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Abstract. Due to escalating role of mitigation of climate change in power and energy sector, power units
based on renewable energy sources (RES) became vital part of global power and heat market, including
distributed heat generation as well. Significant number of such installations belong to individual users,
commonly using solar collectors to prepare domestic hot water directly at their sites. However, the vitally
variable solar irradiance makes the solar energy difficult in efficient harvesting considering long time
period. Thus, maximization of power gain from single solar absorber, when the solar radiation flux is
temporarily high, might lead to further rise in overall, year-averaged efficiency of such units. The paper
concerns modelling of intensification of heat transfer, taking place within the absorber of a vacuum solar
collector, due to insertion of vibrating element inside the thermal oil canal, compared to static turbulization
method. Different geometries of vibrating elements and amplitudes of oscillatory motion, as well as heat
carriers, are investigated using commercially available CFD software. Results indicate rise in solar power
acquired within the absorber using vibrating elements, with essential difference between circulating media,
and suggest vital benefits from utilization of static turbulizing devices.

has been investigated. One of these technologies focuses
. ] on concentration of direct solar radiation on strictly
Although fossil fuels remain fundamental for identified part of the energy receiver, introducing

worldwide energy sector, their continuous depletion lead limitation to radiation dissipation and other energy losses
to the widespread introduction to the global power and [3].

heat sector of power technologies based on renewable
energy sources (RES) in last decades [1]. Due to their
high seasonal and day-by-day instability of operation,
the RES-based technologies were widely introduced to

1 Introduction

The solar irradiance concentrators, due to their high
applicability both within the PV, thermoelectric and
thermal units [4], state matter of recent profound
investigation. Research, discussed in the literature,

the distributed energy sector [2]. Among all primary
energy sources, the solar energy shares an essential part
within the distributed RES-based units [1]. Solar
irradiance might be obviously utilized both to generate
current within the photovoltaic (PV) cells, as well as to
produce useful heat within the thermal collectors;
nevertheless, hybrid units, producing both forms of the
useful energy, are applied as well [1]. Apart from global
rise of PV modules manufactured and installed, observed
recently, the thermal technology continues to play
significant role in utilization of solar energy, mainly due
to its typical higher efficiency [1]. Nevertheless, due to
the short-time, seasonal and year-by-year variability of
radiation, followed by essential fluctuations caused by
weather  conditions and location-based  sunrays
accessibility, number of technologies, devoted to
enhance energy output from PV or solar thermal units,

focuses on broad variety of topics, beginning with
geometry and materials, through modelling of the
concentrators’ optical properties, up to design and
optimization of complex systems.

Strong investigational emphasis is put on optical
analysis of geometry of parabolic trough collectors
(PTC), primarily due to its potentially low
manufacturing costs and easy implementation [5,6,7].
Current investigation focuses on application of advanced
measuring devices [5] to determine accurate optical
properties of reflective surfaces and introduce
fundamentals of their optimization [6]. Experimental
research on other traditional geometry of the parabolic
satellite dish (PSD) has been performed recently as well
[8], concerning mainly comparison of such concentration
devices with other available geometries. Profound study
has been given to the conical solar concentrators [9] as
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well, including design strategy of complete installations.
Nevertheless, due to no strict limitations of length of the
absorbing body, the aplanat geometry concentrators [10]
seem to be comparably more beneficial. Apart from
classical geometry studies, vital focus has been recently
given to rapidly developing two-stage solar
concentrators [4] and spectrum-splitting units [11,12],
which might introduce significant benefits to the solar
thermal power devices in the future. Alternatively,
optimization of the renowned solutions [6,7,13] might
introduce the vital benefits for state-of-the-art
technology and bridge the gap between current market-
availability and laboratory-scale research.

Nevertheless, in spite of numerous advantages,
utilization of solar concentrators leads to essential
challenges, including high risk of photovoltaic cells
overheating or local phase transition or degradation of
working fluid within the solar thermal collectors [14,15].
Primary drawback connected to appearance of gaseous
phase or local degradation of properties of the working
fluid, even considering it as present only within a thin
film located directly at the irradiated walls, might be
vital drop in convective heat transfer between the
internal wall of solar thermal collector’s absorber and
circulating medium. This is followed by danger of
potential damage within the device, as well as sudden
drop of thermal properties of the heat carrying fluid
[3,14]. Therefore, intensification of heat transfer within
the absorbers of solar collectors is vital especially for
installations concentrating solar irradiance.

The literature derives description of several
investigations, focused on the discussed issue,
concerning utilization of nanoparticles of carbon
structures [16], copper [17] or copper oxide [18] to
enhance the conduction through the interior of the
circulating heat carrier. As the initial results indicate,
utilization of thermal oil-based nanofluids within the
solar collectors might introduce a breakthrough;
nevertheless, the long-term investigation of influence of
such fluids on total lifetime of installation has not been
reported yet. Therefore, research on geometry of twisted
or coil-like turbulizing elements [19] along with strongly
aligned ribs [20] and wedge—shaped vertices producing
elements [21] remains essential.

However, the investigations has not considered
utilization of vibrating elements to enhance the heat
transfer due to turbulization of the flow of external
circulating medium. Although considerably positive
effect of vibrations on heat dissipation has been
investigated and discussed [22,23], its applicability
within the solar thermal collectors has not be
investigated yet.

The main aim of the paper was to perform
computational analysis of the effect of utilization of
vibrating elements, as the source of turbulences
enhancing the convective heat transfer, on operational
parameters of the medium-temperature parabolic trough
collector (PTC). The research was performed as the
introductory investigation, preceding further
experimental analysis, performed on currently designed
and constructed, dedicated test-stand. In order to
compare the proposed method of enhancement of

convection, which might introduce certain complexity to
the traditional installations, two reference cases of static
turbulizing elements, were modelled as well. In order to
increase accuracy of the simulation, a 3D model was
prepared and numerically analyzed using market-
available computational fluid dynamics (CFD) software.

2 Computational Model

The prepared numerical model considered the
geometry of a concentrated solar irradiance receiver in
the form of cylindrical absorber, made of structural steel.
The assumed geometry of the absorber is presented in
Fig. 1.
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Fig. 1. Scheme of the modelled absorber geometry.

In order to simplify the geometry, the parabolic
trough, assumed as the concentrating element of the
parabolic trough collector (PTC) unit, was not
considered in CFD modelling. Nevertheless, in order to
estimate the boundary conditions on the absorber’s
external surface, computational ray tracing and
determination of irradiance was performed using the
APEX™ optical analysis software. The computations,
performed in the APEX™, included preparation of three-
dimensional geometry of the parabolic concentrator,
assumed to be used in a standard PTC installation,
selection of the coating, basing on available library of
properties of coatings, and final calculations of direct
sunlight reflection, including advanced ray tracing using
Monte Carlo method and the ray energy averaging. The
optical model of the parabolic trough with part of the
cylindrical absorber, presenting the ray tracing results, is
shown in Fig. 2.

Fig. 2. Scheme of the optical model of the PTC.

However, the optical analysis resulted in
identification of essential boundary conditions, required
to be inserted within the CFD investigation. These
included the average angle, which under the
concentrated irradiance is transferred to the absorber’s
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surface, and the mean radiative heat flux, enforcing the
appearance of thermal phenomena within the absorber.

Further boundary conditions of the model, including
primarily inlet and outlet parameters, were identified on
the basis of holistic analysis of the general dataset for
parabolic trough solar collectors [3]. The properties of
the circulating fluid, vitally influencing both heat
transfer conditions, scale of a viscous boundary layer
and pressure losses, were based on the literature [24]. In
order to investigate influence of circulating fluid
properties, two different media were assumed — as a
reference case, the hydrogenated terphenyl-based
thermal oil, and pure water as an additional case.
Furthermore, in accordance with data derived by
numerical optical analysis of the unit and initial
experimental tests of similar installation, two different
concentrated radiation angles were identified. This
resulted in preparation of two absorber geometries,
differing in slicing planes angle, which was used to
separate areas radiated by concentrated and direct non-
concentrated light.

The geometrical and environmental boundary
conditions, set during the simulation, are concluded in
Table 1.

Table 1. The most relevant boundary conditions

Value
Angle of concentrated irradiance lighting,
166.0
degrees
Total area of absorber, irradiated by 5
concentrated light, mm? 48.5% 10
Emissivity of the absorber walls, - 3.5 x 10"
Irradiance transferred to the directly 1000.0
irradiated surface, W/m? :
Radiative heat flux on the absorber surface,
708.6
W
Initial temperature of the absorber’ walls,
. 314.6
Celsius degrees
Mean pressure of the circulating fluid, atm 1.1
Initial temperature of the circulating fluid,
. 30.0
Celsius degrees
Mass flow rate of circulating fluid at the B
. 9.9 X 1073
absorber’s inlet, kg/s

Apart from the boundary conditions, set at the
external surfaces of the control volume of the numerical
model, vital consideration has been given to the model
equations. The main issue focused on selection and
implementation of highly-reliable, stable and accurate
models of turbulences, expected to arise within the
boundary layer both by implementing the static
turbulizing devices and vibrating elements. Essential
challenge, considering such selection, is the partially
unknown and variable nature of turbulent vertices,
occurring within the fluid domain due to presence of
static or vibrating elements. Thus, either two separate
models, covering separate cases of turbulence sources
might be introduced, or one complete model, covering

possibly wide range of turbulence nature might be
implemented. Following the last concept, the Reynolds
stress model, indicated by Eq. (1), in the SSG variant
[25], was assumed. In order to define pressure and
velocity distribution at the entrance and outlet of the
absorber, the zero gradient model [26], given by Eq. (2)
has been applied to these boundaries.
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where: t — time, u',u’,u’, — individual Reynolds
stresses, p — density of the fluid, x; - boundary layer
coordinate, p — pressure, u — dynamic viscosity of fluid,
&im — dissipation term, v — kinematic viscosity of fluid.

Further consideration has been given to the selection
of radiation model — since the radiation is the only way
of energy propagation outside the external absorber’
surface and might vitally contribute to the heat transfer
at the absorber-fluid internal interface, high accuracy of
modelling was strongly required. Thus, the Monte Carlo
and Discrete Transfer models, available within the
ANSYS™ CFX™ goftware, were considered. However,
since utilization of the Monte Carlo model, in spite of its
accuracy, especially considering complex systems [27],
leads to high computational cost, the more time- and
energy-efficient model of Discrete Transfer, given by
Eq. (3), was assumed [27]. Furthermore, in order to
increase the accuracy of results and cover fundamental
radiation physics within the domain of circulating heat
carrier, the spectral model of gray body was assumed as
well.

aoT*

dl
Sta = 3)

where: a — fluid absorption coefficient, | — radiation
intensity, ¢ — Stefan-Boltzmann constant, T — local
temperature.

Finally, the convective heat transfer between the
circulating fluid and the absorber was modelled as well.
Determination of convective heat transfer coefficient,
fundamental for accurate inclusion of thermal effect in
total energy balance, was assumed to be performed using
the correlation formula. Due to highly unstable
conditions within the absorber, as well as development
of viscous boundary layer due to sudden enforcement of
thermal fluid motion, the correlation for simultaneously
thermally and hydrodynamically developing flow, given
by literature [28] was selected. Prepared model was also
tested under variable meshing parameters and different
timesteps to validate by reaching stable outputs.
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3 Results and Discussion

The results of the numerical simulations are
presented in the form of temperature distributions at the
absorber’s outlet, indicated on Fig.3 to Fig.6.

Fig. 4. Temperature
distribution at the absorber’s
outlet for thermal oil used as
a working medium and
vibration amplitude of
6=0.9mm

Fig. 3. Temperature
distribution at the absorber’s
outlet for thermal oil used as a
working medium and
vibration amplitude of
6=0.1mm
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Fig. 5. Temperature
distribution at the absorber’s
outlet for water used as a
working medium and
vibration amplitude of
6=0.1mm

Fig. 6. Temperature
distribution at the absorber’s
outlet for water used as a
working medium and
vibration amplitude of
6=0.9mm

Results of the analysis, concerning influence of the
increase in the frequency of vibrations of the absorber on
the operational parameters of the absorber, are indicated
in Fig. 7 and Fig. 8. Results of the simulation of the
operation of static turbulizing devices, as well as the
detailed analysis of the turbulence caused, depicted as
distributions of the turbulence Kkinetic energy, are
depicted on Fig. 9 to Fig. 12. Table 2 presents mean
values of the circulating medium temperatures at the
outlet of the absorber for all simulated cases.

Considering the results acquired for the thermal oil,
used as a working medium (Fig. 3 and Fig. 4), no
significant difference within temperature distribution,
especially concerning the viscous boundary layer within
interior if the absorber, is visible. This observation
suggests, that the investigated amplitude of vibration
does not derive energy required to induce the boundary-
layer turbulences, affecting the significant change in
temperature distribution around boundary.
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Fig. 7. Temperature
distribution at the absorber’s
outlet for thermal oil used as
a working medium and
vibration amplitude of
8=0.1mm and frequency
f=75Hz

Fig. 8. Temperature
distribution at the absorber’s
outlet for thermal oil used as
a working medium and
vibration amplitude of
8=0.9mm and frequency
f=75Hz
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Fig. 9. Temperature
distribution at the absorber’s
outlet for thermal oil used as
a working medium and static
turbulizing device with 7
revolutions/meter
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Fig. 10. Temperature
distribution at the absorber’s
outlet for thermal oil used as a
working medium and static
turbulizing device with 12
revolutions/meter
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Fig. 11. Turbulence kinetic energy distribution on vertical co-
axial plane for static turbulizing device with 7 revs/meter
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Fig. 12. Turbulence kinetic energy distribution on vertical co-
axial plane for static turbulizing device with 12 revs/meter
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Table 2. Mean temperature of the working fluid at the outlet of
the absorber — comparison of simulated cases.

Case description Mean temperature, K

Thermal oil, no turbulization [29] 305.0
Thermal oil, vibration of /~=50Hz

_ 304.5
and 6=0.1mm
Thermal oil, vibration of /~=50Hz

_ 304.6
and 6=0.9mm
Water, no turbulization [29] 307.9
Water, vibration of /=50Hz and 307.9
0=0.1mm
Water, vibration of /=50Hz and 3078
0=0.9mm
Thermal oil, vibration of /=75Hz

305.0
and 6=0.1mm
Thermal oil, vibration of /=75Hz
305.0

and 6=0.9mm
Thermal oil, static turbulizing 3099
device with 7 revs/m '
Thermal oil, static turbulizing 3108

device with 12 revs/m

The proposed summary of the initial results is
supported by data collected for analogical simulation,
with water used as a circulating fluid (Fig. 5 and Fig. 6),
on which the distortion of the boundary-layer
temperature distribution is visible. The difference in
temperature of the absorbers between the water and oil
fluids is caused by vital difference in transient heat
transfer conditions, taking place at the initial phase of the
simulation. However, since the heat transfer analysis for
water-cooled absorber did not state objective of the
research, no detailed investigation has been performed.

Although the vibration influenced the boundary layer
in the discussed case, energy derived still was not
sufficient to vitally turbulize the flow — despite induction
of oscillations, the laminar flow was maintained.
Therefore, blending the colder and warmer layers of the
interior and the boundary-layer of the circulating fluid,
leading to vital intensification of heat transfer within the
absorber, require higher parameters of the oscillatory
motion. This observation is in accordance with the
results acquired for simulations performed with the
increased frequency of the oscillations (Fig. 7 and Fig.
8). Independently on the amplitude of the vibration, the
rise of the frequency of 50% comparing to the initial
case, which results are presented in Fig. 3 and Fig. 4, no
significant change within the structure of the boundary
layer and the outlet temperature distribution was
observed. This is followed by insignificant change in the
mean temperature of the working medium between
discussed cases, as indicated in Table 2. Vibrations
characterized by low acoustic frequencies cannot
introduce significant effect on intensification of heat
transfer within the solar absorber, shall be stated. This is
influenced primarily by high viscosity of the circulating
fluid (approximately 120 times greater than the viscosity
of water at the ambient temperature [24]), resulting in
creation of large viscous boundary layer at the absorber-

fluid interface, as well as low range of the frequencies
assumed for the simulation [23].

Considering results collected for the static turbulizing
devices, analysis of data depicted on Fig. 9 and Fig. 10
proves significant destabilization of laminar flow at the
absorber-wall  boundary. Considering both cases,
essential distortion of the uniform temperature field is
indicated/ The distortion directly leads to rise in the
mean thermal oil temperature, as data in Table 2
indicates. Nevertheless, regarding results of the
turbulence intensity analysis (Fig. 11 and Fig. 12), the
element characterized with 12 revolutions per meter
introduces slightly higher turbulence kinetic energy,
compared to the other investigated element.
Furthermore, for this geometry, the highest values of the
turbulence kinetic energy are observed at the inlet to the
absorber and close to the inlet, whereas for the second of
discussed geometries, the highest energy was observed
for the absorber’s outlet plane. Nevertheless, for both
cases, significant flow turbulization at the absorber’s
outlet is visible.

4 Conclusions

Results of the performed simulations indicate, that
utilization of vibrations of low acoustic frequencies in
enhancement of heat transfer within the absorber of
vacuum solar collector is strongly limited. The main
reason is high viscosity of the terphenyl-based thermal
oil, used as the working fluid for high temperature
installations, resulting in large thickness of the viscous
boundary layer. The simulated vibrations, characterized
by frequency not exceeding f=75Hz and amplitude
below 6=1mm do not introduce sufficient kinetic energy
to create the boundary-layer vertices, resulting in
significant turbulization of the fluid. Nevertheless,
further investigation on effect of induction of vibrations
of frequency close to the resonant frequency of the
system, inspired by the promising results of the analysis
discussed in [22], states subject of the future research.
Furthermore, due to the introductory nature of the
presented computational research, discussed results are
aimed to be wverified during future experimental
investigation.

Data collected for the static turbulizing devices
proves possibility of its successful application in
absorbers of the solar collectors. Both the temperature
distribution at the absorber’s outlet, as well as mean
temperature of the circulating fluid, prove positive effect
of introduction of both investigated geometries of the
turbulizing elements. However, detailed analysis of the
turbulence Kinetic energy suggests, that increase in the
number of revolutions per unitary length leads to rise in
the turbulence kinetic energy of the created fluid
vertices. Furthermore, for the twelve-revolutions
geometry, the majority of turbulent vertices were
produced at the region of higher average heat flux,
comparing to the case of seven-revolution geometry. The
optimization of the constructional features of the
turbulizing elements states matter of further
investigation.
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