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Abstract
Energy generation systems based on renewable energy sources
(RES) are rapidly gaining ground in the global power and heat
market. Most of these systems are well-suited to distributed
energy solutions, including distributed heat production. Individual users and local low-power plants can use solar thermal
devices for the purpose of providing domestic hot water, heating and cooling. Nevertheless, the variability of solar irradiance
can make it difficult to harvest energy efficiently all year round.
Therefore, from the point of view of improving the overall, yearaveraged operational parameters of a solar thermal device it is
paramount to maximize the heat acquired from it at times of
high radiation flux. This paper discusses computational research on enhancing convective heat transfer in the absorber
of a parabolic trough collector (PTC), through inducing vibrations of an immersed flat plate. The investigation identifies the
influence of different amplitudes and frequencies of oscillatory
motion on the absorber’s parameters, compares them with the
construction of a classical absorber and considers flow turbulization. The results indicate there is only a limited application
of vibrations to enhance operational parameters of solar thermal absorbers, with the best results obtained for thermal fluid
flows of below 0.1 dms.

used to induce electric current in photovoltaic (PV)
cells and to generate useful energy as heat in thermal collectors [1]. Furthermore, PV-thermal hybrid
units, producing both, are utilized as well [1]. Solar thermal units have a significant share of the solar energy market, caused primarily by their typically
higher efficiency levels compared to solar-to-current
systems [1, 3, 4, 5]. Fluctuations in energy accessibility, caused by fast-changing weather conditions and
local geography, has encouraged research into various technologies to enhance energy output from solar units. Foremost among these is the concentration
of direct solar radiation to light exclusively the absorber while reducing radiation dissipation and other
losses [3, 6].
There has been a recent uptick in the intensity of
research into sun radiation concentrators, due to their
high application potential in PV [7], hybrid [8] and
solely thermal units [9, 10]. Most investigations have
focused on geometry and materials, modelling of the
concentrators’ optical properties, as well as design and
optimization of complex systems, utilizing absorbed
solar energy.

Keywords: Concentrated solar power, Parabolic One strong focus has been on optical analysis of
trough collector, Heat transfer enhancement, Convec- the geometry of parabolic trough collectors (PTC).
tion intensification
PTCs could be manufactured at low cost and are
easy to implement [11, 12, 13]. Current research in
the field of PTC concerns advanced measuring devices [11] for accurate determination of optical prop1 Introduction
erties of reflective coatings of mirrors, as well as funFossil fuels are the primary energy source for the damentals of their optimization [12, 14].
Other
energy sector worldwide. Nevertheless, finite re- geometries of concentrated-energy thermal units are
sources and rising climate concerns have promoted also attracting interest. Experimental research on
the introduction of power technologies based on re- parabolic satellite dishes (PSD), primarily in comparnewable energy sources (RES) [1]. High instability, ison with other available geometries, has been percaused by seasonal and short-term variation of en- formed recently [15], as has deep investigation of conergy availability, meant that RES-based technologies ical solar concentrators including installation design
were initially adapted to the distributed energy sec- strategy [16]. The results of other recent research
tor [2]. Sunlight is prominent among the primary en- show [17, 18, 19] that aplanat geometry concentraergy sources harnessed for distributed systems and lies tors seem to be comparably more advantageous in a
at the core of this paper [1]. Solar technologies are number of applications. In addition to research con-
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cerning classical geometry, studies have also sought
to develop two-stage concentrators [9] and spectrumsplitting systems [20, 21], which might give advantages to next generation units. Alternatively, optimization of known solutions [12, 13, 22] might bridge
the gap between existing state-of-the-art devices and
technologies that are currently under development in
laboratories.
There are major challenges to be overcome with solar irradiance concentrators. These include the risk
of PV cells overheating [23] and local evaporation
or thermal degradation of the heat carrier in thermal
units [24, 25]. One fundamental disadvantage, following evaporation or degradation of the working fluid,
even considering only a thin film located at the interface between the fluid and irradiated walls, might be
a major decrease in convective heat transfer parameters. Since convection between the internal wall of
the absorber and circulating medium is a fundamental form of heat transfer, any drop in its parameters
brings with it a risk of damage to the device and of
sudden change in the physical properties of the circulating fluid [6, 24]. Therefore, it is vital to enhance
convection in solar thermal absorbers, especially for
installations using concentrated radiation.

on increasing the operational parameters of state-ofthe-art designs. Current investigations concern primarily a variety of geometries of twisted or coil-like
turbulizing elements [30] along with strongly aligned
ribs [31] and wedge-shaped vertices that produce elements [32] which are inserted into the absorber’s interior.
Despite the profound research performed in this field,
there has been little focus on the application of vibrations as a method to intensify heat transfer. Enhanced
convection might be expected to result from turbulizing the flow of the circulating thermal fluid and local
change in advection parameters. As the strongly beneficial influence of vibrations on heat transfer in practical utilities has been already proven and discussed
in [34, 35, 36, 37], this approach might bring benefits
to solar thermal devices too.
This paper focuses on numerical analysis of the effect
of application of an immersed vibrating plate, which
acts as a source of vertices to intensify convective heat
transfer in the working fluid of a PTC absorber. Additional reference cases in the form of a classical construction with no heat transfer enhancement and an
absorber with static turbulizing element inserted into
the internal volume of the absorber, were simulated
as well, for the purpose of comparing the investigated
method and its macroscopic thermal effects with the
state-of-the-art systems. The simulations utilized a
3D model, prepared and computationally investigated
using commercially available numerical software.

2

Computational Model

The numerical model investigated the geometry of a
concentrated solar irradiance receiver in the form of a
cylindrical absorber, made of structural steel [38]. The
geometry of the absorber is presented in Fig. 2. Two
Figure 1: Overview of methods to intensify heat transgeometries, corresponding to simulated heat transfer
fer in solar thermal units
enhanced devices, including immersed turbulizing device and vibrating plate, are shown in Fig. 3 and Fig. 4,
Discussion of a number of studies on different tech- respectively.
niques of intensification is given in: [26, 27, 28, 29,
To simplify the geometry and reduce mesh volume,
30, 31, 32, 33]. Research presented in these pathe CFD modelling excluded the parabolic trough,
pers includes the use of nanoparticles of carbon [26]
assumed as the concentrating element of the PTC
or copper compounds [33, 27] as additives to the
unit [38]. APEX optical analysis software was used
new generation of thermal fluids, to enhance conducto perform computational ray tracing and numerical
tion through the fluid and absorbance. The use of
determination of irradiance in order to estimate the
nanofluids, in essence classical high temperature fluboundary conditions on the absorber’s external surids with added nanoparticles, might lead to a breakface. The computations included preparation of threethrough in the field of solar thermal systems [28, 29].
dimensional geometry of a parabolic concentrator to
However, widespread introduction of such fluids rebe used in a standard PTC installation.
quires long-term research into their impact on the
estimated service life of the power generating instal- The geometry consisted of a tubular absorber of gelation. Thus, more research is needed that focuses ometry, as per Fig. 1, and a parabolic shaped mirror.
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Figure 2: Geometry of the modelled absorber

The absorber was located directly in the concentrator’s focal point. Drawing on the available library of
properties of coatings in the APEX environment, coatings were selected for both elements. Protected silver
coating was selected for the parabolic mirror. This
coating enjoys the highest reflectivity stability as a
function of wavelength. Absorber surface absorbency
was assumed at 80%. Optical modelling took into
account the imperfections of the mirror surface, but
excluded contamination. Thus, the mirror surface was
assumed to be perfectly clean and to retain its optical
parameters. The total loss resulting from the optical
assumptions was 29.14%. A virtual element reflecting
solar-like radiation was used to model the light source.
Only solar direct irradiance was used for the calculation. Due to the negligible impact on the results,
indirect radiation was not included. Furthermore, it is
not possible to determine the value or angle of incidence of diffuse radiation, whose high variability derives from being reflected from intermediate elements
that do not form part of the PTC infrastructure.
The selected optical-engineering software performs
ray-tracing of radiation emitted from a given surface,
determining its path and reflection from individual elements. APEX uses the Monte Carlo method. The
software determined radiation distribution on the target surface and the value of energy supplied to the
given element. The optical model of the parabolic
trough with part of the cylindrical absorber, presenting the ray-tracing results, is shown in Fig. 5.

Figure 3: Geometry of the absorber with immersed
spiral turbulizing device: 1 - absorber, 2 - thermal
fluid, 3 - walls of the spiral device

Figure 5: The optical model of the PTC
The detailed optical analysis, performed in a dedicated
environment, identified the key boundary conditions
of the system. These conditions, including the inclination angle of virtual surfaces, dividing the absorber
into parts lit by the concentrated radiation and by the
reference direct normal irradiance (DNI), as well as
the derived mean radiative heat flux, were then introFigure 4: Geometry of the absorber with vibrating duced to the ANSYS software to perform the CFD
plate: 1 - absorber, 2 - thermal fluid, 3 - immersed analysis.
plate
Other boundary conditions of the model, including primarily inlet and outlet parameters, were identified on
the basis of an holistic analysis of the general dataset
293 | 300
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Table 1: Key boundary conditions.
Parameter
Total area of absorber, irradiated by
concentrated light, mm2
Emissivity of the absorber walls, Irradiance transferred to the directly
irradiated surface, W/m2
Radiative heat flux on the absorber
surface, W
Mean pressure of the circulating fluid,
bar
Initial temperature of the circulating
fluid, °C
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for PTCs [6]. The properties of the circulating fluid
(Therminol VP-1®, phenyl-based high temperature
thermal oil) were taken from the literature [39]. The
geometrical and environmental boundary conditions
set during the simulation are listed in Table 1.

0

− 2µ

(1)

where: Rij , Rik , Rjk , Rijk – averaged vector products of Reynolds stresses in respective directions, t
– time, u0i , u0j , u0k – individual Reynolds stresses, ρ –
density of the fluid, xi , xj , xk – boundary layer coordinates, p – pressure, µ – dynamic viscosity of fluid,
εikm , εjkm – dissipation terms, ν – kinematic viscosity
of fluid.

Thus, consideration was given to the Monte Carlo and
Discrete Transfer models, available in ANSYS CFX
software. The fundamental assumption included in
Apart from the boundary conditions, set at the exter- the Monte Carlo model is the proportionality of ranal surfaces of the control volume of the numerical diation intensity to the differential angular flux of inmodel, consideration was given to the model equa- cident photons [41]. Regarding the radiation field as
tions. The main issue focused on selection and imple- a virtual “photon gas”, the absorption phenomenon
mentation of highly-reliable, stable and accurate mod- is considered as the probability per unit length that a
els of turbulences, which are expected to arise in the photon is absorbed at a given wavelength [41]. Thereboundary layer due to implementing the static turbu- fore, the calculated mean radiation intensity (given by
lizing devices and vibrating elements. The main chal- Eq. 2 [42]) is indirectly calculated on the basis of problenge when considering possible models is the partially ability theory [42, 41].
unknown and variable nature of turbulent vertices, In order to increase the accuracy of results and include
which occur in the fluid domain due to the presence of fundamental radiation physics within the domain of
static or vibrating elements. Thus, a complete model the circulating heat carrier, the spectral model of gray
had to be implemented that covered a wide range of body was assumed. Finally, convective heat transfer
turbulence, in this case the Reynolds stress model, as between the circulating fluid and the absorber was
indicated by Eq. 1 in the SSG variant [38, 40]. In order modelled as well. Convective heat transfer was asto define pressure and velocity distribution at the en- sumed to be determined through recalculation of the
trance and outlet of the absorber, average turbulence energy balance, solved computationally by selected
of 5% was applied to these boundaries.
CFD software.
Consideration was given to selection of the radiation
model – since radiation is the only way of propagatZ
dEν
ing energy outside the absorber’s external surface and
(2)
Fν =
cosθdAdtdν
might contribute to heat transfer at the absorber-fluid
internal interface, high modelling accuracy was rewhere: Fν – energy flux, dEν – radiant energy of
quired.
photon, θ – angle of inclination of the photon pathway
to the normal of the incident surface, A – area of
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Results and Discussion

The results of the numerical simulations are presented
in the form of temperature distributions at the absorber outlet, obtained for the respective cases, in294 | 300
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dicated on Fig.6 through Fig.11. The contours presented in Fig. 6 - 7 and Fig. 8 - 9 show the distributions obtained for the reference cases with no heat
transfer intensification and with the immersed, spiralshaped turbulizing device, respectively. The contours
indicated in Fig. 10 - 11 plot the temperature distributions obtained for the modelled case of a flat plate,
vibrating at a frequency of 50Hz and with an amplitude of 0.25mm.

Figure 7: Temperature distribution at the absorber
outlet for the reference state and fluid flow of
Q=0.25dm3 /s

Figure 6: Temperature distribution at the absorber
outlet for the reference state and fluid flow of
Q=0.05dm3 /s

Results concerning the temperature distribution indicate key differences in local temperatures of the reference absorber, which does not apply any heat transfer enhancement technique. For thermal fluid flow
five times greater than its minimum value, the average temperature of the absorber solid at the outlet
dropped by roughly 70°C. Nevertheless, for both cases of modified absorbers, no major change was observed, although minor differences did appear. Considering the vibrating plate, a rise in circulating fluid flow
was followed by a significant change in temperature
distribution at the outlet in the domain of the fluid.
However, as can be seen on Fig. 10, the major thermal
effect of vibrations is on the lower wall of the absorber,
the wall receiving concentrated radiation. This observation proves the potential of the technique to reduce
the temperature of the wall, which experiences the
highest temperatures of any element in the system.

Figure 8: Temperature distribution at the absorber
outlet for the reference immersed turbulizing device
and fluid flow of Q=0.05dm3 /s
Curves showing the dependence of outlet temperatu295 | 300
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Figure 9: Temperature distribution at the absorber Figure 11: Temperature distribution at the aboutlet for the reference immersed turbulizing device sorber outlet for the vibrating plate and fluid flow of
and fluid flow of Q=0.25dm3 /s
Q=0.25dm3 /s

Figure 12: Mean temperature of the thermal fluid at
the absorber outlet for respective modelled cases of
absorber operation
The data shown in Fig. 12 shows that utilization of
the vibrating plate was followed by a large drop in
the mean temperature of the thermal fluid, whereas
the immersed spiral turbulizing device led to an increase in the outlet temperature of approximately
Figure 10: Temperature distribution at the ab- 0.6°C. Furthermore, the change in temperature is acsorber outlet for the vibrating plate and fluid flow of centuated with low fluid flows, while for flows exceeding 0.15dm3/s none of the simulated turbulization
Q=0.05dm3 /s
methods were followed by a change in fluid outlet
temperature.
res and thermal efficiencies of respective absorbers are
depicted in Fig. 12 and Fig. 13.

As regards the curves plotted in Fig. 13, the highest thermal efficiency for low flows was achieved for
296 | 300
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device introduces an exception to this observation as depicted in Fig. 13: independently of the coaxial
volumetric flow, the power acquired from the absorber
equipped with the immersed turbulizing device stays
almost constant. This might be caused by a reduction
in axial flow in the area enclosed between walls of the
spiral device.
Thus, with respect to the overall effects of the investigated methods, utilization of the immersed turbulizing device seems to be the most beneficial solution,
especially considering the low flows of the circulating
Figure 13: Mean thermal efficiency of the absorber, fluid. For flows exceeding 0.2 dm3 /s, all simulated
regarding total sunlight on the concentrating area, for cases (including the reference) achieve a similar outrespective modelled cases of absorber operation
let temperature of the fluid, whereas low-amplitude
vibration delivers the highest efficiency.
Table 2: Heat gained by the thermal fluid for respec- Contour distributions have been plotted for the retive modelled cases of absorber operation
spective cases to aid detailed analysis of the wall heat
Case description
Max heat gain, W
transfer coefficient at the interface between the abReference, no turbulization
709.0
sorber and the thermal fluid. The distributions are
Vibrating plate, f=50Hz, δ=0.25mm
736.9
shown in Fig. 14 through Fig. 16.
Vibrating plate, f=100Hz, δ=0.50mm
701.6
Static spiral immersed in the fluid

700.8

the plate vibrating at low frequency and low amplitude. The decrease in thermal efficiency for vibration
of higher frequency and amplitude might be caused
by a significant backflow, causing a drop in real volumetric flow of the thermal fluid through the absorber.
For the reference cases of absorber with no turbulence intensification and vibrating plates, absorber efficiency rises as fluid flow increases. Regarding the
immersed device, thermal efficiency of the absorber
remained roughly constant at 70%, independently of Figure 14: Local wall heat transfer coefficient values
local flow. However, the highest thermal efficiency, at the solid-liquid interface for the reference case with
71%, was achieved for the vibrating plate at the high- no flow turbulization
est of the investigated fluid flows.
The maximum total power gains of the flowing thermal fluid for simulated cases of absorber geometry are
indicated in Table 2.
Analysis of the acquired data suggests that application of the vibrating plate might be succesfully introduced to increase maximum heat gains from a single
absorber. Careful consideration has to be given to amplitude and frequency of vibrations. As presented in
Fig. 13 and Table 2, a rise in both amplitude and frequency of oscillations led to a significant drop in power
gain and efficiency of the absorber, caused by a rise in
backflow vertices at the absorber outlet. The intensification of backflow throttled the real flow of thermal
fluid through the absorber. As shown in Fig. 13 and
discussed in reference [38], a drop in the streamflow of
the circulating fluid, composed of pure thermal fluid,
is followed by a significant decrease in effective power
gain. Nevertheless, utilization of a static turbulizing

Figure 15: Local wall heat transfer coefficient values
at the solid-liquid interface for the immersed turbulizing device case
In light of the results collected for the wall heat transfer analysis, distribution of local values of the coefficient is similar for both the reference case and the
vibrating plate case, at the stable state of high thermal fluid flow.
297 | 300
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boundary layer vertices and turbulization of the fluid,
which are required to enhance convection. Nevertheless, the results show that vibrations might be successfully applied to enhance the thermal efficiency of
absorbers, especially for low fluid flows. Considering this parameter, the vibrating plate variant is the
most favorable of all the simulated cases. Whereas
for low feed flows the rise in thermal efficiency due
Figure 16: Local wall heat transfer coefficient values to the vibrating plate may exceed 4%, the simulation
at the solid-liquid interface for the vibrating plate case did not factor in the significant rise in internal energy
consumption required to induce vibrations or the additional costs of detailed analysis of the frequency and
amplitude of oscillations. Therefore, there would be
Nevertheless, for the two investigated geometries of
little real gain to be had from using this heat transfer
the absorber, there are low coefficient values in the
intensification method.
entrance region of the absorber, as shown in Fig. 14
and Fig. 16. Moving from the inlet towards the outlet The data collected for the immersed spiral turbulizing
along the concentric axis of the geometries, the values device prove its applicability in solar absorbers. The
of the wall heat transfer coefficient rise almost linearly mean fluid temperature distribution at the absorber
in both cases. This observation proves the insignifi- outlet, as well as the macroscopic thermal effects of
cant effect of vibrations on heat transfer distribution absorber operation, prove the beneficial effect of introon the outer interface of the thermal fluid domain.
ducing the immersed turbulizing element. However,
the rise in operational parameters of the absorber is
However, considering the data acquired for the imvisible mostly for volumetric flows (Q<0.05dm3 /s),
mersed turbulizing device, shown in Fig. 15, a signifwhich could limit application of this method. For inicant change was observed in the distribution of the
termediate and high fluid flows (Q>0.15dm3 /s), the
coefficient. In the middle of the volumes, constrained
absorber equipped with the immersed device achieved
by the walls of the device, the wall heat transfer coefficiency comparable to the reference case, which
efficient took higher values, although parts of the abwas probably caused by pressure losses at the fluidsorber were insulated by joint walls of the immersed
solid walls and a significant drop in mean fluid velocdevice. Nonetheless, the highest values of the coeffiity inside the absorber. Nevertheless, optimization of
cient were observed at the initial turbulization of the
the constructional features of the turbulizing element
flow, with a linear drop in the middle part of the abmight solve these issues and broaden its applicability.
sorber. This observation suggests that utilization of
the turbulizing device might be especially valuable to The results discussed in this paper concern the use of
enhance convection close to the inlet, but it is not a medium which at ambient temperature is approxinecessarily beneficial for heat transfer intensification mately 120 times more viscous than water [39]. The
in the middle and end part of the absorber.
thick viscous boundary layer, which limited heat transfer in the simulated cases, might not correspond to the
flow dynamics of other media, for example pressurized
water. For such media, investigations covering a wide
4 Conclusions
range of frequencies should be considered [35].
The results of the simulations indicate that vibrations
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