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The feasibility of using paraffin wax as a phase change material was investigated in the
design of a solar tracking mechanism for the positioning of photovoltaic panels for
improved solar energy harnessing. Tests were conducted under the climatic conditions of
Canyon, Texas. To investigate the feasibility of the solar tracking system, the performance
of the system was compared against a stationary system where the PV panel was tilted at
35° with respect to the horizontal surface for the month of May. Tests conducted on paraffin
wax show a steep increase in the wax volume expansion as the wax transitions from solid
to liquid. The expansion is shown to markedly decrease with the increase in the actuator
loading for which a higher temperature is needed to achieve a desired actuator
displacement. Performed tests show the solar tracking system resulted in 22% enhancement
in solar energy harnessing compared to the stationary system. It is also shown that as the
paraffin wax melts and then solidifies, the actuator extension and retraction appears to

follow a hysteresis loop.

1. INTRODUCTION

Phase change actuators are actuators that transform thermal
energy into mechanical work through the utilization of a phase
change material (PCM). Paraffin wax has attracted significant
interest as a phase change material due to being chemically
inert, having very low compressibility, inexpensive and
readily accessible material. Paraffin actuators utilize the
volume change associated with the wax phase transformation
from solid to liquid to deliver both a large stroke and a high
force. Open literature data reveal that its volume expansion
during phase change can range between 10 to 15%. Owing to
that, paraffin-based actuators are shown to have high-energy
density, defined as the output work per unit volume. Figure 1
shows the energy density of various types of actuating
materials. PCM [1] stands the highest among actuating
materials. This is followed by shape memory alloys (SMA) [2],
thermo-pneumatic [3], electromagnetic [4], electrostatic [5],
piezoelectric [6] and muscle [7] materials.
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Figure 1. Energy density for various types of actuators
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Paraffin wax actuators employ either membrane
displacement or piston motion. Membrane-type actuators
consist of an elastic diaphragm and a compartment that holds
the paraffin wax. When the wax is heated, it expands forcing
the diaphragm membrane to displace which returns to its
original shape after cooling. These actuating mechanisms are
widely used in applications such as valves, heat switches,
microfluidics, MEMS, and solar trackers [8]. Novak et al. [9]
and Pauken et al. [10] designed a paraffin-actuated gas-type
heat switch to remove excess heat from the Mars Rover battery
during daytime, and to provide insulation to the battery during
the cold night. Lee and Lucyszyn [11] analyzed the
performance of micromachined electrothermal hydraulic
microactuators using paraffin  wax enclosed within
micromachined silicon containers, and calculated the
hydraulic pressure of the expanding wax using the theory of
large deflections. Tremblay et al. [12] presented a
demonstration of a reversible in-plane actuator that is activated
by sunlight for self-tracking solar concentrator. The actuating
mechanism consisted of a polycarbonate honeycomb array
with 2.3 mm and 0.75 mm cells filled with paraffin-carbon
composite material producing a maximum deflection of 64 pm
and 51 pm, respectively. Liu et al. [13] designed a
microactuator with induction heating using PCM composite
that consisted of paraffin wax, expanded graphite and nickel
particles exhibiting high electrical conductivity and magnetic
permeability. The actuator’s polydimethylsiloxane diaphragm
was capable of producing 142 um actuation height with the
application of 1.42 W of induction heating.

Piston-type actuators are intended to produce large
displacements. Kabei et al. [14] designed a piston-cylinder
type microactuator to be used in endoscopic surgery. The
actuator whose outer diameter and length were 2.5 mm and
130 mm, respectively, was capable of producing a stroke of 8
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mm against a lkg load. Tibbitts [15] designed a piston-
cylinder type paraffin wax actuator for use in aerospace
mechanisms. The 30 g actuator was capable of producing a
stroke of 10 cm and an output force of 4,000 N. Bodén et al.
[16] designed a piston-cylinder actuator 8 mm long and 2 mm
in diameter capable of producing a displacement of 140 pum at
a counter force of 2.6 N. A larger actuator of 20 mm diameter
and 90 mm length was designed by Mallet and Kornmann [17]
for space applications that produced a stroke of 20 mm under
a high load of 1000 N. Chen et al. [18] studied the factors
influencing thermal hysteresis in paraffin piston-cylinder
actuators. It was found that in order to reduce the degree of
thermal hysteresis in paraffin, the wax cooling speed needs to
be the slowest and the actuator resetting spring needs to have
the least stiffness.

Ho et al. [19] studied the dynamic response of a thermally
actuated paraffin actuator to examine the melting heat transfer
characteristics and the displacement behavior of the molten
wax moving wall. Their results show the melting rate of
paraffin and thus the actuator speed was fast at the beginning
of the actuation but gradually slowed as time progressed. The
melting time was shown to increase as the subcooling of
paraffin wax increased. A compact actuator without sealed
moveable parts was designed by Mann et al. [20]. Forces of up
to 63 kN were achieved for an actuator of 30 mm in diameter
and 7 mm in height. Compared to existing actuators, an
increase in performance by a factor of up to 7 was achieved.
Mendecka et al. [21] assessed the possibility of using the
mechanical work produced by the volumetric expansion of
paraffin-based actuators for photovoltaic solar tracking. Using
a 2D finite-difference/finite-volume numerical approach, they
developed a model to evaluate the temperature and density
fields inside the phase change material. Their simulation
results for the ambient conditions of Southern Italy showed an
average daily volumetric expansion of 3.1% during summer
and 2.5% during winter, allowing the tracking of nearly 90 PV
panels having 1.6 m? surface area each.

The utilization of paraffin wax has been recently
implemented in the design of thermally-driven passive solar
trackers, referred to as HelioDrive [22]. The system employs
a piston that pushes a cam tube with helical cuts translating the
linear motion into a rotational motion. The receiver consists of
a paraffin actuator encapsulated inside a glass insulator tube.
The receiver is positioned on top of a lower assembly
(consisting of the tube with helical cuts) that is anchored to the
ground. A parabolic-shaped concentrator directs incident solar
radiation to the receiver, resulting in the assembly moving
upward and rotating westward as the photovoltaic (PV) panel
follows the movement of the sun from east to west. The total
panel capacity to track ranges from 120 to 1,200 panels in a
ground mount.

The above review shows the majority of piston-type
paraffin wax actuators were implemented in applications such
as surgery, aerospace mechanisms, and the positioning of
valves and switch. These actuators were shown to produce an
output load that ranges from around 200 kPa to 125,000 kPa.
However, very few studies have been conducted on the use of
paraffin-wax actuators in the solar tracking of PV panels. The
few studies performed were those by Tremblay et al. [12],
Mendecka et al. [21], in addition to the commercially available
HelioDrive Technology [22]. In the design by Tremblay et al.,
the actuating mechanism was a polycarbonate honeycomb
array, while in the study by Mendecka et al. technical
assessment was conducted on the thermal expansion of
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paraffin-based actuators for passive solar tracking. Except for
the commercial HelioDrive system, none of these published
studies particularly implemented paraffin-wax piston-type
actuators in the solar tracking of PV panels nor investigated
the dynamic response of this type of actuation in such an
application.

The purpose of this paper is to provide a proof of principle
demonstration of thermally-actuated solar tracking
mechanism for PV panels using paraffin-based actuators. The
authors aim to investigate the effect changes in ambient
temperature have on the dynamic response of a paraffin-based
actuator when implemented in solar tracking. The study will
examine the effect piston loading and temperature have on the
thermal expansion of the wax. The study’s findings will
ultimately shed light on whether a paraffin-based actuator is a
feasible alternative to the commonly available single-axis
electrically-driven solar tracker.

In this paper, the design of the solar tracking mechanism is
presented in Section 2, the experimental setup. Section 3
presents the design of the paraffin wax actuator along with
performed tests to determine the effect actuator loading and
temperature have on wax thermal expansion. The results will
show that as the actuator loading increases, a higher wax
temperature is needed to produce a desired piston
displacement. In Section 4, tests were performed on the solar
tracking mechanism to evaluate its performance under the
climatic conditions of West Texas. These tests will show a
noticeable enhancement in the incident solar insolation for the
implemented solar tracking mechanism in comparison to a
stationary system in which the PV panel is oriented at an
optimal seasonal angle. The results will portray the dynamic
response of the paraffin-wax actuator to ambient temperature
variations, and will show the hysteresis effect associated with
the actuator expansion and retraction as function of
temperature. Finally, in Section 5 a summary and conclusion
are presented.

2. EXPERIMENTAL SETUP

Figure 2 shows the overall setup of the experimental system.
The system consists of a solar tracking mechanism that is
driven by a PCM actuator for the positioning of a PV panel for
improved solar energy harnessing. A 1.5 m long stainless steel
shaft of 0.02 m diameter is being used to rotate the PV panel.
A triangular frame is constructed to support the PV panel and
the shaft at an angle of 35° with respect to the horizontal
surface. An optimal angle of 35° was chosen based on the
geographical latitude of Canyon, Texas for the month of May.

As a rule of thumb, the solar panel tilt angle is set to the
geographical latitude of the location for optimal solar energy
harnessing [23]. It was estimated that for the geographical
latitude of Canyon, a surface with a fixed tilt angle of 35°
would receive about 70% of the maximum solar radiation
intensity throughout the year. In order for the PV panel to
adequately follow the sun, a rack and pinion gear system
(Figure 3) is employed to transfer the linear motion of the
piston/cylinder actuator to a rotational motion. The rack and
pinion gear system is designed to provide a maximum rotation
of 120° for the PV panel as it tracks the sun from sunrise to
sunset. At sunset, a steel spring located at the end of the
thermal actuating device (shown in Figure 3) resets the
actuating piston to its original position, thus rotating the panel
back to sunrise position. The PV panel is directly attached to a



rotating shaft that is supported by two bearings. The upper end
of the shaft was machined down to 0.01 m to allow for the
installation of the pinion. A keyway was machined to properly
hold the pinion in place. The PV panel is mounted onto the
shaft using U-bolts. A solar reflector has been utilized to focus
the incident solar radiation onto the actuator.

To achieve a rotation of 120°, the relationship between the
rack maximum linear displacement, s, and the pinion gear
parameter, P, was set to a ratio of 1:3, such that:

P = 3Siax (1)

According to Eq. (1), the pinion circumference and diameter

were 7.62 cm and 2.43 cm, respectively.

Figure 3. Rack and pinion gear system

The horizontal force acting on the rack, F;, consists of: the
force due to the sliding of the effective mass of the combined
solar panel and mechanism frame over the guide rail, the
inertial force due to the acceleration of the effective mass, and
the external force due to the loading of the spring in addition
to the wind force that may be acting on the frame:

2

A digital force sensor (Baoshishan ZP-500 N model) was
used to experimentally determine the horizontal force
portrayed by Eq. (2). The sensor was temporarily placed in the
location of the actuator to determine the magnitude of the force

F.=m.gu+mea+F,
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needed to rotate the solar panel and the mounting frame.
Results are shown in Figure 4 for the case of with and without
the application of a resetting spring. The rack force is shown
to decrease with the increase in the rotation of the solar panel
mechanism. With the implementation of a resetting spring, the
rack force is shown to noticeably increase due to the loading
of the spring. In the presence of a spring, the rack is shown to
be subjected to a minimum force of 100 N for a horizontal
displacement of 9 mm. With further displacement, the required
force is shown to start to increase due to the compression of
the spring.
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Figure 4. Rack force as function of rack horizontal
displacement

As incident radiation heats the paraffin actuator, wax starts
melting. This phase change generates a force due to the wax
expanding volume, and this force is transmitted to the
actuating piston. The piston starts to move the rack once
enough force is generated. This in turn causes the pinion gear
to rotate resulting in the rotation of the shaft and PV panel as
the panel tracks the sun throughout the day. The melting of the
wax is a slow process that results in gradual rotation of the PV
panel as it emulates sunflower’s tracking of the sun. The
process is illustrated in Figure 5.
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Figure 5. Operation of the solar drive system

3. PARAFFIN WAX ACTUATOR

The paraffin wax actuator is a piston/cylinder type of an
actuator. Its schematics is shown in Figure 6. Paraffin wax is
encapsulated inside a copper tube with the help of a flexible
rubber/cork seal. The tube inner and outer diameters are 1.45
and 2.23 cm, respectively. The actuator uses a stainless steel



rod of 5 mm in diameter. The wax height inside the tube is
40.64 cm at room temperature. As the tube gets heated, the
expanding wax causes the piston to displace. Paraffin wax
(CnHa2n+2) is a mixture of saturated alkanes and hydrocarbons.
The type of paraffin wax used in this application is Gulf Wax,
a food grade wax with a melting point temperature between 46
and 68°C, a material density of 900 kg/m3 a volumetric
thermal expansion coefficient of 0.000764 K, and a bulk
modulus of 2 GPa. The volume expansion of the wax, &, is
related to the actuator stroke, s, as follows:

_AV_s

T h (3)

&y

The unloaded cylinder stroke is related to the temperature
increase of the wax, AT, through the wax thermal expansion
coefficient, 5

s = hy[(1 + BAT)® — 1]

“4)

Figure 6. Design of the paraffin wax actuator
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Figure 7. Experimental testing of the paraffin wax actuator

Experimental tests were conducted on the actuator to
determine the effect temperature and pressure have on the
volume expansion of the wax inside the actuator. Figure 7
shows a sketch of the testing procedure. The actuator was
heated by inserting it vertically into a water bath with a
controlled temperature setting. A digital force sensor with a
rail guide (Baoshishan ZP-500 N model) was used to
determine the force exerted by the expanding wax. As the wax
temperature increased, a turn wheel on the sensor stand was
rotated to keep the pressure generated by the expanding wax
constant. Figure 8 shows the volume expansion ratio of the
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wax as function of temperature and applied pressures (87, 390,
693 and 2691 kPa). The data shows a steep jump in the thermal
expansion as the wax transitions from solid to liquid, which is
a general property of long-chained polymers. As the loading
pressure increases, a higher temperature is required to achieve
a desired wax expansion. The wax expansion is shown to
considerably decrease with the increase in loading as shown
for the case of 2691 kPa. Using Eqns. (3) and (4), the piston
stroke can be calculated as function of the paraffin wax
volume expansion ratio as shown in Figure 9. In a cylindrical
geometry where expansion occurs in the axial direction, the
relationship between the wax volume expansion and the
actuator stroke is a linear one as depicted by Figure 9. Based
on the geometry of the actuator, a 6.25% wax expansion
results in a piston stroke of 2.54 cm.
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Figure 8. Paraffin actuator volume expansion as function of
temperature and pressure
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4. EVALUATION OF THE SOLAR TRACKING
SYSTEM

Tests were conducted to evaluate the performance of the
solar tracking mechanism under the climatic conditions of
Canyon, Texas. The performance of the system was compared
against a stationary system where the PV panel was oriented
at the optimal seasonal angle of 35° for the month of May. The
results are shown for the test conducted on May 2, 2021.
Figure 10 shows typical results of the time history of the solar



insolation (solar radiation intensity) in a 12-hour daylight
period for the solar tracking and stationary systems along with
the optimal heat flux that can be captured. The optimal heat
flux is determined by positioning the solar irradiance meter
(Seaward Model No. SS200R) at an angle with respect to the
incident radiation that captures the maximum amount of
incident solar heat flux. The conditions of the test were as
follows. The average wind speed on the day of this test ranged
from 5.5 to 9.4 m/s, the average ambient temperature ranged
from 12.8 to 34.4°C, and the average relative humidity ranged
from 14% to 67%. Solar radiation intensity is shown to reach
a peak slightly above 1000 W/m?. The data in Figure 10 shows
the solar tracking system to outperform the stationary system
particularly during the morning hours from 8:00 am to 12:00
pm. It should be noted here that the skies were clear most of
the day with only limited cloud coverage. The actuator slightly
fell behind between 1:00-2:00 pm but quickly caught up in the
afternoon where it produced good results until about 6:00 pm.
After 6:00 pm, the thermal actuator cooled down fast and
began to rotate back towards the sunrise position. This caused
a sharp decline in the incident heat flux during the final two
hours. Figure 10 shows the solar tracking system follows
closely the optimal heat flux for good number of hours in
comparison to the stationary system.

Figure 11 shows the relative heat flux of the solar tracking
and stationary systems. The relative heat flux is the ratio of the
system heat flux to the optimal heat flux. The solar tracking
system had an average heat flux ratio of 0.82, while the
stationary system had an average ratio of 0.67. It is found that
the solar tracking system performed 22% better than the
stationary system in capturing the incident solar heat flux.
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Figure 12 shows the ambient and actuator surface
temperatures, and Figure 13 shows the displacement of the
actuator piston as function of time. It is shown that during the
early morning hours, it takes the actuator few hours to warm
up to the melting temperature of the, even though some wax
expansion does occur as temperature increases in the solid
phase. The copper actuator surface was coated with black paint
to improve its solar absorptivity. Because of that, it is seen that
as the ambient temperature increases during the day to 34°C,
the actuator surface temperature sharply increases to reach
73°C in the afternoon hours. However, as the incident solar
heat flux decreases in the late afternoon (Figure 10), the
surface temperature of the actuator quickly drops to the



ambient temperature. Figure 13 shows the actuator to produce
a maximum stroke of 12.7 mm as the actuator temperature
reaches 73°C. The stroke is shown to hold steady at 12.7 mm
for few hours until the incident heat flux starts to decrease.
Figure 14 shows the piston displacement as function of the
actuator temperature. The piston extension and retraction is
shown to follow a hysteresis loop as the wax melts and then
solidifies inside the actuator. As the actuator reaches its
maximum temperature, its maximum extension is also
reached. As the actuators starts cooling, the piston appears to
hold a steady position until the temperature drops below the
onset of solidification where any further decrease in the
actuator temperature results in a sharp retraction of the piston.

5. CONCLUSIONS

A thermally-actuated solar tracking mechanism was
designed for the positioning of PV panels for improved solar
energy harnessing. The study investigated the feasibility of
using paraffin wax as a phase change material inside a
piston/cylinder actuator. The wax was encapsulated inside a
copper tube actuator with the help of a flexible sealant. The
performance of the system was compared against a stationary
system where the PV panel was oriented at a fixed optimal
seasonal angle of 35° for the month of May in Canyon, Texas,
and it was also compared against the optimal heat flux that can
be harnessed using a solar irradiance meter. The study sheds
light on the dynamic response of a paraffin-wax actuator in its
implementation as a single-axis solar tracker. Test data reveal
the effect ambient temperature has on the displacement of the
actuator. Based on the results of the study, the following
conclusions were reached:

- Tests conducted on the paraffin wax actuator show a steep
jump in the wax volume expansion as the wax transitions
from solid to liquid. Wax volume expansion is shown to
noticeably decrease with the increase in the wax loading.
As a result, a higher temperature is required to achieve a
desired piston displacement.

- Compared to the maximum incident solar radiation that can
be harnessed during the daylight hours, the solar tracking
system had an average heat flux ratio of 0.82, while the
stationary system fixed at the season’s optimal angle had
an average ratio of 0.67, resulting in 22% enhancement in
solar energy harnessing.

- The actuator extension and retraction is shown to follow a

hysteresis loop as the paraffin wax melts and then solidifies.

Compared to a stationary system, the enhancement in solar
energy harnessing reported in this study is not far off from that
reported by HelioDrive [22]. Paraffin wax incorporated in a
piston-type actuator is shown to produce sufficient piston
displacement (and force) for it to be used as a solar tracker.
However, the system analyzed in this paper had some
drawbacks:

- The encapsulated wax inside the copper tube at times
leaked through the flexible rubber/cork sealant as the
resisting force on the actuator increased.

- The rack and pinion gear system experienced rattling effect
that increased with the wind force that placed a limit on the
resisting torque.

- Since the thermal tracking system is unidirectional, the
orientation of the PV panel with respect to the horizontal
surface has been fixed at an optimal seasonal angle.
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However, this angle needs to be continuously adjusted if
the solar panel is to harness the maximum solar energy at
all times.

- The response of the paraffin wax-based actuator to changes
in the ambient temperature is a lagging event. This is due
to the time it takes for heat to diffuse through the actuator
wall material and the inside wax. In order to enhance the
dynamic response of the paraffin-wax actuator, it is
suggested that the wax be impregnated with nanoparticles
exhibiting enhanced thermal properties in order to increase
its bulk thermal conductivity and therefore speed up the
diffusion process.
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NOMENCLATURE

SQ ™o
K R

V}U)'UE

<

S]

panel acceleration, m.s?
external force, N

horizontal force acting on the rack, N

gravitational acceleration, m.s

solid-state height of the wax inside the
actuator, m

effective mass of the solar panel mechanism,
kg

pinion gear parameter, m

rack displacement, m

rack maximum displacement, m

solid-state volume of the wax inside the
actuator, m®

Greek symbols

p
S‘U
AT
AV

K

365

wax thermal expansion coefficient, K*
volume expansion of the wax

change in temperature, K

change in volume, m®

guide rail coefficient of friction





