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The rising demand for reliable and sustainable renewable energy has increased the need for efficient thermal
energy storage. This study introduces a novel solar furnace integrated with a Ring Array Concentrator (RAC)
system—rarely explored in literature—and investigates high-temperature thermal storage using Phase Change
Materials (PCM) through experimental and theoretical methods. Two solar storage units were developed: Model-I
with a flat receiver and Model-II with finned cylindrical receiver for enhanced heat transfer. The newly devel-
oped RAC system was tested experimentally in the Trabzon province of Turkiye. Instantaneous solar irradiation
for the region was also determined analytically. During a 10-hour operating period, Model-I successfully melted
0.7 kg of solar salt and 3.8 kg of Hitec salt. In contrast, the enhanced Model-II system achieved full melting of 18
kg of Hitec salt within 7 h, reaching an average temperature of 455 K. Experimental and numerical results
revealed that the RAC system achieved an optical efficiency of 58.8 %, with the receiver efficiency calculated at
64.3 %. The maximum thermal efficiency and exergy efficiency of the solar furnace are determined to be 39 %
with a 3.4 % uncertainty and 20 % with a 1.3 % uncertainty, respectively. A strong agreement was observed
between experimental measurements and theoretical predictions for both furnace models. This work offers a
novel and integrated solar thermal system by combining advanced RAC optics with PCM-based thermal storage,
making a significant contribution to sustainable energy technologies through improved heat storage perfor-
mance, reduced CO; emissions, and adaptability to varying environmental conditions.

sustainability and efficiency of solar power plants [3]. These studies
collectively highlight the key parameters such as working fluid type,
nanoparticle additives, system design, and thermal storage integration
that significantly influence the performance of concentrated solar sys-

1. Introduction

Solar energy is one of the most significant renewable energy sources
in today’s energy production landscape. Concentrated solar power (CSP)
technologies are generally categorized into two main groups based on
their focusing methods: line-focus and point-focus systems. Mwesigye
et al., investigated the potential of nanotechnology to enhance the
thermal performance of medium-temperature parabolic trough collec-
tors operating under line-focus conditions [1]. Similarly, Achahour et al.
demonstrated experimentally that Linear Fresnel.

Reflector (LFR) systems can be efficient in medium-temperature
applications, and that integrating thermal energy storage systems pro-
vides a clear advantage in overall system efficiency [2]. Umar et al.,
further analyzed the role of thermal energy storage in improving the

* Corresponding author at: Karadeniz Technical University, Trabzon, Turkey.

tems, offering a solid scientific foundation for advancing solar technol-
ogies. Among point-focus systems, RAC, which function similarly to
parabolic dish concentrators, have shown great potential for achieving
high-temperature thermal storage, making them a promising alternative
for advanced solar thermal applications. Vasylyev et al., demonstrated
that RAC systems can be used to develop a new generation of High-
Concentration Photovoltaic (HCPV) modules, achieving concentration
ratios exceeding 1,000 while maintaining a uniform flux distribution
[4]. This finding highlights the potential of RAC systems as efficient
concentrators for high-performance photovoltaic applications. Simi-
larly, Garcia et al., conducted an analytical study on a RAC system with a
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Nomenclature

Latin characters

Ags Partial solid—fluid domain constant

Cppcmisy Constant pressure specific heat of PCM in solid state (J kg
)

Cppcmy Constant pressure specific heat of PCM in liquid state (J kg
)

Ey dest Total exergy destruction per unit time (W)

Exin Exergy entering the furnace per unit time (W)

Ex out Exergy from the furnace per unit time (W)

Eyst Exergy stored in the furnace per unit time (W)

E, loss Total exergy loss per unit time (W)

Fq Inertia resistance

fsxI' Shading and contrast factor

H Molten material enthalpy (J kg™!)

h Heat transfer coefficient from the focal area (Wm™2K 1)

hg Hour angle O

hgs Sunset hour angle O

I Solar radiation (W m~?)

Iz Direct radiation incident on inclined surface (W m~2)

I, Global radiation amount (W m~2)

Ip Diffuse radiation incident on inclined surface (W m~2)

Ig Reflected radiation from inclined surface (W m~2)

I, Total irradiance (W m™2)

K Permeability resistivity in numerical calculation

k¢ Thermal conductivity coefficient of PCM in liquid state (W
m'K

Lg Latent heat of melting (J kgfl)

1 Wall thickness for inorganic salt (m)

m Inorganic salt mass (kg)

m Melting mass flow rate (kg s™1)

) Internal pressure of the fluid (N m2)

S Source term

Sgen Entropy generation rate (W/K)

Q. Energy stored in the system per unit time (W)
Q solar Solar energy per unit time (W)

Q. Energy lost from the furnace (W)

Q conv Heat transfer by convection (W)

Q raC Heat transfer between system and surroundings (J)
t Time (s)

T; Liquid temperature of inorganic salt (K)
T; Initial temperature of PCM (K)

Ta Ambient temperature (K)

Toc Theoretical focal temperature (K)

\Y% Volume of inorganic salt (m®)

Greek characters

O Sun elevation angle O

o Thermal diffusion coefficient (m? s~ 1)

o Absorption rate of receiver surface

p Inclination angle of receiver surface

3 Molten liquid fraction of an inorganic salt
Bre Coefficient of thermal expansion )

€ Emissivity coefficient

€ Porosity coefficient

€ A number too small to avoid division by zero
A Target angle O

Hy Dynamic viscosity of fluid (kg m™?s™")

Ps Density of inorganic salt in liquid state (kgm %)
T Permeability coefficient

c Stefan — Boltzmann constant (W m 2 K™%
ﬁ Solid speed in solidification (m s

u velocity component in the x-direction

v velocity component in the y-direction

v Kinematic viscosity (m?s™hH

w velocity component in the z-direction

\Y Gradient operator

concentrator surface area of approximately 3.14 m?2, reporting an
exceptionally high theoretical concentration ratio of 30,960 [5]. Their
study evaluated the applicability of this system using a small spherical
receiver with a radius of just 5.68 mm. However, the extremely small
receiver size limits the practical scalability and broader application of
such systems. These studies collectively emphasize the promising con-
centration capability of RAC technologies, while also underlining the
need for new design approaches to enhance their feasibility in large-
scale thermal and photovoltaic applications. Garcia et al., evaluated
the optical performance of concentrator systems composed of seven
concentric parabolic reflector rings combined with a small Fresnel lens
positioned at the center, utilizing Zemax ray-tracing software. Their
numerical analyses revealed that most models achieved a concentrated
solar flux exceeding 18 W mm ™2 with an optical efficiency around 54 %
[6]. This study underscores the potential of RAC systems to enhance
optical efficiency through advanced high-concentration designs. In
contrast, an experimental investigation by Ky et al., tested five RAC
units, each with an aperture area of 1.692 m?, under approximately 5.5
kWh m~2 day ! solar irradiation in Burkina Faso. The systems, oper-
ating at an average geometric concentration ratio of 38, achieved a
receiver temperature of 603 K and demonstrated a thermal efficiency of
40 %, confirming their suitability for cooking applications [7]. However,
this work did not address thermal energy storage experimentally. In
combination, these studies illustrate the versatility of RAC systems
across high-efficiency optical concentration and practical thermal ap-
plications, while simultaneously highlighting a significant gap in the
literature regarding the integration of thermal energy storage within

such systems.

Solid-liquid PCMs used in thermal energy storage applications are
generally classified into three categories: organic, inorganic, and
eutectic mixtures Cabeza et al., provided a comprehensive review of the
technical challenges encountered when implementing PCMs in building
applications and proposed potential solutions to address these issues [8].
Jiang et al., demonstrated that a eutectic mixture of 43 % Potassium
Carbonate (K2CO3), 57 % Sodium Carbonate (Na;CO3) and combined
with Magnesium Oxide (MgO), maintained shape stability with up to 60
% PCM content, exhibiting a melting point of 983 K, an energy density of
431.2J g’l, and thermal stability up to 1158 K [9]. Furthermore, Tao
et al., showed that magnetically actuated receivers suspended within
molten salts heated by solar radiation can significantly enhance thermal
energy storage rates [10]. These studies highlight the critical importance
of selecting PCMs with high specific heat capacity, cost-effectiveness,
and thermal stability for efficient thermal energy storage in solar en-
ergy systems, emphasizing that material choice directly influences
overall system performance.

The geometry of the receiver plays a crucial role in maximizing the
thermal efficiency of parabolic dish and RAC. Various receiver designs
have been investigated in the literature, with Bellos et al., reporting that
a cylindrical-conical receiver geometry achieved optimal performance,
yielding thermal, exergy, and optical efficiencies of 67.9 %, 35.7 %, and
85.4 % respectively at 573 K [11]. Similarly, Kasaeian et al., demon-
strated that a conical cavity receiver provided thermal and optical effi-
ciencies of 70 % and 87 % respectively at an operating temperature of
473 K [12]. These studies collectively emphasize the importance of
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carefully selecting receiver geometry according to the specific concen-
trator system, highlighting that cylindrical or spherical receivers may be
more suitable for certain configurations.

Various thermal energy storage methods have been developed for
solar-powered systems. Verma and Das demonstrated that a packed-bed
thermal storage tank could support a solar desalination unit to produce
11.69 kg of potable water per cubic meter of storage volume [13]. In a
related study, Verma et al., analytically investigated the cooking effi-
ciency of a box-type solar cooker, revealing that the size of the cooking
vessel significantly impacts both daytime and nighttime cooking per-
formance [14]. Meanwhile, Asgari et al., showed that incorporating
branched fins combined with 0.04 % hybrid Aluminum Oxide-Copper
(Al,03-Cu) nanoparticles into inorganic PCMs notably accelerated the
solidification process and enhanced heat transfer rates [15]. Overall
these studies highlight the critical role of thermal energy storage and fin
design in improving the overall efficiency of PCM-based solar thermal
systems.

In the selection of materials for furnace and fin components oper-
ating with molten salts, corrosion resistance is a critical factor. Ma et al.,
reported that stainless steel alloys 304 and 316L exhibit good mechan-
ical properties and corrosion resistance up to 773 K [16]. Kruizenga
et al., conducted 3,000-hour corrosion tests in a solar salt environment
composed of 60 % by weight Sodium Nitrate (NaNO3) and 40 % by
weight Potassium Nitrate (KNOs) on alloys including 347SS, 321SS,
In625, and HA230. They observed the formation of thin oxide layers at
673 K, while at 773 K, iron-based alloys experienced chromium deple-
tion and iron oxide formation [17]. Importantly, negligible metal
dissolution was detected in the salt at these temperatures. Similarly, Zhu
et al., demonstrated that 316SS maintains corrosion resistance in Hitec
salt at 723 K [18]. Collectively, these findings support the preference for
stainless steels in furnace construction for long-term, high-temperature
applications.

In this study, an innovative solar furnace design featuring a RAC
system—an area scarcely explored in the literature—was developed,
and its thermal performance was comprehensively investigated through
analytical, numerical, and experimental methods. The RAC arrange-
ment, consisting of eight concentrator rings, focuses solar radiation
beneath the rings to a specific focal region on the furnace, creating an
effective localized heat source. Capitalizing on its high concentration
ratio, superior optical properties, precise ray-tracing capability, and
modular-compact structure, two PCM-compatible receiver designs were
proposed: cylindrical solar furnace with flat receiver (Model-I) and cy-
lindrical solar furnace with finned cylindrical receiver (Model-II). For
energy storage, economically viable inorganic eutectic salts with high
specific heat capacities, namely Hitec and solar salt, were selected. This
holistic approach addressed not only heat collection but also the effi-
ciency of thermal energy storage. Prior works by Vasylyev et al. [4] and
Garcia et al. [5] highlighted RAC systems with exceptionally high con-
centration ratios but limited practical applications; additionally, by Ky
et al. [7] experimentally demonstrated RAC use for cooking without
exploring thermal storage integration, revealing a significant gap in the
current literature. Moreover, the finned structure employed in Model-II
draws on findings by Asgari et al. [15], who demonstrated enhanced
heat transfer and efficiency in PCM-based systems using similar fin
configurations. The selection of 304 and 316L stainless steel, known for
its corrosion resistance and durability at elevated temperatures Ma et al.
[16] further strengthens the system’s longevity and reliability when
operating with molten salts. Overall, this pioneering RAC-based solar
furnace system represents the first of its kind in the literature to inte-
grate optical and thermal analyses with inorganic PCM-based energy
storage, offering a significant contribution towards sustainable energy
generation, CO emission reduction, and adaptability to diverse climatic
conditions.
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2. Material and method

In this section, the design and thermal performance analysis of two
solar furnace configurations Model-I with a flat receiver and Model-II
with an externally finned cylindrical receiver integrated with different
phase change materials (solar salt and Hitec salt) are presented.
Analytical and numerical evaluations of the thermal behavior of both
systems are conducted in detail. Additionally, the experimental setup
developed for the novel RAC-integrated solar furnace system is intro-
duced, providing a comprehensive overview of the methodology used to
assess the system’s performance.

2.1. Materials

The newly developed RAC-solar furnace system features an innova-
tive ring array concentrator design composed of eight concentric
reflective rings and a solar furnace located at the focal area, which in-
corporates PCMs for efficient thermal energy storage.

2.1.1. Introduction of ring array concentrator

The newly designed and manufactured solar concentrator system,
featuring the RAC composed of eight geometrically distinct rings, fo-
cuses sunlight onto a central receiver by concentrating solar rays along
the inner surface of each ring. This configuration enables the attainment
of high temperatures at the receiver surface. The surface curvatures of
the concentrator rings and the spacing between them were precisely
designed using Solidworks software. A schematic illustration of the
system is presented in Fig. 1. During the fabrication process, cross-
sectional profiles of approximately 250 mm in size were created using
a 3D printer and used as molds for the sloped surfaces. The parabolic
truncated conical rings were formed by pouring epoxy resin over
fiberglass within these molds. After curing, the components were care-
fully assembled to produce lightweight and easily mountable concen-
trator rings. However, in order to ensure accurate focusing of the solar
rays at the designated focal point, the assembly of the rings must be
carried out with high precision using laser alignment.

By adjusting the diameter of the focal zone, the focal temperature of
the system can be effectively controlled. As the focal length increases,
the inclination angles of the ring concentrators relative to the horizontal
axis also increase, allowing more rings to be positioned per unit area and
thereby enhancing the total radiation-receiving surface. Consequently,
by reducing the edge angle (6r) and improving the optical efficiency,
both the temperature and thermal energy at the focal region can be
significantly increased. The geometric design parameters of the RAC
model such as top and bottom diameters, curvature radii, reflective
surface areas, and edge angles are detailed in Table 1.

To determine the optimal aperture area on the receiver surface,
theoretical calculations were conducted to evaluate the focal tempera-
tures corresponding to different concentration ratios. Fig. 2 presents a
comparative graph of these results. Based on the analysis, the system
identified as Type 2, with a concentration ratio of approximately 80,
yielded a focal temperature of 570 K by Eq. (3). Considering the
decomposition temperatures of the inorganic salts used (up to 873 K)
and the thermal conductivity properties of the materials employed at the
focal point, the optimal focal aperture diameter was determined to be in
the range of 100-120 mm. The graph clearly shows that as the con-
centration ratio increases, the focal temperature rises, but the focal area
becomes narrower highlighting a critical design trade-off. Additionally,
the general features of the designed RAC system are given in Table 2.

On July 15, under the climatic conditions of a temperate region, the
solar altitude angle varied within approximately + 10° between 10:30
and 15:30. hence, numerical analyses assumed a vertically oriented
system under direct normal irradiance conditions. In the RAC design,
solar rays reflected from the inner surfaces of the parabolic ring con-
centrators were effectively concentrated beneath each ring and directed
toward the focal zone, where they were absorbed by the receiver
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Incident Solar Rays

# I

H, Height of Ring
1
| R
Ring Array " £ F :
Como — l . Focal point length
parabolic curve ¢
Edge angle 6 -
Focal area ==
— | T Solar receiver
7 Inorganic salt
L‘x Solar fumace

Fig. 1. The schematic showing the focusing of rays into the designed furnace by the RAC.

mechanism are illustrated in Fig. 3.

The tracking mechanism, which operates along the east-west axis
with an angular range of approximately 120°, includes two 20 W ac-
Number Radius of Ring bottom  Ring top RAC Rim tuators, a light-sensing sensor, and a control unit equipped with a wind-

Table 1
Design features of the new Ring Array Concentrator model.

of rings E::;vature ?:)meter ?;f)meter :':Zia:;2) ?f;gle speed monitor. The system can be powered by a 12 V DC battery and
operated either manually via remote control or automatically. Fig. 4

Ring 1 17.081 0.4 0.4683 0.0466 14.04 displays the photograph of the eight-ring concentrator array used in the

Ring 2 12.04 0.6 0.7008 0.1034 20.56 imental set

Ring 3 9.743 0.8 0.9314 0.179 26.57 experimental setup.

Ring 4 8.5205 1 1.1602 0.271 32.01

Ring 5 7.521 1.04 1.4313 0.401 37.78

Ring 6 7.1783 1.34 1.7664 0.587 43.91

Ring 7 6.962 1.68 2.1401 0.822 49.54 Table 2 .

Ring 8 6.965 2.2821 2.5761 112 54.94 Properties of the designed RAC systems.

Properties RAC
typically a metallic or quartz-glass material positioned at the upper Number of rings 8 Rings
surface of the furnace. Compared to conventional parabolic dish con- Focal point length, f (cm) 80 41
centrators, the RAC system offers several distinct advantages: larger Ring height, H (cm) 30 +£0.5
receiver sizes can be used, enabling extended thermal storage durations; Total concentrator area, Agac (m?) 3.5 £0.02
the need for frequent positional adjustment of the furnace is minimized; Ef’“cemjat;(’" ra;lof Cr o) éiocjlioé s

o . . . . im angle for end ring, 6r (° 3 .
and proximity Fo the ground provides more ergonomic handhng. of Heat flux at the focal, q' (W/cm?) 1.205 £0.005
thermal processing tasks. The assembled system and its solar tracking

1300 + 1190 1 1200
1200 + -
1000
o 1100 1000 - 9
©
5 1000 916 1 800 &
O
E 900 — . g
5 800 748 1 600
D
o, 700 - . 5
g 600 570 400 o
7} B ., =
= s | 289 3
i 200
400 | 1
300 0
1 2 4 5

3
Compared types
B Focal temperature (K) B Concentration ratio (CR)

Fig. 2. Focus temperatures calculated according to different concentration ratios.
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Ring Array
Concenrators

% North-South axis
movement shaft

East-West P
movement shaft
o

Solar furnace

Fig. 3. Designed RAC-furnace system; a) General view of the manufacturing

tracking mechanism.

Fig. 4. Photo of eight-ring RAC system.

2.1.2. Solar furnace units

Inorganic salts used as PCMs are melted by conduction through
concentrated solar rays directed by the RAC system. The aim is to ach-
ieve complete melting of the salt within a single day. Both solar furnaces
are constructed from corrosion-resistant AISI 304 stainless steel, with
dimensions of 260 mm diameter, 200 mm height, and 2 mm wall
thickness. Model-I (12 L volume) features a flat 0.2 mm thick stainless
steel receiver with a 100 mm focal surface diameter and is shown in
Fig. 5a. Model-II (9 L volume) incorporates a hollow cylindrical receiver
(100 mm diameter, 120 mm length, 0.2 mm thickness) placed inside
the furnace and is shown in Fig. 5b. To enhance heat transfer, Model-II
includes 24 fins (20 mm wide, 50 mm long) spaced 40 mm apart,
doubling the effective surface area to 0.0507 m? and accelerating the
salt melting rate. The furnace is insulated on the sides and bottom, with
heat loss assumed only through the top focal surface.

Energy Conversion and Management 344 (2025) 120330

Bearing joint

Solar furnace

Height of the solar tracking
system movement arm (50cm

East-West axis_ " ‘
movement arm 350

[— y

b)

and assembly b) Side view of the system for the application of the sun

2.1.3. Phase change materials

In this study, two different (PCMs) were employed. The first PCM, an
inorganic eutectic mixture known as Solar Salt, consists of 50 % by
weight Sodium Nitrate (NaNOs) and 50 % by weight Potassium Nitrate
(KNOs), with a melting point of 222 °C. Its detailed thermophysical
properties are listed in Table 3. The second PCM, Hitec Salt, is composed
of 53 % by weight Potassium Nitrate (KNOs), 40 % by weight Sodium
Nitrite (NaNOs), and 7 % by weight Sodium Nitrate (NaNO3). The
thermophysical properties of Hitec Salt are provided in Table 4.

2.2. Methods

In this section, the thermal performance of the newly developed
RAC-Solar furnace system is comprehensively evaluated through
analytical modeling, numerical simulations, and experimental
validation.

2.2.1. Analytical calculation and available correlation

The geometric parameters of the RAC, focal region temperature, and
instantaneous solar irradiance were determined based on established
correlations from the literature. Additionally, this section presents the
analytical temperature distribution of the inorganic salts within the
solar furnaces, along with a comprehensive thermodynamic analysis of
the overall system.

2.2.1.1. Geometric Dimensioning of Ring Array concentrator. The control
volume for the RAC system is shown in Fig. 6. The total concentration
ratio Cg used for the geometric and performance analysis of the ring
arrays was calculated using Eq. (1) [22].

_ Y 1Araci

Cr ==

@
where, Ar is the focal surface area on the receiver furnace, Arac is the
total aperture surface area of concentrators and is determined by Eq. (2).

ARAC =X [(Rg,mp - Ri,botmm) +.F (R%,mp - R%.battom) ] (2)

where, Riop and Rpottom denote the radial distances from the top and
bottom edges of each ring to the focal axis, respectively. The theoretical
average focal temperature Ty, was calculated using Eq. (3) [23], which
incorporates optical efficiency, solar irradiance, and material properties:

4n0p><(x,.><1><1><CR
Thoe = -
€0

) x Fp X R¢ 3

Based on preliminary experiments, Ty, was approximately 550 K,
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Concentrated solar rays

Receiver with flat
surface

Focal area

PCM storage volume

a) Furnace with flat receiver
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Concentrated solar rays

Hollow cylindrical
receiver

Cylindrical
focal areas

L Fins

PCM storage
volume

b) Furnace with finned cylindrical receiver

Fig. 5. A) image of model-i furnace with flat receiver, b) image of model-ii furnace with finned cylindrical receiver.

Table 3
Some physical characteristics of eutectic solar salt [19,20].
Parameters Symbols  Values
Density (solid-liquid) p (2173.7-1836) kg m >
Specific heat (solid-liquid) cp (1050-1500) J kg'lK’1
Thermal conductivity coefficient k (0.380-0.460) Wm ' K !
(solid-liquid)
Latent heat Lt 110000 J kg!
Viscosity (liquid) 1 (0.0033-0.00099) kg m™
1.-1
s
Maximum operating temperature Ty 838 (K)

corresponding to Fp x R¢~0.55. With minimal reflection and absorption
losses, degradation factor F, ranged between 0.85 and 0.9 and the
cooling coefficient R; between 0.6 and 0.7. Additional parameters used
in in Eq. (3) are given in Table 5.

The thermal conversion efficiency of the RAC-solar receiver system is
defined in Eq. (4), incorporating the optical, receiver, and Carnot effi-
ciencies [5,24].

T.lsalar,th = Tlop X MNrec X Ncarnot (4)

The optical efficiency of RAC (,p) depends on concentrator reflec-
tivity p.,, incidence angle 6i, shading and contrast factors (f,I), as
expressed in Eq. (5) [23,25].

r’op = COSeichh X <f5r) (5)

The solar receiver efficiency of the current system depends on the
optical efficiency, concentration ratio, absorption coefficient (o) of
receiver, solar radiation, natural convection loss and radiation loss of
focal surface. The solar receiver efficiency n,.. of the RAC system is
calculated by Eq. (6).

Table 4
Some physical properties of Hitec salt [19,21].
Parameters Symbols  Values
Density (solid-liquid) p (2013-1857) kg m
Specific heat (solid-liquid) cp (1090-1570) J kg 'K !
Thermal conductivity coefficient k (0.74-0.439) Wm ' K !
(solid-liquid)
Latent heat Lyt 83740 J kg !
Viscosity (liquid) 1 (0.024-0.0012) kg m”
11
s
Melting point temperature Tm 415 (K)
Maximum operating temperature Tp 811 (K)

Q, hA(Tpe — To) — Arec (T}‘OC - Tg)

T Arac

(6)

=a,—=
l’]rec r Ein,RAC
where Q; is the energy lost from the focal surface by convection and
radiation and Ein,RAc is the total incident solar energy on the RAC sys-
tems.

Lastly, Carnot efficiency is defined by Eq. (7).

To
Ncarnot = 1- Tfoc

)

2.2.1.2. Analytical calculation of instantaneous solar radiation. The
instantaneous average solar intensity value is equal to the sum of direct
radiation, diffused radiation and reflected radiation values and are
calculated by Egs. (8), (9) and (10), respectively [29].

cosoi

IB = (T'tXIh 7rd><Id) X — (8)
sina;
_ 2 (P
Ip = (rgxIy) x cos > (C)]
Ig = p,. x 1y x I xsin® 4 10)
& 2

Additionally, rq is the ratio of long-term hourly diffuse irradiance to
daily average diffuse irradiance on a horizontal surface and is calculated
by Eq. (11) [30,31,32]. Also rt, which is the ratio of long-term hourly
total radiation to the average daily total irradiation on a horizontal
surface, was calculated with Eq. (12) [33,34].

T, cos(hs) — cos(hss)
247 sin(hy) — & (hss) x cos(hy)

Tra 1n

r. = (a+b x cos(hs)) x rq 12)

where, the terms a and b in Eq. (12) are calculated with Egs. (13) and
(14), respectively [29].

a = 0.409 +0.5016 x sin(hss — 60") 13)

b = 0.6609 + 0.4767 x sin(hss —60°) a4

The hourly average diffuse radiation amount I4 incident on a hori-
zontal surface is calculated with Eq. (15) depending on the global ra-
diation amount and sky clarity index [35].
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Incident Solar Rays

Focal point «— ™\
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v Control volume for
energy and exergy

| balance equations for
I RAC system

|

I Optic loss of

T ¥ concentrators

Surroundings
e g

Fig. 6. View of the control volume selected for the RAC system.

Table 5

Parameters used in the design and their values.
Parameters Symbols Values
Reflectance coefficient Pch 0.95 +0.03 (Nickel-Chromium-foil)
Beam shear angle oi 0" 45" (Perpendicular incident beam)

Absorption coefficient 0.89 +0.05 (Solar salt) [26]
O 0.9 +0.05 (Hitec salt) [27]

0.60 +0.05 (steel) [28]

Emission coefficient 0.89 +0.05 (Solar salt) [26]
& (0.6-0.8) (Hitec salt) [27]

(0.33-0.57) (steel) [28]

;—d = 0.785-0.803 x kr

&

(15)

For July noon in Trabzon, the kr hourly sky clarity index was taken
as 0.524 [35]. In addition, for July 15, at noon (hour angle at 12.30, hs
= 0"), sunset hour angle (hss = 110 "), sun elevation angle (as = 70°),
receiver surface inclination angle (f = 20°), for concrete ground with
the reflection coefficient (p,= 0.22) values, the instantaneous average
radiation amount coming to the inclined surface was calculated as 1006
Wm2

2.2.1.3. Calculation of temperature distribution and melting flow rate in
solar furnaces. The heat conduction equation, a partial differential
equation, describes the temporal evolution of temperature distribution
within a non-homogeneous medium. In phase change processes
involving melting or solidification, the governing heat transfer equation
is formulated in terms of total volumetric enthalpy and temperature, as
expressed in Eq. (16) below [36].

o0H

= = V(k(VT))

ot (16)

In the term on the right side of the equation, conductivity (k) varies
depending on the temperature gradient (VT). This makes the material
inhomogeneous. In order to solve the equation analytically, the equation
was simplified by transforming it into a one-dimensional heat conduc-
tion equation depending on the initial and boundary conditions. In
addition, assuming that the PCM was initially in solid state, it was
calculated with Fourier’s law, which is the wall heat conduction
equation.

The control volume selected for the solar furnace is shown in Fig. 7.
The energy coming to the focal surface on both types of furnaces (Model-

I and Model-II) whose surroundings are insulated, is transferred to the
PCM inside the furnace. The thermal energy stored on the PCM was
equalized to the energy transferred by conduction, and the temperature
distribution in the furnace was simplified and calculated with Eq. (17)
[15].
PVCp%‘FPVLsf@ = TkA (T - Tfoc)
Initially, it is assumed that PCM temperature is T = 300 K and focal
temperature is Tf,c = 500 K at t = 0, and specific heat (c,) and thermal
conductivity coefficient (k) of PCM changed depending on PCM tem-
perature. f, which represents the liquid fraction of the phase change
material, was defined by the following relation with Eq. (18) depending
on the temperature [15].

a7

(om0
p(T) = T (ff=0,T < (T — To)andif f = 1,T > (T, + To)
0

18

Thus, the equation in differential form was solved by writing the g
term in terms of temperature (T). The melting point for Hitec salt is Ty,
= 415 K and the Ty value is found to be 8 K because the melting is
completed at 423 K. The value of the solid part of the inorganic salt is
defined as S = (1-p). The value of the molten liquid portion of the
inorganic salt is defined as the liquid phase for § = 1 and the solid phase
for f = 0. The terms on the left are grouped to obtain the equation dT/dt.
Thus, the relationship between temperature and time is obtained by
integrating separately according to the variables of both sides. Finally,
the analytical general solution in Eq. (19) is obtained to find the time-
dependent furnace internal temperature distribution.

kKAt .
L,
1 (chp +p\; Sf)
T= Tfoc —e

where C is the integral constant and was determined according to the
initial conditions. By determining the initial conditions and the values of
the constants, specific solutions are obtained for both Hitec salt and solar
salt.

19)

2.2.1.4. Thermodynamic analyses. Energy and exergy analyses for the
RAC and solar furnace are given below.

2.2.1.4.1. Exergy and energy analyses of ring array concentrator. The
solar energy coming to the RAC system was determined depending on
the radiation surface area of the system. The output energy was calcu-
lated depending on the optical efficiency of the RAC system.
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Fig. 7. View of the control volume selected for the solar furnace.

Accordingly, the First Law of Thermodynamics efficiency was calculated
with the following Eq. (20) for the RAC system [37,38].

n =n, = Qout,RAC _ m”op
rac * Qin,RAC A
The exergy efficiency of RAC systems is expressed by Eq. (21) as the
ratio of the exergy leaving the concentrator (exergy coming to the focal
point) to the exergy coming to the concentrator [39].

(20)

4
e[ ()] (1-20)
v _ Exout.RAC _ (21)
RAC Exin.RAC ARACI[l - + (lTa )4]

3Ty 3Ty
2.2.1.4.2. Energy analysis of solar furnace. The amount of energy
stored in the inorganic salt as PCM was calculated based on the average
temperature of the PCM. Thus, the total energy stored in the PCM during
the solid-liquid phase change in the solar furnace is given by Eq. (22)

[40-43]
T

T
mecm(s) dT + mLsf + rflecm<1)dT
T; Tm

Qe = (22)

The storage efficiency of the furnace is the ratio of useful energy to
solar energy coming into the furnace. The instantaneous first law of
Thermodynamics (ngy) efficiency of the furnace was calculated with Eq.
(23) [39].

Qi MCpomis) (T — T;) + MCpomty (T1 — T) + MLy
AracIn g0

Qsolarfuf

where Ty, is the melting point temperature of the salt and T; is the
highest liquid temperature of the salt. Analytically, maximum the solar
intensity (I) is calculated as 1006 W m 2

2.2.1.4.3. Exergy analysis of the solar furnace. Heat is transferred to
a certain volume of inorganic salt in the furnace, and the temperature of
the salt increases with time. Thus, the entropy of the system increases as
the temperature of the inorganic salt increases and the salt melts. The
exergy efficiency of the RAC-solar furnace systems is defined by the
increase in the exergy of the solar radiation source on the phase change
material. Therefore, the exergy balance relation between total input
exergy, total stored exergy, total exergy loss and total exergy destruction
is given by Eq. (24) for closed systems.

Z Exin = Z Ex,:t + E Ejloss + Z Ej dest

where, E, 4. Which represents the total exergy destruction (irrevers-
ibility) of the solar furnace is calculated by the following Eq. (25) [44].

(24)

Ex,dest = Ta-égen (25)

The entropy generation (Sgn) of the closed RAC-furnace system is
calculated by Eq. (26) [45].

4 Quc
Ta Tfoc

) (26)

s.gen = (Assystem +
Considering that the RAC-furnace system has very little energy loss to

the environment, it is assumed that there is no entropy change % of

the environment by taking it as adiabatic. However, there are radiation

and natural convection losses from the focal surface above the furnace.
In addition, since there is heat transfer from the RAC to the solar furnace

system, the entropy change (}f <) of the RAC system is added to the
entropy generation connection. In a phase change of incompressible
substances, the entropy change connection of the RAC-furnace system

can be calculated by Eq. (27).

. . T,
ASsysiem = M(s2 — $1) = m(cpln %) 27)
1

The total exergy loss from the focal outer surface of the solar furnace
was calculated by Eq. (28) [44].

. . T,
Ex,loss - QL X (l - Tfoc>

The heat loss by the emitted and reflected radiation from the focal
surface on the solar furnace was calculated by Eq. (29) [38].

QRad = QR, et QR.ref

The exergy stored of the phase change material in the RAC-Furnace
system is given by Eq. (30) [44].

(28)
29

- . . . T; . T
Ex.st :mscpcm(s) (Tm - Ti) +mlcpcm(l) (Tl - TM) —m TuCpln (Tl) +mLsf (1 _?)
i 1
(30)
The total net exergy entering the solar furnace was calculated by Eq.
(31) [39,46].

4 4T,

1T, 4
Eyin = Araclpas[l — 3T, 2

3Tsol

T,
Tfoc max

1 (31)

where Ty is the surface temperature of the Sun (6000 K), T, is the
ambient temperature (300 K). Ty max is the maximum temperature (K)
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achieved at the focal area.

Exergy efficiency was determined according to the useful heat of the
PCM in the solar furnace, taking into account the solar energy input
depending on the ambient temperature and surface temperature. If the
input exergy is constant, the exergy efficiency of the designed solar
furnace was calculated as the ratio of the stored exergy to the input
exergy by Eq. (32) [39,46].

Ex,in — Lx loss Ex‘st

WFW Ex,in Ex,in (32)
2.2.1.4.4. Energy and exergy analyses of total ring array Concentrator

and solar furnace system. The total thermal energy efficiency of the RAC-

solar furnace system is calculated as the ratio of the thermal energy

stored in the furnace to energy coming to the RAC system with Eq. (33).

The control volume selected for the RAC-solar furnace system is shown

in Fig. 8.

_ Qst _ mcpcm(x)(Tm - Tl) + mcpcm(l) (Tl - Tm) + msf
NracFur = 7 = A (33)
Qinrac

The total exergy efficiency of the RAC-solar furnace system is
calculated by Eq. (34).
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change zone where both solid and liquid coexist).
Other common numerical techniques in PCM modeling include:

o The Equivalent Heat Capacity (EHC) method, which simplifies the
energy equation for small phase transition zones;

e The Volume of Fluid (VOF) method, suitable for simulating multi-
phase (liquid-gas) flows;

o The Lattice Boltzmann Method (LBM), often used for microscale

flows or complex geometries involving phase change;

The Front Tracking Method (FTM), ideal for high-accuracy micro-

scale solidification and melting processes; and

o The Level Set/Phase Field Methods, which are used for visualizing
and tracking clear phase interfaces during microstructural
transformations.

In this study, the following assumptions were made for the numerical
simulations:

1. The standard melting and solidification assumptions of ANSYS
Fluent were applied. Using melting enthalpy, the enthalpy values of
solid and liquid phases were iteratively updated according to the
computed liquid fraction (ranging from O to 1). In regions where
solidification occurs, permeability is zero and fluid velocity drops

mxcpcm(x)(Tm - Ti) + mlcpcm(l)(Tl - Tm) - mlTanln (%) + msf( - %)

ARACI

4
1 _ 4T 1T,
3Ts01 + 3Ts01

2.2.2. Numerical method

The numerical modeling and simulation of the PCMs used in the solar
furnace were performed using the melting and solidification model
available in ANSYS Fluent. Among the various numerical techniques for
PCM analysis, the Enthalpy-Porosity Method was employed in this
study. This widely used approach models the melting/freezing process
by incorporating latent heat effects and establishing a relationship be-
tween temperature and enthalpy to define the mushy region (the phase

Incident Solar Rays

Solar furnace

(34

accordingly [47,48,49].

2. Both 2D and 3D models were considered as transient processes.

3. The flow of molten salt (PCM) was assumed to be laminar, Newto-
nian, and incompressible.

4. The density and thermal conductivity of the PCM were modeled as
linearly varying with temperature, while viscosity was considered
temperature-dependent.

i Control volume for

| energy and exergy

I balance equations for
| the RAC-Furnace

| system

I

|

IJI:'> Heat loss of the

entire system

Surroundings

Fig. 8. View of the control volume selected for the RAC-Solar furnace system.



A.K. Ozcan et al.

5. Heat transfer occurred via both conduction and natural convection.
Since the volumetric expansion of the selected PCMs is negligible
below 500 K, and the solar furnace operates under atmospheric
pressure, this was also assumed in the model.

6. No internal heat generation was considered within the PCM domain
of the furnace

2.2.2.1. Foundation equations. In modeling the solidification/melting
time in ANSYS Fluent, the enthalpy-porosity technique is used, which
realistically reflects the phase transition process [50]. For melting and
solidification problems, the energy equation is solved by Eq. (35) [50],
the continuity equation by Eq. (36) and the momentum equations by Eq.
(37) in the x direction, Eq. (38) in the y direction and Eq. (39) in the z
direction. is formulated [51].
Energy equation:

6(pr) —
L= +V.(p;UH) = V.(k;VT) +5 (35)
Continuity equation:

dps —

E+v(pf U) -0 (36)
Momentum equations:

PO P (Toy) = ~ P g, (Fr PP

gat+€2(uw)f et VU (g e Jur A (37)

P PGy = P Frge, (P P _

Do (T9) =~ 20— (S bl vy (T To) - Ay

(38)
POW P (o) = P HFroe, (. P
gaﬁgz(UW’)* 2tV w (g W JweAw (39)

In addition, H is the enthalpy of the molten material and is calculated as
the sum of sensible enthalpy and latent heat as follows.

T
H=h+AH= h,ef+/cpdT+ﬁfo

Tref

p for the melt liquid fraction is defined as follows [48,50].
IfT < Tsolidification, B = 0. IfT > Tliquefactiom p=1.

. T-To
If Tsolidification < T < Tliquefaction at the interface .p = 7t

Tiiquid — Tsolid
The momentum loss due to decreasing porosity in the partially solid
region was calculated with Eq. (40) [47].

Hitec or
solar salt

0,00

100,00 200,00 (mm)
i

50,00 150,00

a)
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) (40)

Here ¢ is a very small number (0.001) to avoid division by zero and Amush
is the partial solid-liquid region constant and can be taken as approxi-
mately 10* [51]. The solid velocity is ﬁ, If solidified material is not
being pulled from the domain, ¥, = 0.

The phase change problem was addressed using the finite element
method within the ANSYS Fluent environment. As illustrated in Fig. 9a
and Fig. 9b, both the flat and finned solar furnace models have identical
geometric dimensions: a height of 200 mm and a diameter of 260 mm.
For the flat furnace model, a two-dimensional simulation was performed
with a structured mesh comprising elements of 2 mm size and a uniform
mesh size function. The mesh consisted of 16,509 nodes and 16,255
elements. For the finned furnace model, a three-dimensional simulation
was conducted. The mesh element sizes ranged from 1 mm to 5 mm,
again with a uniform size function. This mesh structure included 85,980
nodes and 468,279 elements. The mesh quality, quantified by the
orthogonal quality metric, was found to be 0.84, indicating good
computational stability.

Initial and boundary conditions; Initially, the PCM is in a solid state
with a uniform temperature of 300 K. The focal surface is subjected to a
constant temperature of 500 K, while the remaining outer surfaces of the
furnace are held at 305 K. The furnace structure is made of stainless steel
with a thickness of 2 mm, whereas the focal surface is a 0.2 mm thick
stainless steel layer. The boundary and initial conditions are defined as
follows: At time t = 0 — T = Tj, Constant temperature boundary at the
focal surfacex =0,y =1, z= 0 — T = Tg,, Outer surfaces of the furnace,
x =1,y =1L 2z=r— T = Tyay, No-slip condition on all wall boundaries,

T=0. Where T; is PCM initial temperature (K), Tyay is the boundary
temperature of the furnace (K), r is radius of cylindrical furnace, [ is
length of furnace and t is time.

2.2.3. Experimental setup

The initial and boundary conditions and assumptions regarding the
installation of thermal energy storage units for Model-I and Model-II
with the RAC system are presented in this section.

2.2.3.1. Experimental determination of focal point temperature. The focal
point temperature and simultaneous solar irradiance were experimen-
tally measured in Trabzon, Turkey, during the months of January and
July. In the January experiments, the instantaneous solar irradiance
incident on the RAC system was recorded to be within the range of
900-1000 W m ™2 when the solar elevation angle is approximately 45°.
According to the manufacturer’s specifications, the solar irradiance

Solar receiver
focal surfaces

Steel fins

Hitec or
solar salt

100,00 {mm)

Fig. 9. Mesh structures of PCM in the designed solar furnaces; a) Model-I b) Model-II.
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measuring device (Solar Power Meter) had an uncertainty of + 50 W
m~2 at an irradiance level of approximately 1000 W m™~2. The effective
focal spot diameter of the RAC system was measured to be approxi-
mately 12 cm, and the average focal point temperature was observed to
vary between 520 K and 570 K. Additionally, the digital thermometer
and thermocouple sensors used in conjunction with a data logger were
factory-calibrated, with a measurement uncertainty of + 1 K at 373 K.

2.2.3.2. Experimental study for solar salt with Model-I. In the experi-
mental investigation conducted with Model-I, the temperature profile
and melting behavior of solar salt inside the furnace were examined
under real environmental conditions. The experiment was performed on
a clear, sunny day in January 2023. During the test, the ambient tem-
perature was approximately 287 K, with wind speeds ranging between
5-8 km h™! in the east-west direction, and relative humidity around 55
%. Throughout the day, the solar elevation angle in Trabzon varied
between 35° and 45°. Focal point temperatures were monitored using
two K-type thermocouples, while the temperature of the solar salt and
the outer furnace surface were measured using T-type thermocouples.
All temperature data were recorded continuously with a data logger for
further analysis.

2.2.3.3. Experimental study on Hitec salt with Model-II. In the experi-
mental investigation conducted with Model-II using Hitec salt, temper-
ature measurements inside the furnace were continuously recorded
throughout the day using eight thermocouple elements connected to a
data logger. The measurements were obtained under solar irradiation
levels ranging between 950-1050 W m~2. The experiment took place on
a clear, sunny day on July 15, 2024, under ambient conditions of
approximately 300 K, a northward wind speed of 5-8 km h™!, and
relative humidity around 70 %. A photograph of the newly designed

e o;ln'

ol urit

Fig. 10. An experimental image of the new RAC-furnace thermal energy
storage system.
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RAC-solar furnace system used in the experimental setup is provided in
Fig. 10.

3. Results

The results of this study are presented in three categories: analytical,
numerical, and experimental.

3.1. Analytical results

Analytical assessments were carried out for both Model-I and Model-
11, as detailed below.

3.1.1. Analytical results for Model-I

The optical efficiency of the RAC system is analytically calculated to
be 58.8 %. Based on this efficiency, the temperature distribution of the
solar salt within the Model-I system was determined. For Model-I, the
focal temperature was estimated to be 550 K under ideal solar concen-
tration conditions. As illustrated in Fig. 11. the temperature of the solar
salt increased steadily throughout the day, reaching 380 K after 8 h of
exposure. At this point, the melting ratio of 24 kg of solar salt was
calculated to be approximately 2.8 %. Based on these findings, the
average thermal efficiency of the furnace was estimated at 5.5 %.
Similarly, when 24 kg of Hitec salt was used in the Model-I system, the
salt temperature reached approximately 390 K after 10 h, as shown in
Fig. 12. The corresponding melting ratio of the Hitec salt was calculated
to be around 16 % by the end of the heating period.

3.1.2. Analytical results for Model-II

In the Model-1I, for 18 kg of solar salt, as seen in Fig. 13, if the focal
temperature is taken as 500 K, the average salt temperature reached in
10 h is 466 K and approximately 3 kg of salt was melted with a melting
rate of 17.7 %. Thus, the mass flow rate for solar salt was determined as
0.0833 gs L.

In the Model-II, the time until the melting of all 18 kg of Hitec salt,
solved using the analytical method, was calculated as approximately 7 h
by Eq. (17). Accordingly, analytically the instantaneous melting flow
rate is calculated as 0.714 g s~l. Analytically, the average furnace
temperature under certain conditions was measured as 448 K, while the
furnace thermal energy efficiency was calculated as 28.3 %. The tem-
perature distribution in the furnace at 25200 s is given in Fig. 14.

3.2. Numerical results

The numerical simulation results for Model-I and Model-II are pre-
sented as follows.

3.2.1. Numerical results of the Model-I

The numerical analysis for Model-I was performed using ANSYS
Fluent, where the focal point temperature was fixed at 550 K above the
melting point of solar salt (495 K). As shown in Fig. 15, temperature and
melting contours were evaluated over an 8-hours period (28,800 s). By
the end of the simulation, only 2.5 % of the solar salt approximately 0.7
kg had melted, indicating that complete melting of 24 kg of salt within a
single day is not achievable with this configuration. Fig. 16 presents the
time-dependent variation in focal point temperature, average salt tem-
perature, and the corresponding melting rates. Based on these results,
the numerical thermal efficiency of the Model-I furnace was calculated
as 4.6 %, using Eq. (23).

In numerical modeling, for Hitec salt in a 24 kg in the Model-I, 4 kg of
salt was melted in 10 h with an average salt temperature of 369 K and a
melting rate of 16.7 %. In Fig. 17a shows the variation of the melting
rate of Hitec salt with time in Model-I. The variation of Hitec salt tem-
perature with time in the Model-I is given in Fig. 17b.
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Fig. 12. Variation of Hitec salt temperature and melting rate with time for the Model-I.

3.2.2. Numerical results for Model-II

The numerical performance of the RAC-finned solar furnace (Model-
II) was analyzed using both solar salt and Hitec salt as PCMs. Model-II
was specifically designed to overcome the prolonged melting duration
observed in Model-I by enhancing heat transfer through extended sur-
face area via fins, thereby accelerating the phase change process. For
solar salt, numerical simulations were conducted with 18 kg of material.
After 10 h, approximately 3.2 kg of salt had melted, corresponding to a
melting rate of 17.6 %, with an average temperature of 462 K. As
illustrated in the Fig. 18, the melting rate increased steadily during the
initial 10,000 s, after which the melting process began to slow down.
This reduction in melting rate is attributed to the decreasing heat con-
duction in regions farther from the fins, due to the relatively low thermal

conductivity of solar salt. Additionally, Fig. 19 presents the (a) melting
and (b) temperature contours of the solar salt at the end of the 10-hours
simulation. These results clearly indicate that complete melting of the
solar salt could not be achieved within a single day under the given
thermal conditions. Consequently, to evaluate the system under
improved thermal conductivity and melting characteristics, a second
simulation was conducted using Hitec salt. The physical properties of
Hitec salt were implemented into the ANSYS Fluent environment based
on literature data. A focal temperature of 500 K, calculated analytically,
was applied as a boundary condition for the simulation.

As shown in Fig. 20, for Model-II, when the focal receiver surface is
maintained at 500 K, the average heat flux on the receiver surface in the
second hours is found to be between 10,500-12,000 W m 2. This result

500 B o - & . w 20
4450 - . F15E
w400 - 10 &
2. 5
E 350 ) —o— Average PCM Solar salt temperature (K) | 5 g
= B T ——-Focal temperature (K)

—4— Solar salt melting rate (%)
300 | 1 | | | | | | | 0

0

3600 7200 10800 14400 18000 21600 25200 28800 32400 36000
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Fig. 13. Variation of focal, solar salt temperature and melting rate with time for Model-II.
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Fig. 15. In Model-I for solar salt at 28800 s; a) Melting and b) Temperature contours.

closely aligns with the analytically calculated heat flux value. In addi-
tion, the heat transfer coefficient at the focal surface was obtained be-
tween 20-50 W m™2K ! by numerical method.

Fig. 21 shows the melting contours of inorganic Hitec salt at 3600 s,
7200 s, 14400 s and 25200 s, respectively. In this case, as seen in the
graph, the addition of cylindrical fins to the solar furnace doubled the
surface area and shortened the phase change period. Additionally, in
Fig. 21d, it can be seen that approximately 18 kg of Hitec salt completely
melted in 25200 s.

Fig. 22 shows the temperature contours on the Hitec salt in Model-IIL
Numerically, at the 25200 s, the average focal temperature reached 500
K and liquid melt the average temperature was obtained as 455 K.

Fig. 23 shows the variation of the melting rate of Hitec salt with time
for the Model-II. It seems that the melting rate of the Hitec salt occurs
rapidly, up to approximately 10800 s, and approximately 65 % of it is
melted. In the remaining 35 % of the melting, the melting rate slowed
down and the melting is completed in approximately 25200 s.

According to the CFD analysis results in the Fluent of the Model-II,
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Fig. 16. Variations of solar salt temperature and melting values with time in Model-I.
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thermal energy efficiency of the furnace is calculated as 17.5 % with Eq.
(23) when all the Hitec salt was melted. The average Hitec salt tem-
perature at this moment is obtained as approximately 455 K. Numeri-
cally and analytically, the total melting time of the Hitec salt is very
close to each other and is approximately 7 h.
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3.3. Experimental results

Experimental data performed with Model-I and Model-II are pre-
sented in this section. In addition, measurement errors and uncertainty
rates in the experiments are determined and verified with numerical
methods.

3.3.1. Experimental results of Model I

In this experiment, the average focal point temperature was
measured as (570 + 25) K when the average solar radiation during the
day was 1035 W m~2. In addition, it was observed that the temperature
measured on the solar salt in the Model-1 reached a maximum of 378 K.
Since the furnace interior temperature was lower than the melting point
of solar salt (495 K), melting occurred only in the focal area.

In addition, Fig. 24 shows the focal and furnace solar salt tempera-
ture changes according to the solar intensity throughout the day in the
experiment carry out with Model-I. According to these experimental
data, the average thermal energy efficiency of the furnace is calculated
as 6 % with Eq. (23).

3.3.2. Experimental results of Model-I
In the experimental study carry out with Model-II, the temperature
values in the furnace measured throughout the day in the range of
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Fig. 19. A) melting and b) temperature contours of solar salt in model-ii.
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Fig. 20. Heat flux contour of the receiver surface for Model-II.
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Fig. 21. Melting contours of Hitec salt in Model-II at a) 3600 s, b) 7200 s, ¢) 14400 s and d) 25,200 s

900-1020 W m ™2 of the solar radiation value are given in Fig. 25. When
this figure is examined, the focal temperature values are approximately
in the range of 475-565 K. At the end of the seven-hour experiment carry

out in July, the Hitec salt in the

solar furnace was melted and the

15

average furnace temperature was measured to be approximately 440 K.
In this experiment, the melting flow rate of Hitec salt was found to be
0.72 g s~L. In addition, the thermal energy efficiency of the furnace is
calculated experimentally as 22.11 % with Eq. (23) and the exergy
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Fig. 22. Temperature contours of Hitec salt in Model-II at a) 3600 s, b) 7200 s, ¢) 14400 s and d) 25200 s.
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Fig. 23. Variation of melting rate and average temperature with time of Hitec salt in Model-II.

efficiency is calculated as approximately 11.5 % with Eq. (32) depend-
ing on the melt mass flow rate. While melting occurs faster in areas
where concentrated solar energy is directly applied, the melting rate
towards the bottom of the furnace is slower due to the low heat con-
duction coefficient of Hitec salt.

3.3.3. Comparison of experiments in different seasonal conditions

In January, solar radiation ranged from 860 to 980 W m 2, with focal
temperatures between 520 and 560 K. The average temperature of the
Hitec salt inside the furnace varied from 320 to 418 K, while ambient
temperature, wind speed, and humidity were recorded as 283-287 K,

16

5-8 km h™!, and 42-52 %, respectively. Under these conditions, the
furnace achieved an average thermal efficiency of 16 % throughout the
day. During July, solar radiation increased to 950-1050 W m ™2, with
focal temperatures ranging from 460 to 540 K. The average Hitec salt
temperature inside the furnace rose to between 345 and 445 K, with
ambient temperature at 297-300 K, wind speeds of 5-7 km h_l, and
humidity levels between 60 and 70 %. Consequently, the average daily
thermal efficiency improved to 23 %. A comparison of furnace tem-
perature and thermal efficiency between winter and summer conditions
is illustrated in Fig. 26. Due to the sun-tracking capability of the system,
solar rays consistently impinge perpendicularly on the concentrator,
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Fig. 24. Change of solar intensity and furnace temperatures in the Model-I during the day.
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Fig. 26. Temperature and efficiency relationship of RAC-furnace system in different seasons.

minimizing periodic fluctuations in solar radiation. When the furnace is
well-insulated, variations in ambient temperature have a minimal
impact on the internal temperature. However, sudden increases in wind
speed exceeding 9 km h™! result in noticeable drops in focal tempera-
ture. Therefore, the designed system performs optimally under clear,
sunny conditions with wind speeds below 8 km h™. Additionally, higher
humidity levels reduce air clarity, leading to a decrease in total global
solar radiation.

Following the experiment conducted in January, the discharge pro-
cess of Hitec salt was evaluated using the Model-II furnace. The temporal
variations in temperature within the furnace during this process are

17

presented in Fig. 27. Despite the ambient temperature being approxi-
mately 286 K, the lack of insulation at the furnace’s top focal area led to
a more rapid temperature decline in that region. In contrast, due to
insulation around the rest of the furnace, temperature decrease was
slower, particularly in the lower sections. During the discharge period,
the average furnace temperature dropped to 327 K within approxi-
mately 4 h. These findings indicate that the system, after being charged
for roughly 7 h during the day, is capable of storing thermal ener-
gy—both latent and sensible—for a total duration of around 11 h
including the discharge phase.
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Fig. 27. Temperature variation with time during discharge process of Hitec salt with Model-II in January.
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Fig. 28. Temperature variations of solar salt with time according to all methods with Model 1.

3.3.4. Error and uncertainty analyses of Ring Array concentrator and solar
furnace

Error analysis was conducted to quantify the inaccuracies arising
from measurements and modeling during the experiments. Additionally,
uncertainty analysis was employed to estimate the reliability of the

optical efficiency uncertainty is estimated at 5 %. The overall uncer-
tainty in the thermal efficiency calculation was derived using the Gauss
uncertainty propagation method by taking partial derivatives of the
efficiency with respect to relevant parameters, as expressed in Eq. (41).

9 2 o 2 0 2 0 2 2
() Gl G ) G
op

measured and calculated values. The measurement errors associated
with the RAC and solar furnace include systematic, random, and
modeling uncertainties. Experimentally determined error margins are as
follows: thermocouple +% 0.75 °C, digital thermometer +% 0.5 °C,
solarimeter +% 5 W m™2, ray sensor of solar tracking system +% 1.1,
incident solar beam angle + 2.2 %, focal temperature measurement +%
5 °C, internal furnace temperature measurement +% 3 °C, concentrator
total surface area measurement +% 2.8 mz, optical reflection +% 3,
receiver absorption ratio +% 5 and flow measurement +% 5 kg s™1.
Using the combined uncertainty method proposed by Kline and
McClintock [52], the total absolute uncertainty in solar irradiance
measurement is approximately 5.1 %. The internal furnace temperature
measurement carries a total absolute uncertainty of 3 %, while the

(41)

For each experimental hour, the total uncertainty for thermal efficiency
is evaluated using Eq. (23), while the uncertainty in exergy efficiency is
calculated using Eq. (32). Key parameters influencing the accuracy
include mass flow rate (m), specific heat (cp), furnace temperatures (T),
solar radiation (I), optical efficiency (nop), concentrator surface area
(Arac) and receiver absorption coefficient (o). The calculated uncer-
tainty in thermal efficiency is F 0.034 and corresponding to a relative
uncertainty of (u/ngy) 14.7 %. For exergy efficiency, the uncertainty (u/
Vg is F 0.013 with relative uncertainty is 11.38 %. These uncertainty
levels are considered acceptable and demonstrate sufficient measure-
ment precision for the study.

3.3.5. Verification of numerical results with experimental results

This section presents the validation of theoretical predictions against
experimental results for both Model-I and Model-II. Firstly, the temporal

18
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Fig. 29. Numerical and experimental comparison of Hitec salt temperatures for Model-II.

variation of solar salt temperature within the furnace for Model-I is
illustrated in Fig. 28. The graph demonstrates a steady increase in the
average solar salt temperature over time. Considering the experimental
errors and uncertainties, the experimental results exhibit a trend that
closely aligns with both the analytical and numerical predictions.

Secondly, during the seven-hour experimental campaign with
Model-II, the average furnace temperature was measured at 435 K, as
shown in Fig. 29. In comparison, the numerical simulation yielded an
average temperature of 450 K. The numerical temperature progression
parallels the experimental data, confirming the model’s accuracy.
Furthermore, it was observed that Model-II achieves higher PCM tem-
peratures than those recorded in Model-I experiments, indicating
improved thermal performance in the finned design.

There may be slight discrepancies between the experimental and
numerical results. These differences arise primarily because the nu-
merical simulations assume a constant average focal temperature and
uniform outer furnace surface conditions throughout the day. In
contrast, the actual experimental setup is subject to temporal variations
in focal temperature due to fluctuating solar radiation and heat losses by
radiation and convection to the ambient environment. To enhance the
thermal energy input in future experiments, it is recommended to
improve the thermal insulation of the furnace and to utilize a metallic
receiver at the focal point with high corrosion resistance and superior
thermal conductivity.

4. Discussions

This section presents a comparative evaluation of the analytical,
numerical, and experimental results related to internal temperature
variations, phase change (melting) rates, and thermal efficiencies of the
solar furnace systems. Furthermore, the performance of the newly

developed RAC-furnace (Model-II) system is compared with conven-
tional CSP technologies reported in the literature, highlighting its po-
tential advantages in terms of heat storage performance and system
efficiency.

4.1. Comparison of analytical, numerical and experimental data

Based on both experimental and theoretical investigations, it was
observed that the melting process of high-volume inorganic salts pro-
gresses relatively slowly in the Model-I furnace due to limited heat
transfer. In contrast, the Model-II furnace featuring an internally finned
cylindrical receiver with top-applied heat facilitates enhanced heat
distribution, resulting in higher melting rates and elevated internal
temperatures. For Hitec salt, the average mass flow rates are calculated
as0.1113 g s~ in Model-I and 0.72 g s~* in Model-II. Similarly, for solar
salt, the mass flow rates are determined as 0.024 g s~! and 0.0877 g s,
respectively. The superior melting rate of Hitec salt in both furnaces
implies a greater latent heat storage capacity. Furthermore, the incor-
poration of internal fins in Model-II significantly improved heat transfer
within the PCM domain, enhancing thermal storage efficiency. These
findings demonstrate the effectiveness of Model-II when paired with
Hitec salt for thermal energy storage applications.

As illustrated in Fig. 30, the temporal variation of Hitec salt tem-
perature in Model-II is presented for analytical, numerical, and experi-
mental results. The trends show good agreement across all methods,
with a consistent increase in salt temperature over time, validating the
reliability of the modeling approaches used in this study.

In Fig. 31 shows that the liquid fractions of Hitec salt melted in the
Model-II with numerically, analytically and experimental. In analytical
and numerical methods, the melting rates after two hours were 39.5 %
and 43 %, respectively. In the experiments, analytical and numerical
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Fig. 30. Experimental, numerical and analytical comparison of Hitec salt temperatures in the Model-II.
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Fig. 31. Experimental, numerical and analytical comparison of melting rates of Hitec salt.
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Fig. 32. Comparison of numerical, analytical and experimentally calculated furnace thermal energy efficiencies.

methods, it can be seen in the graph that the melting rates approach each
other and completely melt in seven hours. Melting flow rates were
calculated according to the amount of PCM liquid melted in depending
on time the Model-II. In each method, while the melting flow rate was
higher in the first hours, the melting flow rate decreased after the fourth
hour. The reason for the decrease in melting flow rate is the slowdown of
heat conduction towards the bottom of the furnace.

When Fig. 32 is examined, it is seen that the furnace efficiency de-
creases with time in all methods. The reason for this situation is that the
melting flow rate decreases over time in the furnace. In experiments,
analytical and numerical average furnace thermal efficiencies are
calculated with Eq. (23) as 23 %, 23.8 % and 26 %, respectively. It is

seen that the furnace efficiencies are close to each other. The average
exergy efficiencies of the RAC-furnace system are calculated numerically
and experimentally as 12.4 % and 11.5 %, respectively with Eq. (32).
Additionally, the total thermal and total exergy efficiencies of the RAC-
furnace system containing Hitec salt are calculated as 11 % and 6.2 %
with Egs. (33) and (34), respectively.

Analytically, the average thermal energy and exergy efficiencies of
the RAC system were calculated as 58.6 % and 35.4 % with Egs. (20) and
(21), respectively. As the concentration rate increases, the focal tem-
perature increases. Exergy losses and destruction of the RAC system
were calculated as 1898 W with low concentration ratios. Exergy loss
and exergy destruction of the Model-II were calculated as 668 W on
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Fig. 33. Temporal variation of experimental thermal and exergy efficiencies (including error bars) and exergy destruction for Model-II.
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average. In this case, the average exergy loss from the cylindrical focal
surface of the Model-II is 255 W. Entropy production decreased as the
average temperature in the solar furnace increased. It was also revealed
that the exergy loss of RAC is greater than that of the solar furnace. In
order to increase the thermal energy coming into the furnace, it is
necessary to increase the optical efficiency of the RAC system by opti-
mizing the concentrator assembly and eliminating the surface rough-
ness. The time-dependent variations of thermal energy and exergy
efficiency including the error rates and exergy destruction of Model-II,
are given in Fig. 33. Accordingly, exergy destruction decreased with
time and was calculated as 358 W at the end of 7 h. Additionally, while
the error bars are presented on the thermal and exergy efficiency, the
uncertainty rate for the thermal efficiency of the furnace is 14.7 %, while
the uncertainty rate for the exergy efficiency is 11.3 %.

4.2. Comparison of the system with concentrated solar power systems in
the literature

The comparison of the RAC system types with similar designs in the
literature is presented in Table 6. In the numerical study by Garcia et al.,
with 3.14 m? RAG system and a receiver size of 11 mm diameter at the
focal point, the concentration ratio was 30960, the focal point temper-
ature was 3300 K, and the optical efficiency was 51 %. The receiver

o (T}

efficiency defined as (N it ) in this literature was 78.2 %,

and the receiver total conversion efficiency was numerically 35.9 % [5].
However, in the literature, the absorption and emission coefficients
were taken as 1 in the receiver efficiency equation. In contrast, in this
study, both theoretical and experimental studies were presented for a
larger focal diameter of 120 mm. Furthermore, when the maximum focal
temperature was 760 K, the receiver efficiency was calculated as 78.9 %

Energy Conversion and Management 344 (2025) 120330

analysis and exergy analysis of this RAC system have not been
performed.

The experimental study conducted by Mahfuz et al. with the para-
bolic trough concentrator is compared in terms of energy and exergy
efficiency analysis in this table. In their thermodynamic analysis of heat
storage applications using a parabolic trough solar collector and a PCM
containing H250, they found a concentrator optical efficiency of 45.7 %,
a total thermal energy conversion efficiency of 13.5 % for the receiver,
and a total exergy efficiency of 9.25 % [53]. However, using the receiver
efficiency of Eq. (6), a total thermal energy conversion efficiency of 22.8
% is achieved and also a total exergy efficiency of 7.5 % is obtained for
the RAC and solar furnace. H250 PCM has a higher specific heat than
Hitec or solar salts. However, in terms of safety and cost, the use of solar
or Hitec salts is safer and more economical.

Finally, in the literature, Turrini et al. tested thermal energy storage
in two hot and cold tanks using molten Hitec salt as the heat transfer
fluid in a 5 m diameter parabolic dish collector and a helical copper tube
receiver at the center [54]. In parabolic dish systems, the receiver is
positioned opposite the receiver in the RAC system. Therefore, the RAC
system has been found to be more suitable for direct heat storage in
larger volumes. In addition, using Hitec salt as the heat transfer fluid
continuously, as reported in the literature, results in continuous heating
due to the solidification of the salt in the pump and the pipe. Therefore,
in future studies, the use of thermal oils as heat transfer fluids to transfer
the thermal energy stored in the furnace through a heat exchanger is
recommended. Furthermore, since copper pipes corrode more rapidly
with molten salts, it is more appropriate to choose stainless steel metals

Table 7
Component and total cost values of the RAC-Furnace system.

Product/material/process Unit price [$] Total price [$]

with e, 1it, close to the literature value, while the receiver efficiency Furnace (304 stainless steel) 75 75
was calculated as 64.3 % using Eq. (6). As a result of this situation, it is 3D Prif}ter If{aterial 30 150
revealed that if the concentration ratio of the designed RAC system was E;ii;g: foil 2 zg
increased, the receiver temperatures also increased. ) Epoxy resin 20 200
In an experimental study by Ky et al., 1.692 m“ RAC system for Battery 70 70
cooking was reported to have an average geometric concentration ratio Sodium Nitrate 2.5 62,5
of 38 and a maximum temperature of 603 K for a sunflower oil liquid Potassium Nitrate 3 75
. . . . . . . Sodium Nitrite 2.5 62,5
receiver, with a receiver efficiency of 80 % and a thermal efficiency of . .
X O X Two-axis sun tracking system 250 250
40 %, the product of the receiver and Carnot efficiencies [7]. The Consumables and labor 300 300
receiver efficiencies are close to the literature, but here the absorption Total 1363 $
and emission coefficients are taken as 1. In addition, optical efficiency
Table 6
Comparison of literature and presented RAC systems.
Parameters and subsystems Garcia et al. [5] Ky etal. [7] Mahfuz et al., [53] RAC-solar furnace (this paper)
Methods Numerical Experimental Experimental Experimental
Type /Model RAC RAC Parabolic trough RAC
Installed capacity (W) 3140 1692 250,000 3500
Max focal temperature (K) 3300 603 538 760
Concentration rate Cg 30,962 38 14 90
Receiver efficiency (%),Mc it 78.9
78.2 80 67 64.3 with Eq. (6)
Optical efficiency (%) 51 — 45.7 58.8
Carnot efficiency (%) 90 50.2 44.2 60.5
Thermal efficiency of receiver (%), (Nec. 1it Ncamot) 70.3 40 29.6 47.7
38.9 with Eq. (6)
Total thermal conversion efficiency of receiver (%), 28
(Mop ™Nrec “Ncarnot) 359 - 13.5 22.8 with Eq. (6)
Total exergy efficiency (%), (\yop*\ymr) - - 9.25 7.5 with Eq. (32)
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with high corrosion resistance as the molten salt medium.

4.3. Economic analyses of ring array concentrator and solar furnace
system

The estimated manufacturing costs for the proposed low-cost RAC-
furnace thermal energy storage system are presented in Table 7. In the
current literature, the average installation costs for commercial CSP
systems such as Solar Power Tower and Linear Fresnel Reflector tech-
nologies range between $3-11 per watt [55]. In contrast, the installation
cost of the developed RAC system was calculated to be approximately
$1.4 per watt, highlighting its economic viability for scalable applica-
tions. This estimate does not include operation and maintenance (O&M)
costs; however, these are expected to be minimal due to the system’s
simple design and low energy requirements. The RAC-furnace system
can be operated via a 12-volt battery used for solar tracking, or directly
through a grid connection. Furthermore, integration with a solar panel
can render the system completely off-grid, further enhancing its sus-
tainability and reducing long-term operational costs.

For Thermoeconomic analysis, the energy loss ratio (E;/Z.) was
determined by the ratio of the thermodynamic energy loss (Ey) of the
entire system to the installation cost of the RAC-furnace heat storage
system (Z.). In addition, the exergy loss ratio was defined as the ratio of
the exergy loss of the entire system to the installation cost [56]. Ac-
cording to the experimental and numerical data, the energy loss ratio
was calculated as approximately 1.6 W/$ and the exergy loss ratio as
1.95 W/$. As a result, the efficiency of the system can be increased by
decreasing the loss rates of the system by increasing the optical effi-
ciency of the concentrator, where the highest loss occurs
experimentally.

5. Conclusions

This study investigated a novel RAC-based solar furnace for high-
temperature thermal energy storage using inorganic PCMs. The optical
performance, temperature distribution, and thermal efficiency of the
system were evaluated through analytical, numerical, and experimental
approaches.

The performance comparison between two solar furnace configura-
tions Model-I flat receiver and Model-II finned receiver demonstrated
significant improvements in heat storage efficiency with the latter. The
transition from solar salt to Hitec salt as the PCM further enhanced
system performance due to Hitec’s superior thermophysical properties.
Key findings include:

e The optical efficiency of the RAC system is calculated as 58.8 %, and
the receiver efficiency is 64.3 %. Additionally, the overall solar
thermal conversion efficiency of the RAC receiver system is 22.8 %.
In Model-I, 0.7 kg of Solar Salt and 3.8 kg of Hitec Salt were melted
over 10 h. In contrast, Model-II achieved the melting of 3.1 kg of
Solar Salt and complete melting of 18 kg of Hitec Salt, with salt
temperatures reaching up to 455 K.

The average mass flow rate of Hitec Salt in Model-II is measured at
0.72 g s7!, and its average thermal efficiency of furnace is deter-
mined to be 23.8 % analytically, 26 % numerically, and 23 %
experimentally. Also max thermal efficiency of furnace is reaching
up to % 39.

e Average exergy efficiencies of the solar furnace were 11.5 % exper-
imentally and 12.4 % numerically. Also max exergy efficiency of
furnace is reaching up to % 20. The total exergy efficiency of the all
system is calculated as approximately 7.5 %.

The uncertainty in thermal efficiency is estimated at + 3.4 %, and +
1.3 % for exergy efficiency.

The experimental validation confirmed strong agreement with
analytical and numerical results, supporting the accuracy of the
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proposed design. Additionally, it was demonstrated that the system
could store thermal energy for over 11 h including 7 h of charging and 4
h of discharging.

The thermal energy stored in the RAC-furnace system has potential
for diverse applications, particularly in regions with high solar irradi-
ance. It may support residential or industrial heat demands and can be
integrated into hybrid systems. Future developments may include
coupling the furnace with a heat exchanger to transfer the stored energy
to external loads efficiently.

Compared to conventional parabolic dish systems, the RAC design
offers several practical advantages most notably, a lower and more
accessible focal point that facilitates solar tracking, heat storage, and
thermal process applications. While traditional CSP systems are
designed for large-scale power generation, the proposed RAC-furnace
system is a viable alternative for both individual and large-scale ther-
mal energy applications.
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