The coefficient of viscous friction for systems of
transitional and turbulent types is f= 0.015.

J. NANO- ELECTRON. PHYS. 12, 04028 (2020)

Subsequently, to determine the amount of heat that
is removed from the surface, the Newton-Richmann
law is used: the amount of heat given off by a unit sur-
face of a body per unit time

Q=N,Ss(T,-T,), ®)

where @ is the amount of heat removed (W). It is neces-
sary to determine the effective area of the solar collec-
tor Ssc: let take it as part of the segment area (O is the
angle on which a segment rests) of a cylinder lateral
multiplied by n = 8 (number of pipes in the system):

D,-0
180

Sge = (7 +D, -sin(9))]-n ~ 0.1m?. (6)

Table 1 — Reynolds and Nusselt numbers depending on the
water flow rate for pipes with an inner diameter Dy = 10-2m

Uw, M/s Re Nu Flow type
0.1 994.04 4.364 Laminar flow
0.2 1988.07 4.364 Laminar flow
0.25 2485.09 26.06 Transient flow
0.3 2982.11 30.16 Transient flow
0.4 3976.14 37.96 Transient flow
0.5 4970.18 45.38 Transient flow
0.6 5964.21 52.5 Transient flow
0.7 6958.25 59.4 Transient flow
0.8 7952.29 66.09 Transient flow
0.9 8946.32 72.62 Transient flow

1 9940.36 79.01 Transient flow
1.1 10934.39 85.27 Turbulent flow

Heating of the coolant in the coolant circuit in the
solar collector is due to the useful energy of the power
Q.ff withdrawn from the solar collector at a given time.
Energy Q. represents the difference between the amount
of solar energy absorbed by the collector plate and the
heat loss to the environment. Equation (7) applicable to
the calculation of almost all existing designs of flat
plate solar collectors (FPSC) [11, 12] has the form:

Q= FuSe[ L) -UL(T,_ -Ty]. (@

where Qe is the useful energy withdrawn from the
collector per unit time (W); Fr is the collector heat re-
moval coefficient; Sc = 2 m? is the total area of the solar
collector (m?), IT=1000 W/m?2 is the total solar radia-
tion flux density in the plane of the collector; 7 is the
transmittance of the solar collector transparent coating
in relation to solar radiation; « is the absorption capac-
ity of the collector plate relative to the solar radiation;
UL is the total loss coefficient of the thermal collector
(W/(m K)).

3. MODEL TESTING

The coefficients Fr(ra) and Ui, depending on the
design of FPSC, fluid flow through the collector and
their size, are determined by standard tests of the col-
lectors [21], in which the total solar radiation flux falls
vertically onto the surface of the solar collector. For the
system under consideration, the reservoir parameters
are equal:

04028-2



IMPROVING THE SOLAR COLLECTOR BASE MODEL FOR ...

w
Fp(ra) =0.78; FpU, =7.62 3 . (8)
m*-K
1600
0.W
1200 ] O™
1000 ]
800 ]
600 -]
400 ] i
] _— Laminar flow
p —
] [
200 ] —
1 -
T T T T T 1
0.1 0.2 0.3 0.4 05 0.6
u, .mls

W

Fig. 1 — The dependence of the amount of heat @, which is
diverted from the system when the coolant flows through it at
T =293 K, by water flow rate uw
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Fig. 2 — The dependence of the amount of heat @, which is
diverted from the system when the coolant flows through it at
T=293 K, by water flow rate u. for different temperature
gradients AT =1,2,3,4,6 K
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That is, the boundary value of the effective energy
of the system under consideration cannot exceed the
value Qeff < 1483.8 W at Temax — To = 5 K (Fig. 1).

For values of the water flow rate uw up to 0.2 m/s the
regime of fluid motion is laminar and the amount of heat
given off to the fluid is too small, and the coolant passes
through the pipes practically without heating. With an
increase in the water flow rate uw, a sharp jump in the
amount of heat of the transmitted liquid and, conse-
quently, its heating are observed in the future. At the
water flow rate uw of the order of 0.6 m/s, the amount of
heat, which the water takes off, reaches the maximum
value, i.e., the value of the effective energy that the sys-
tem under consideration can provide with the given pa-
rameters for heating the water flow by 5 K in one pass
through the pipes of this solar collector (Fig. 2).

Thus, we can conclude that the obtained physical
model Q(uw, AT) is applicable to classical solutions of
thermal collectors in a general form. However, under
real operating conditions, depending on the various
design features of the collector, the determination of
optimal parameters should be carried out taking into
account the design parameters.

To test the model, laboratory studies of the collector
were carried out, a fragment of which is shown in Fig. 3a
according to its classical connection diagram (Fig. 3b) [22].
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Fig. 3 — A fragment of the solar collector for testing the model
(a) and a scheme of the measuring stand (b)

Studies have allowed a comparison of simulation
results with the field values. The temperature differ-
ence corresponding to the simulation was achieved by
forcibly changing the light intensity. The experimental
dependence Q(uw, AT) is shown in Fig. 4b for compari-
son with theoretical values on the same scale (Fig. 4a).

From the above dependences, one can see a fairly
exact coincidence of the results of laboratory tests with
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the proposed model. During the tests, a characteristic
small power take-off is also observed with a laminar
flow at coolant flow rates up to 0.2 m/s, as well as reach-
ing the maximum value at coolant velocities of more
than 0.8 m/s and temperature gradient of more than 3-
4 K, characteristic limit power withdrawn. The afore-
mentioned confirms the correspondence of the model to
the physical mechanism of the collector’s operation and
will allow further modeling of real systems, in particu-
lar PVT systems [2], where there are additional thermal
interfaces influencing the heat flows.

ol AR
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Q, rel. un.

Fig. 4 — Comparison of the theoretical (a) and experimental (b)
dependences of the amount of power taken by the collector on
the flow rate of the coolant and the temperature gradient be-
tween the input and output
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VYnockouasenusa 6a30BOI Moesi COHAYHOro Kosiekropa niaa PVT cucremu

K.O. Minakosa, P.B. 3aiiies

Hauionanvruii mexniuruli ynigepcumem «XapKi8CoKUl NOSIMEXHIYHUL ITHCMUmymn,
eys. Kupnuuosa 2, 61002 Xapkis, Yrpaina

¥V crarri 3amporoHOBaHa OCHOBA 3araJIbHOI MOJIEJIl TeIJIOBOI0 OOMIHY COHSYHOTO KOJIEKTOPA 1 POSIJVISHYTO
HANOLIBIN BasKJIMBI ITapaMeTpPH JJIA IIPOIIEeCiB TEILIOBLUIavl, Takl K KoeIIlieHT TeIIoBOi KOHBEKII BOJIH,
IIBHUJIKICTH 1 HOTY?KHOCTI IIOTOKY BOJIH, SIK1 B OCHOBHOMY BU3HAYAIOTHCS IIAPAMETPAMU CHCTEMH Ta IIBUJIKICTIO
HOTOKY PIIMHY, & TAKOX IPYHTYOUNCH HA €KCIEePUMEHTAJIBHUX JIOCI/PKeHHSIX JAHUX CUCTEM. Y 3aIIPOIIOHO-
BaHIM MoJeJsIi IIPOIOHYETHCS BPaXOByBaTU TYpOyJIi3alfiio IOTOKY PIAMHU, a TAK0K BHOpaTH HAMOLIBIN edek-
TUBHUN PEKUM PYXY PLOUHU, &, OT:Ke, 1 IIBUAKICTE IIOTOKY PIAUHU I IIepeHeCeHHs Tellyia. ¥ CTAaTTi KOPOTKO
IpeCcTaBJIeH] MeTOqu 30LIBIIeHHA KiJIBKOCT1 TeIJIOTH, 10 BIABOIUTHCS BiI IIOBEPXHI COHSIYHOIO KOJIEKTOPA,
3a paxyHOK ITOTOKY CYMAapHOI COHSYHOI paiarii, a TaKo MeTOIU OIITUMI3allil I Pl3HUX IPAIEHTIB TeMIIe-
patyp. AHa/TI3 OTPUMAHUX Pe3yJIbTATIB IIOKA3YeE, 10 METOAN 30LIbIeHHs e)eKTUBHOCTI BIIBEJEHHS Teria
BIJ MOBEpXHI, sSIKA BIAIIOBiJA€ IOCATHEHHI0 MAKCHUMAJIBHOI BIMIOPAHOI IIOTYYKHOCTI, CHJIBHO 3aJIesKaThb BiI
IIBUIKOCTI ITOTOKY PIAUMHM Ta IpagieHTa TeMrepaTryp. BusHaueHo HAAOLIBIN ONTUMAILHI 3HAYEHHS I'PaIieH-
Ta TeMIIepaTyp Ha OCHOBI AHAITUKY IIIBUAKOCT] IIOTOKY PIIMHIY 1 BeJIMYUHE BIAIOPAHOI IIOTYKHOCTI.

Kmiouosi cnosa: Comsunmit komexrop, PVT cucrema, Iloryskricts, IlIBuakicte motoxy Bomm, I'pamient

Temrepatyp, Termmooomin.
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