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Abstract

The vacuum U-tube solar thermal collector is highly effective for solar thermal applications because of its ability to
operate across a wide temperature range. This study investigates the various factors influencing the total heat loss coefficient to
identify the most significant parameters and analyze their impact in detail. By minimizing these effects, the performance of the
solar collector can be significantly improved. The findings revealed that the thermal emissivity of the interior surface of the
outer glass tube has the most substantial impact. When the emissivity increases from 0.05 to 1, the total heat loss coefficient
rises by 98.5%. Similarly, the thermal emissivity of the exterior surface of the inner glass tube also plays a critical role, with an
increase from 0.05 to 1 causing a 93.2% rise in the heat loss coefficient. Among these, the exterior surface emissivity of the
inner glass tube has the greatest influence on the total heat loss coefficient. On the other hand, the surrounding air velocity has
the least impact, with an increase from 1 m/s to 10 m/s resulting in only a 7.35% rise in the heat loss coefficient. Notably, at
velocities exceeding 10 m/s, there is no further effect. Parameters such as ambient air temperature, the thermal conductivity of
the outer glass tube, and the thermal emissivity of its exterior surface show no significant influence on the heat loss coefficient.

Keywords: total heat loss coefficient, renewable energy, vacuum U-tube solar thermal collector, thermal energy transfer,
useful energy.
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AHHOTaNMsA

Bakyymubiii U-00pa3Hbiii COMHEUHbIM TETIOBOM KOJUIEKTOP SIB/SIETCS BBICOKO3((EKTUBHBIM /il COTHEUHBIX TEIIOBBIX
cucTeM Onarogapst CBoei crmoco6HOCTH paboTaTh B IIMPOKOM [Mara30He Temrieparyp. B JaHHOM MCC/ieJOBAHUM H3yUaloTCs
pasnuuHble (aKTOPbI, BAUSIONIME Ha OOI[UH KO3(GHIUEHT TerionoTepb, C LeJbl0 BbISBIEHUS Haubosee 3HAUUMBIX
rapamMeTpoB W [IeTaJBHOTO aHalM3a WX BAMSHUS. MMHUMH3UDPYS 3T 3(G¢eKTbl, MOXHO 3HAUUTeIbHO YIyUllIdTh
XapakTepUCTUKM COJHEYHOro KoJ/uleKTopa. PesysbraThl MCC/iefoBaHMS TIOKa3ald, uTo Haubosiee CyljeCTBEHHOe B/USHUE
OKa3bIBaeT TeIIOBasi SMUCCHOHHAs CIOCOOHOCTh BHYTPeHHEH TIOBePXHOCTH BHEIIHeH CTeK/IsTHHOM TpyOKu. IIpy yBenuueHun
SMUCCUOHHOU criocobHocTH ¢ 0,05 o 1 obmmii KoadduiMeHT TernonoTeps noebiiiaetcs Ha 98,5%. AHamoruuHbIM 06pasom,
TeIIoBasi SMUCCHOHHAsI CIIOCOOHOCTH BHEIHEH TIOBePXHOCTH BHYTPeHHEH CTeK/ISIHHOM TPYOKM TakKe UrpaeT BaKHYHO POJIb:
nipu yBenuuenun ¢ 0,05 1o 1 ko3 duipeHT Tenionoreps noebimaetcs Ha 93,2%. Cpeau HUX U3/ydaTesnbHasi COCOOHOCTh
BHeIlIHeli TIOBePXHOCTH BHYTDeHHel CTeK/JSTHHOW TPYOKM OKa3biBaeT Haubosiblliee BAWSHHEe Ha OOLMH KO3 ULeHT
TeruionoTepb. C JPYroi CTOPOHBI, CKOPOCTh OKPY’KAIOIero BO3/yXa OKa3biBaeT HaUMeHblllee B/IMSHUE: TIPH YBeJHMUeHuH ¢ 1
M/c o 10 M/c KO3(hGUIMEHT TeryIonoTeph TMOBBIMIAeTCS Bcero Ha 7,35%. IIpuMeuaTesbHO, UTO TIPU CKOPOCTSX,
npepblnaromux 10 m/c, panbHediero s¢dexkra He Habmopaercs. Takuve rapameTphl, Kak TeMIlepaTypa OKpPY)KalOILero
BO3/lyXa, TEIIOIPOBOJHOCTL BHEIIHEM CTeK/JSHHOW TpyOKM M TeruioBas 3MHCCHOHHAs CIIOCOOHOCTh ee BHelIHel
TIOBEPXHOCTH, He 0Ka3bIBalOT 3HAUMTE/IbHOTO BIWSHUS Ha KO3(D(ULIMEHT TeronoTepu.

KioueBble cinoBa: Ko3(¢uiyveHT o0Ieil TernoBod TOTepu, BO300HOB/sieMasi SHeprus, BakyyMmHbI U-00pa3Hbiii
COJTHEYHBIH TeIJIOBOI KOJUIEKTOp, Tiepefjada TeIyIOBOM SHePruy, 1ojie3Hast SHeprusl.

Introduction

The depletion of fossil fuel reserves, coupled with the severe environmental consequences of their overuse, has accelerated
the global shift toward renewable energy. Among the most widely adopted alternatives is solar power. A critical component of
this technology is the solar collector, which comes in various designs such as flat plate, vacium U-tube, and parabolic
concentrators.

In thermal engineering, applications are characterized by two fundamental parameters: the required thermal power, or heat
flux (kW), and the operating temperature (°C). While two systems may demand similar power, their temperature requirements
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dictate the appropriate solar collector. For instance, flat plate collectors are generally incapable of sustaining temperatures
beyond 100 °C, as their absorbing surface is also the primary site for ambient heat loss. Conversely, vacuum U-tube solar
thermal collectors can achieve temperatures upwards of 200 °C. This superior performance is enabled by a vacuum pressure
surrounding the absorber tube, which drastically reduces convective thermal losses.

As depicted in Fig. 1, the vacuum U-tube collector consists of an outer glass tube and an inner absorber tube coated with a
selective surface. This coating maximizes the absorption of solar radiation and its conversion into thermal energy. The
generated heat is partitioned into useful energy, which is transferred to the working fluid, and thermal losses dissipated to the
environment. Consequently, the useful energy rate, Q,, can be expressed by equation (1) [1], [2].

QuzFRXAX[T(XXIg—ULX(Tcin_TS)] @)

Figure 1 - The evacuated U-pipe solar thermal collector
DOI: https://doi.org/10.60797/IRJ.2026.163.79.1

Note: source [3]

A critical determinant of the useful thermal energy output is the total heat loss coefficient. Examination of the second term
in Equation (1), which quantifies thermal losses, reveals that an increase in this coefficient directly diminishes the useful
energy gain. Consequently, this study presents a comprehensive analysis of this coefficient, aiming to identify and optimize the
parameters that influence it to minimize its value and thereby maximize collector performance [1], [2].

Numerous studies have been carried out to investigate the thermal efficiency and performance of solar thermal collectors.
Deshmukh K. [4] experimentally studied the heat transfer performance, pressure drop, and efficiency of a vacuum U-tube solar
thermal collector. The stability and thermo physical properties of TiN nanofluid were also measured experimentally. Findings
indicate that combining 0.1% TiN nanofluid with a twisted tape (H/D = 5) enhances the convective heat transfer coefficient by
68.9% at a flow rate of 1.25 liters per minute (LPM) compared to water at 0.25 LPM. Under identical conditions, the pressure
drop increased by 88.5%. The performance of the solar thermal collector with TiN nanofluid reached 98.66% and 71.53% at a
0.1% volume concentration, with and without twisted tape, respectively.

Avezov R.R. [5] developed a methodology for calculating the heat loss coefficient through translucent coatings in flat plate
collectors, accounting for the effects of partial radiation absorption and heat transformation. The proposed formula was
demonstrated with a practical computational example.

As part of a parametric analysis, Senthil R. [6] determined that the thermal performance of a parabolic dish receiver is
highly dependent on environmental conditions and material properties. While wind speed exacerbates convective losses, higher
ambient temperatures reduce the system's thermal capacity. A critical finding was that reducing the emissivity of the receiver
coating from 0.9 to 0.2 resulted in a 75% reduction in heat losses, underscoring the paramount importance of surface coating
optimization.

In further work, Avezov R.R. [7] quantified the heat loss coefficient for absorbing panels in flat-plate collectors, evaluating
the distinct influences of both free and forced convection and analyzing the temperature dependence of the convective and
radiative loss components.

Kumar A. [8] performed a thermodynamic comparison of flat plate and vacuum tube collectors, identifying absorber plate
temperature as the most significant factor governing heat loss. The study concluded that minimizing this loss requires
maintaining the absorber temperature close to the ambient, achievable by increasing the heat transfer fluid's flow rate or its
heat capacity through the addition of nanoparticles.

Celik Toker S. [9] developed a mathematical model to simulate the dynamic thermal performance of vacuum U-tube
collectors using carbon dioxide (COz) as a working fluid for low to medium-temperature applications. Validation against
experimental data showed a marginal deviation of 6.3% between theoretical and empirical results.

Tekkalmaz M. [10] numerically demonstrated that the top heat loss coefficient in flat plate collectors is highly sensitive to
the glazing material and the collector's tilt angle. Plastic covers (e.g., Lexan, acrylic) were found to exhibit a lower loss
coefficient than glass. The maximum heat loss was shown to increase linearly with absorber plate temperature but remained
largely unaffected by variations in ambient temperature.

Kiran naik B. [11] experimentally compared a vacuum U-tube collector integrated with a parabolic reflector (EUSCIPR) to
a conventional evacuated tube collector (CEUSC). Numerical analysis indicated that the EUSCIPR configuration achieved a
14.1% higher thermal efficiency within the tested operating range, with both systems exhibiting peak energy losses during
peak insolation hours.
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Moslemi H.R. [12] investigated the thermal performance of a vacuum U-tube collector, concluding that efficiency is
enhanced by increasing the thermal conductivity of the filler material located in the gap between the copper fin and the
absorber surface.

Ataee S. [13] conducted a numerical study on the energy and exergy performance of a U-pipe vacuum collector with filled
layers. The research showed that higher thermal conductivity in the filler layer improves both energy and exergy efficiencies.
Exergy destruction was found to be maximized when ambient and inlet temperatures were equal, and exergy efficiency
declined from 12% at an ambient temperature of -10 °C to 2% at 35 °C.

Gao Y. [14] formulated a mathematical model to predict the thermal performance of a U-pipe evacuated tube (UpEST)
collector, incorporating axial and radial temperature distributions. The model's strong agreement with experimental data
confirmed its reliability for analyzing the impact of weather conditions and key design parameters — including tube
dimensions, flow rate, heat loss coefficient, and coating absorptivity — on thermal efficiency.

Materials and methods

The thermal characterization of a vacuum U-tube solar collector is derived from a first-law thermodynamic analysis,
establishing a comprehensive energy balance between the circulating heat transfer fluid (HTF) and the ambient environment.
This model integrates key parameters, including collector geometry, thermo physical properties of the HTF, the optical
efficiency of the system's selective coatings, and prevailing meteorological conditions.

As depicted in Fig. 2, a steady-state, one-dimensional heat transfers schematic and its analogous thermal resistance
network represent a cross-section of the absorber and glass tube assembly. Incident solar radiation, denoted as s, impinges
upon and transits the outer glass envelope. This energy is absorbed by the selectively-coated inner glass tube, converting it into
a thermal power source.

This captured energy is subsequently partitioned into two distinct pathways:

- Useful Energy Gain: Energy is conducted through the wall of the inner glass tube (gss.cona), and then transferred via
radiation from its interior surface to the exterior surface of the absorber tube (q43.d). It is then conducted through the absorber
tube wall (g3 .cona) before being convectively absorbed by the HTF through forced convection (qi2.con).

Thermal Loss: Energy is radiatively lost from the outer surface of the inner glass tube to the inner surface of the outer glass
tube (qseraa). This loss is then conducted through the outer tube wall (ge7.cona) and finally dissipated to the environment through a
combination of natural convection to the ambient air (q7s.con) and net radiation exchange with the sky (q7sky.rad)-

Figure 2 - Cross-sectional view of the absorber tube within the solar collector
DOI: https://doi.org/10.60797/IRJ.2026.163.79.2

Study Parameters and System Specifications:

This analysis is conducted under the following specific conditions and operational constraints:

1. Geographical and Operational Context:

- Location: The system is simulated for the climatic conditions of Samara, Russia.

- Primary Application: The vacuum U-tube solar thermal collector is designed to power a double-effect absorption
refrigeration system with a required thermal capacity of 14.391 kW.

- Target Operating Temperature: The collector must deliver heat transfer fluid (HTF) at a temperature of 140 °C to meet
the chiller's operational requirement.

2. Environmental Input

- Solar Insolation: The incident solar flux density is specified as 334 W/m?.

3. Collector Configuration and Properties

The design and material properties of the solar collector are defined as follows [3]:

- Installation: Mounted at a fixed tilt angle of 45°.

- Heat Transfer Fluid (HTF): Therminol 66 is employed as the working fluid.

- Glass Tubes:
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Inner Tube: Outer diameter = 0.0362 m; wall thickness = 0.0039 m.

Outer Tube: Outer diameter = 0.047 m; wall thickness = 0.0039 m.

- Absorber Tube: Constructed with an outer diameter of 0.008 m and a wall thickness of 0.0005 m.

- Vacuum Condition: The annular space between the inner and outer glass tubes is evacuated, establishing a high-vacuum
environment to eliminate convective heat losses.

- Optical Properties:

Glass tube transmissivity (t) = 0.95.

Absorber tube absorptivity (a) = 0.92.

As previously described, thermal energy is dissipated from the external surface of the inner glass tube to the ambient
environment. This heat loss occurs through a series of sequential mechanisms: radiation from the inner glass tube to the interior
surface of the outer glass tube (hserd), conduction through the wall of the outer glass tube (hg7.cond), and finally, from the outer
tube's exterior surface to the surroundings via natural convection (hscn) and radiation to the sky (hsyrad)-

The overall heat loss coefficient, U, which quantifies the combined effect of these pathways, is calculated using Equation

(2) [15]:

-1
1 D D
U, = + — + 2 2
L hSGArad D7Xh67Ac0nd D7X(h78.con+h7sky.rad)

The overall heat loss coefficient Uy is derived from the following constituent heat transfer coefficients, each representing a
distinct mechanism in the thermal loss pathway.

1. Radiative Transfer Coefficient (hsgrd):

This coefficient quantifies the radiant energy exchange between the exterior surface of the inner glass tube (Surface 5) and
the interior surface of the outer glass tube (Surface 6). Its value is a function of the temperatures (Ts, Ts) and emissivities (Es,
&) of these surfaces and is calculated using Equation (3) [15]:

— o 2 2
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2. Conductive Transfer Coefficient (hg;.cond):

This coefficient describes conductive heat transfer through the wall of the outer glass tube, from its interior surface
(Diameter Dg) to its exterior surface (Diameter D). It is given by [4]:

3
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3. Convective Transfer Coefficient (hg.con):
This coefficient characterizes natural convection heat loss from the exterior surface of the outer glass tube to the ambient
air. It is defined as [5]:

_ Nuxk7g
h7gcon = —p — (5)

where ks is the thermal conductivity of air and Nu is the Nusselt number. The calculation of Nu is contingent upon wind
conditions, leading to two distinct cases:
Case 1: Forced Convection (Wind velocity V., = 1 m/s)
The Nusselt number is calculated using the Churchill-Bernstein correlation [6]:
Prs

0.25
_ m n Prg
Nu=cXxXR ><Pr8><(Pr7> (6)

The Reynolds number (Re) is determined by:

R = YwxDs
9g

™)

The constants ¢ and m are selected from Table 1 based on the calculated Re value. The constant n is defined as:
-n=0.37 for Pr,<=10
-n=0.36 for Pr,>10

Table 1 - Empirical constants c and m for the forced convection correlation

DOI: https://doi.org/10.60797/IRJ.2026.163.79.3

Reynolds number, Re Constant, c Constant, m
1-40 0.75 0.4
40 - 1000 0.51 0.5
1000 - 200000 0.26 0.6
200000 — 1000000 0.076 0.7

Note: source [15]
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Case 2: Natural Convection (Wind velocity V,, = 0 m/s)
Under calm conditions, the Nusselt number is modeled using a correlation for a horizontal cylinder [8]:
2

1
Nu=|06+ 0.387XRa6 (8)

8
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The Rayleigh number (Ra) is calculated as:

Ra =

©)

The properties Prys, ozs, and U (Prandtl number, thermal diffusivity, and kinematic viscosity of air, respectively) are
evaluated at the film temperature T7s = (T + Ts)/2. The coefficient of volumetric thermal expansion B is approximated for an
ideal gas as:

1

B = —
T7g (10)

4. Radiative Sky Loss Coefficient (hsky.rad):
This coefficient defines the radiative heat transfer from the exterior surface of the outer glass tube to the sky. It is
expressed as [11]:

h7sky.rad = 6 X &7 X <T72 + TSZky) X (T7 + TSky) (11)

Following the establishment of the algorithm for computing the overall heat loss coefficient (U.), the system of implicit
equations is solved numerically employing the simple iteration method. This approach is necessary due to the interdependence
of surface temperatures and the heat transfer coefficients.

The analysis reveals that the value of U\ is predominantly sensitive to the following key parameters:

- The surface emissivity of the exterior of the inner glass tube (Es).

- The surface emissivity of the interior of the outer glass tube (Es).

- The surface emissivity of the exterior of the outer glass tube (£;).

- The thermal conductivity of the outer glass tube material (k7).

- The ambient wind velocity (V).

- The ambient air temperature (T5).

Results

To ascertain the optimal value of the overall heat loss coefficient (U.), a parametric sensitivity analysis was conducted.
The relationship between U;, and ambient air velocity is a critical factor, as illustrated in Fig. 3.

The results demonstrate a logarithmic relationship between air velocity and the heat loss coefficient. As velocity increases
from 1 m/s to 10 m/s, U undergoes a significant rise of 7.35%. Beyond this point, the sensitivity of Uy to velocity markedly
decreases. The increase in the loss coefficient is merely 1.23% between 10 m/s and 20 m/s, and further diminishes to 0.53%
between 20 m/s and 30 m/s.

Consequently, it is evident that for wind velocities exceeding 10 m/s, the influence of air speed on the total heat loss
coefficient becomes negligible. This finding indicates that design and analysis efforts can prioritize other parameters in high-
wind scenarios.
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Figure 3 - Variation of the total heat loss coefficient (U.) as a function of ambient air velocity
DOI: https://doi.org/10.60797/IRJ.2026.163.79.4

As shown in Fig. 4, the total heat loss coefficient exhibits a near-perfect linear dependence on ambient temperature,
characterized by an error margin of merely 0.0013%. Over the tested range of 250 K to 330 K, the coefficient's value increased
by a marginal 2.8%. Consequently, it is evident that ambient temperature exerts a negligible influence on the total heat loss
coefficient.
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Figure 4 - The total heat loss coefficient varies with changes in ambient temperature
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As depicted in Fig. 5, the total heat loss coefficient varies linearly with the thermal emissivity of the outer glass tube's
exterior surface. The proportionality exhibits an error margin of only 0.0018%. Despite a substantial increase in emissivity
from 0.05 to 1, the heat loss coefficient increases by a mere 0.97%. It is therefore evident that the thermal emissivity of this
surface is not a critical factor.
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As shown in Fig. 6, the total heat loss coefficient exhibits a logarithmic dependence on the thermal conductivity of the
outer glass tube. The most significant change occurs at lower conductivity values: an increase from 0.1 to 1 W/m.K results in a
3.4% rise. Beyond 1 W/m.K, the sensitivity decreases drastically, with a further increase to 3 W/m.K causing a rise of merely
0.28%. This rapid saturation indicates that thermal conductivity has a limited influence on the overall heat loss.
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Figure 6 - The total heat loss coefficient varies with changes in the thermal conductivity of the outer glass tube
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As shown in Fig. 7, the total heat loss coefficient varies with the thermal emissivity of the inner glass tube's exterior
surface according to a second-order curve. The dependence is extreme: over the range of emissivity from 0.05 to 1, the
coefficient increases dramatically by 93.2%. Consequently, it is concluded that this parameter is a critical and dominant factor

influencing the total heat loss.
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Figure 7 - The total heat loss coefficient varies with changes in the thermal emissivity of the exterior surface of the inner
glass tube
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As shown in Fig. 8, the total heat loss coefficient exhibits a logarithmic dependence on the thermal emissivity of the outer
glass tube's interior surface. The effect is substantial: varying the emissivity across its full practical range (0.05 to 1) results in
a near-doubling (98.5% increase) of the coefficient. This robust correlation confirms that this parameter is a dominant and

critical variable in the system's heat loss.
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Figure 8 - The total heat loss coefficient varies with changes in the thermal emissivity of the interior surface of the outer
glass tube
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As shown in Fig. 9, the thermal emissivity of the inner glass tube's exterior surface (red curve) exerts a far greater
influence on the total heat loss coefficient than the interior surface of the outer tube (blue curve). This is quantified at an
emissivity of 0.5: the coefficient for the inner tube surface (5.625 W/m?-K) is 56.3% higher than that for the outer tube surface
(2.46 W/m2-K). Therefore, the inner tube's emissivity is identified as the most critical factor.
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Nomenclature
FR — Heat removal coefficient.
A — Area, m>
7 — Permeability.
@ — Absorbency.
I ¢ — Intensity of solar radiation, W/m>.

U; — Total heat loss coefficient, W/m2.K.
T — Temperature, K.
cin — Inlet temperature of the heat transfer fluid, K.
1 — Heat transfer fluid.
2 — Interior surface of the absorber tube.
3 — Exterior surface of the absorber tube.
4 — Interior surface of the inner glass tube.
5 — Exterior surface of the inner glass tube.
6 — Interior surface of the outer glass tube.
7 — Exterior surface of the outer glass tube.
8 — Ambient air.
6 — Stefan-Boltzmann constant, =5.67x10—8, W/m?-K*.

D — Diameter, m.

€ — Emissivity.

k — Thermal conductivity, W/m.K.
f — Friction coefficient.

m — Mass flow rate, kg/s.

P — Density, kg/m®.
Vi — Wind velocity, m/s.

U — Kinematic viscosity, m?s.

& — Gravitational acceleration, m/s>.

@ — Thermal diffusivity, m%s.
Conclusion

Based on the findings, the thermal emissivity of the exterior surface of the inner glass tube exerts the greatest influence on
the total heat loss coefficient. This is a logical outcome, as this surface is the primary site for the absorption of solar radiation
and thus a dominant source of heat loss. The emissivity of the interior surface of the outer glass tube also demonstrates a
notable, though secondary, impact. In contrast, the thermal conductivity of the outer glass and the emissivity of its exterior
surface were found to have a negligible effect.

Regarding ambient air parameters, temperature exhibits a minimal influence, while air velocity has a clear effect,
particularly at values below 10 m/s; its influence diminishes significantly at higher speeds.

Key limitation of this study is the assumption of a perfect vacuum between the glass tubes, thereby eliminating convective
heat transfer. As this condition is difficult to achieve in practice, it warrants thorough investigation and careful design
consideration.

To advance this research, it is recommended to investigate novel selective materials for the critical surfaces (the inner tube
exterior and outer tube interior). A comparative analysis of such materials would identify the most effective options for vacuum
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U-tube solar thermal collectors. Furthermore, the construction of an experimental model is essential to validate these
theoretical findings.

The novelty of this work is threefold:

- Comprehensive Parameter Analysis: It systematically identifies all pertinent physical parameters affecting the total heat
loss coefficient, as well as those with negligible influence.

- Mathematical Modeling: It derives direct mathematical equations correlating the total heat loss coefficient with its
driving parameters.

- Graphical Characterization: It provides detailed graphical curves for each parameter's individual effect.

The theoretical results show strong agreement with prior published works.
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