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Introduction

The main and most expensive element of the solar heat supply system (SST) is the solar collector (SC).
Therefore, the task of increasing its thermal efficiency and optimizing the weight and size characteristics

and parameters of thermal engineering perfection is in the constant field of vision of many researchers. [1-
3]

In 2018, the total area of installed SCs as part of various solar installations in the world amounted to 686
million m” [4-6]. At the same time, from 2000 to 2018, the total area of installed SCs in the world
increased by 7.6 times [1], of which more than 71 % are tubular vacuum collectors SCs [7,8], most of
which use double-layer tubes of Chinese production [9]. The remaining 29% is accounted for by flat solar
collectors (FSC), which are widely used in European countries.

It should be noted that the rate of SC application is currently decreasing, and the production of SC in the
world is constantly falling [10]. The European SC market is also stagnant: the volume of collector
commissioning has been declining for more than 10 years. Since 2009, the main task of the European
heliotechnical science has been to find ways to reduce the cost of flat SC and SST in general [11].

During the last 15 years, the weight and size characteristics and parameters of the thermal engineering
perfection of flat SCs have practically not changed [12]. They are quite well developed in the world
practice, and have reached parameters close to their limit values [13]. In other words, a significant
increase in the efficiency of the use of solar thermal energy in the SST due to the improvement of the
weight and size characteristics and thermal parameters of individual FSC structures in the foreseeable
future is not necessary.

Therefore, it seems promising to increase the efficiency of using existing flat solar collectors in heat
supply systems by optimizing their operating parameters.
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In contrast to traditional fuel and electric heat generators [14], the efficiency of the PSC depends very
much on the average temperature of the absorbing heat exchange panel [15], which usually has a sheet-
tube design (Fig. 1). For example, in the first approximation, it can be assumed that an increase in the
operating heating temperature for each degree in a flat solar collector leads to a decrease in its efficiency
by 1-2% [16]. Therefore, the same SC, under the same climatic conditions, with different operating
parameters in the SST, can generate heat with different thermal efficiency.
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Figure. 1. Flat solar collector of the sheet-tube type

Determining the average temperature of the absorbing heat exchange panel is quite a difficult task [4],
since this requires a detailed study of the temperature distribution in the collector plane along the x and y
axes (Fig.2, a). Under the influence of the heat transmitted to the liquid, it heats up, and a temperature
gradient occurs in it in the direction of flow (along the y axis). Since the overall temperature level at any
part of the reservoir is determined by the level of the local temperature of the liquid, the spatial picture of
the temperature field will look similar to that shown in Fig. 2, b. The temperature distributions in the x-
axis direction at any y value and in the y-axis direction at any x value are shown in Fig. 2, c and d.

Thus, to increase the efficiency of flat solar collectors in heat supply systems by optimizing their
operating parameters, it is necessary to analyze the influence of these parameters on the panel temperature
distribution in two mutually perpendicular directions: along and across the direction of liquid flow.

The aim of the study is to identify the features of improving the efficiency of flat solar collectors in heat
supply systems by optimizing their operating parameters that affect the average temperature of the
absorbing heat exchange panel.

Consider and analyze the operating parameters that affect the value of the average temperature of the
absorbing heat exchange panel along the direction of the liquid flow (along the y axis) and the thermal
efficiency of flat solar collectors in heat supply systems.

The flow rate of the heat carrier through the SC is one of the main operating parameters that affect its
efficiency and operational readiness of the solar hot water supply system (HWSS).
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Figure. 2. Temperature distribution of the absorbing heat exchange panel of a flat solar collector of the
sheet-tube type [4]:

It is known that until 1980, in the HWSS pumping systems, the coolant flow rate was selected at the level
of 54 kg/(m2 - h) [16]. In recent years, installations with a significantly lower specific flow rate have been
used, providing better temperature stratification of water in the storage tank and high operational
readiness of the system, which after 1 to 1.5 hours allows you to supply hot water to the consumer with
the required temperature. For example, in Sweden, typical unit costs range from 7.2 to 21.6 kg / (m2 - h)

[4].

A significant advantage of installations with a low specific consumption, as noted in [5], is a reduction in
the power of the circulation pump and the diameter of the pipelines, which also leads to a reduction in
capital and operating costs. At the same time, the potential gain in the share of solar energy coverage for a
solar installation with a perfectly stratified tank and with a small specific water flow through the SC, in
the range from 7.2 to 25.2 kg/(m2 - s), compared with a fully mixed tank and a large specific water flow
through the solar collector of the order of 36-72 kg/(m2es), can reach 1/3 [4].

Increasing the share of load coverage in such an installation is possible from 0.48 to 0.66. However, it
should be noted that in practice, such a significant gain has not yet been achieved due to the complexity of
implementing good temperature stratification in the tank. However, the positive effect was confirmed
experimentally, for example, in [6].

The change in the specific flow rate of the coolant through the SC operating on the battery tank is
associated with factors that have the opposite effect on the daily efficiency of the HWSS systems. If the
increase in the specific flow rate of the coolant through the SC and the associated decrease in the
temperature difference on it, on the one hand, leads to an intensification of heat removal from it, on the
other hand, this contributes to a constant increase in the temperature of the water feeding the SC during
the day. This leads to an increase in the average temperature of the SC in the daily section of the HWSS
system operation.[17-19]

A decrease in the specific flow rate of the coolant through the SC and the associated increase in the
temperature difference on it, on the one hand, leads to a decrease in the intensity of heat removal from it,
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but on the other hand, it provides SC with water with a constantly low initial temperature. This ensures
that the average temperature of the SC absorber is constant in the daily operation of the HWSS systems.

It follows that the evaluation of the efficiency of HWSS systems with flat solar collectors should be
carried out according to their daily heat output, taking into account the multiplicity of heating of the
coolant in the SC [17].

Consider and analyze the operating parameters that affect the value of the average temperature of the
absorbing heat exchange panel across the direction of liquid flow (along the x-axis) and the thermal
efficiency of flat solar collectors in heat supply systems.

In this case, the uniformity of the distribution of the liquid flow through the lifting pipes of the flat SC is
of great importance [4]. If the flow distribution is uneven, some sections of the SC containing lifting pipes
with a low flow rate may have a temperature much higher than the temperature of the sections with a
higher flow rate.

Analytical and experimental studies of this problem were carried out in [8, 9, 10], which evaluated the
effect of the uneven distribution of the fluid flow in the ICS system on heat generation at different (small,
medium and large) specific flow rates and the schemes of connecting the collectors to each other. In [8], a
review of some studies of the uniformity of the flow distribution in the SC is given, and an analytical
method for calculating the flow distribution and its experimental verification is also presented.

In [9], the results of analytical and experimental studies of the effect of uneven distribution of the liquid
flow through the riser pipes of a beam-absorbing heat-exchange panel SC of a sheet-tube type on heat
generation are presented. The experiments were carried out in full-scale conditions on one of the sections
of a solar installation designed for hot water supply to the hotel and consisting of 10 parallel branches
with 4 series-connected SC in each branch.

The range of changes in the specific flow of liquid through the SC both with the diagonal arrangement of
the inlet and outlet pipes (Z-scheme), and with the arrangement of these pipes on one side of the section
(P-scheme) was g=5+30 kg/(m2¢<h). In the experiments, the water temperature at the outlet of each branch
of the SC section was measured, which was a measure of how efficiently energy was diverted from the
SC. The difference in temperature between the branches of the SC section is also a measure of the lack of
uniformity in the flow distribution, since at the entrance to each branch, cold tap water was supplied with
the same temperature, which was also measured. [21-22]

For the Z-scheme at low (g=5.15 kg/(m2°¢h)) and medium (g=10.6 kg/(m2+h)) specific flow rates, and for
the P-scheme only at low (g=4.96 kg/(m2+h)) specific flow rates, an almost uniform flow distribution was
observed in the individual branches of the IC section, as can be seen from the slight temperature
differences (£2+3 °C) at the outlet from the parallel branches. For the Z-scheme at large (g=29.4
kg/(m2¢h)), and for the P-scheme at medium (g=20.0 kg/(m2°<h)) and large (g=30.4 kg/(m2+h)) specific
flow rates, there was a noticeable unevenness in the flow distribution through the extreme 9 and 8
branches of the SC section, in which the temperature differences are already up to +4+5 °C from the
average value, and in comparison with the most extreme 10 branch differ by 8+10 °C.

In [14], the results of measuring temperatures at low, medium and high specific flow rates for a battery of
twelve SC connected in parallel to each other are presented. According to experimental data, the
temperature differences between the central part and the extreme sections of the battery at high flow rates
reach 22 °C, and with a decrease in specific flow rates through the SC, similar to experimental data [13],
these temperature differences decrease. However, this difference is very significant and therefore has a
strong impact on the overall thermal efficiency of the SC battery. Therefore, based on the results of
studies in [10], it is recommended to use hydraulic channels of sufficiently large diameter in structures, so
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that pressure drops mainly occur in lifting pipes. In SC batteries with forced circulation, when the number
of lifting pipes exceeds 24, it is recommended to use a series-parallel or parallel-serial connection instead
of a parallel connection.

When designing and designing individual collectors and SC batteries with a given unevenness of the flow
distribution, it is necessary to know the quantitative relationship between the above design parameters,
which is given in [15]. The method of hydraulic calculation of the heat exchange panel of a solar water-
heating collector of the sheet-tube type with a given uneven distribution of the liquid flow under
conditions of forced circulation is given in [20].

Conclusions

Increasing the thermal efficiency of flat solar collectors in heat supply systems in conditions when their
mass and size characteristics and parameters of thermal engineering improvements are already well
developed in the world practice, studied and reached values close to the limit values can be achieved by
optimizing their operating parameters in two ways:

1) due to a single heating of water in solar collectors with a small specific flow rate in the range from 7.2
to 25.2 kg / (m2 - s) corresponding to low flow rates and a high temperature gradient along the direction
of movement of the liquid in the solar collector, which provides an overall increase in the share of
covering the thermal load of the consumer from 0.48 to 0.66 due to high temperature stratification of
water in the battery tank;

2) by improving the uniformity of the distribution of the coolant flow through the lifting pipes and
reducing the temperature gradient perpendicular to the direction of movement of the liquid on average
from 4 to 5 °C and a corresponding increase in the efficiency of the solar collector by the same amount.

This work was performed with the support of the Ministry of Innovative Technologies of the Republic of
Uzbekistan within the framework of the fundamental grant BN-M-F3-003.
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