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Probing molecular architectures and interactions with scanning tunneling
microscopy on graphite and arachidic acid functionalized surfaces

Medet Mustafin”

Department of Physics and Technology, Al-Farabi Kazakh National University, 71 Al-Farabi ave., Almaty, Kazakhstan
*Correspondence: medet.mustafin.01@mail.ru

Abstract. This study investigates the application of scanning tunneling microscopy in exploring molecular structures and
interfaces relevant to nanotechnology. Graphite was selected as a sample due to its ease of visualization of atomic
arrangements and surface inertness. The surface of highly oriented pyrolytic graphite treated with arachidic acid
(C20H3202) was examined to gain insights into the behavior of organic molecules at liquid-solid interfaces. Through
detailed observations, the study demonstrates the versatility of scanning tunneling microscopy in elucidating molecular
architectures and interactions. The findings underscore the importance of scanning tunneling microscopy in advancing
our understanding of molecular systems and driving progress in nanotechnology applications. This work highlights the
pivotal role of scanning tunneling microscopy in unraveling the complexities of nanoscale phenomena and fostering future
innovations in the field.

Keywords: scanning tunneling microscopy, graphite, molecular structures, liquid-solid interfaces, nanotechnology
applications

1. Introduction

Solid surface atomic composition can be observed with a Scanning Tunneling Microscope
(STM). These compositions affect the dynamics of the solid, which makes them significant in material
physics [1-2]. Quantum tunneling is the foundation of STM operation. The quantum mechanical
tunneling effect is the fundamental idea that drives STM [3-4]. The ability of particles to pass over
potential barriers that are taller than their total energy is described by this phenomena. The properties
of particle waves are intimately related to the tunneling effect. A model of the energy levels of free
electrons in a metal can explain this phenomena [5-6]. The energy of electrons can be expressed by
the formula:

2

E= " L)
Where, p is the electron's momentum and m is its mass, because the electron gas inside the conductor
is regarded as free in this model. The Fermi level is the greatest energy an electron can have in a
metal at zero temperature [7]. Conduction electrons could potentially find a trench throughout the
metal's entire volume. The electrons with the highest energy, or those around Fermi level, are the
ones that primarily contribute to the tunnel current. Conduction electrons are located at the edge of
the potential well, which acts as a potential barrier for them at the metal surface and the boundary

between the metal and vacuum. The output work ¢ determines the height of this potential barrier.
STM under ultrahigh vacuum conditions allows obtaining atomic images of the surface of
metals and semiconductors, including silicon, by registering the tunneling current between the probe
and the surface under study close to it. It is designed to study elementary structural processes on the
surface of semiconductors and metals to create nanosystems and new materials with unique
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properties. Not only may STM be used in ultra-high vacuum, but it can also be employed at
temperatures ranging from almost 0 K to more than 1000 °C in air, water, and other liquids or gases
with ambient temperatures [8].

Many of the present and future uses of nanotechnology, such as molecular light-harvesting
and emitting devices, molecular electronics, biological identification, and molecular sensor
technologies, are based on organic molecules [9]. Systems based on molecular thin films are emerging
as a very promising path for the near future, whereas single-molecule electronics pose considerable
obstacles for practical applications. One prominent technique for developing new molecular
architectures is self-assembly, especially when it comes to the production of electrical and
optoelectronic devices.

2. Methods

In this work, graphite was chosen as a sample for STM studies due to the ease of visualization
of its atoms and the inertness of its surface. Since each crystallite in synthetic highly oriented pyrolytic
graphite (HOPG) is perfectly aligned, it is utilized in place of natural graphite. The graphite
topographic image presented in Figure 1 has a distinctive hexagonal pattern that is distinct from the
honeycomb pattern [10]. This effect is caused by the electrical structure's quirks, which cause only
every other atom to be mapped. Because the electron density is focused closer to the bulk, the carbon
atoms on the surface, which are positioned above other atoms of the second carbon layer, are not
visible [11].
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Figure 1 — Graphite's 3D atomic structure

When an electric field is applied to an extremely sharp metal tip in close proximity to an
electrically conductive sample, a current flows between the tip and the sample without any physical
contact. Using this so-called tunneling current, the electrical topography of the surface of freshly
produced graphite is examined on the supplementary nanometer scale. Atoms and hexagonal
structures are photographed by scanning the graphite surface line by line with the tip line. The main
part of the equipment is scanning, based on a platform for vibration isolation and a protective
magnetic cover for tip and sample inspection. Without the necessity for mechanical contact, a current
can be produced between a sharp metal tip and an electrically conductive sample when an electric
field is introduced. This phenomenon, called tunneling current, is utilized to examine the surface
electron topography of freshly manufactured graphite at an additional nanoscale scale. Atoms and
hexagonal structures are photographed through the application of a tip line over the graphite surface.

Figure 2 a presents a piezo-elements enable metal tip, which move across a sample’s surface
during STM.

Sample surface

Mirror Image of STM Tip

¢t np ‘ Gap

'h‘ STM Tip

Tip Clamp

&0
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Figure 2 — STM sample mounted scheme
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In Figure 2 b and c the tunneling current at which the tip is held is determined by the feedback
loop z's operational point. In essence, this establishes the separation between the tip and the model.
The tip is nearer the sample surface the higher the set point. 5 nA is typically utilized for graphite
atomic resolution.

By varying the voltage, these elements can precisely move the tip at a scale of picometers
since they change length in reaction to applied voltage. A tunneling current is created across the tiny
gap between the tip and the sample by an applied bias voltage. Constant-current or constant-height
modes can be used for surface scanning. The tunneling current in the constant-height mode changes
according to the tip's lateral position. The more widely used constant-current mode produces a profile
of the sample's height based on the z-signal by using a feedback loop to maintain the tip height and
keep the tunneling current constant. The tunneling current and distance have an exponential
connection (a change of one Angstrém in distance results in a tenfold change in tunneling current)
and the piezo-elements' exact movement allows for an extraordinary resolution, all the way down to
the atomic level.

The P, I and D coefficients used in proportional-integral-differential (PID) controllers
determine how the system reacts to deviations of the measured current from the set point. The number
of values that are too low can cause the tip to be insufficiently sensitive to changes in height, while
values that are too high can cause tip position fluctuations. Recommended parameter D can be set to
zero. The values of parameters P and I was selected based on the current context and system response
time. The default value of 1000 is a precise starting value.

The tip voltage indicates the offset applied to the tip. The lower the voltage, the closer the tip
is to the surface. The optimum value of the bias voltage depends on the electronic structure of the
sample, such as the density of states (DOS). For semiconductors, it is important to keep in mind that
it is not recommended to place the bias voltage inside the band of forbidden energy states.

The HOPG surface was scanned at STM in air, which allowed imaging of different sizes,
ranging from ~ 100 nm, where step edges are visible, to as small as ~ 5 nm with atomic resolution.
The following characteristics of 5 nA. 0.6 nA, 1.3 V have been used for atomic resolution.

For more detailed analysis of a liquid-solid interface, we investigated the surface of HOPG
treated with arachidic acid C2oHz205.

3. Results and Discussion

Figure 3 presents the topography surface of the synthetic graphite scanned by STM. A
scanning probe microscope provides an image of a surface magnified in all three dimensions: x, y
and z, with maximum resolution in each axis. x —axis have been selected 1.2 nA, Pyq;, 1200, Ijg;n
1500., with the maximum resolution for each axis determined by various factors. The z-axis resolution
is limited, first, by the sensitivity of the sensor and, second, by the amplitude of the probe vibrations
relative to the sample surface. The design of the microscope must be able to reduce the amplitude of
these vibrations to fractions of an angstrom.
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Figure 3 — Topography surface of 30 nm, scanned in 0.14 s, with 1.2 nA, P4, 1200, 154, 1500
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Since thermal fluctuations have an impact on nanoscale measurements, we have selected a
mode of 0.03 s at 128 "Points/Line" for atomic resolution in order to scan the sample as quickly as
possible. Since that four to eight atoms have a diameter of one nanometer, much smaller picture sizes
are required to reach atomic resolution. On Figure 4, atomic arrangements are often identifiable at
image sizes of roughly 10-3 nm. Consequently: In the imaging panel, set the image size to 3 nm
(Figure 5).
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Figure 4 — Topography surface of 10 nm, Figure 5 — Topography surface of 3 nm,
scanned in 0.03 s, with 1.2 nA, P,;,, 1200, scanned in 0.03 s, with 1.2 nA, Py, 1300,
Lgqin 1500 Iyqin 850. Line-to-line distance: d=138 pm

To investigate the interface between the liquid-solid interface, we applied arachidic acid
C20H3202 to the HOPG. Figure 6a shows the condition of the test sample applied with arachidic acid.
Parameters for scanning were as follows 0.6 nA, 1.3 V, image size 15.8x15.8 nm?. The scanned
image on Figure 6b showed that at fine resolution, the obvious features of arachidic acid, which has
an orange coloration, dominate. However, at the same parameters, it is almost impossible to
distinguish individual carbon atoms.

” R e

Figure 6 — Applying acid C20H3202 on HOPG surace: ) te sampl; b) scanned image

4. Conclusions

In conclusion, this study demonstrates the versatility and potential of STM in investigating
various interfaces and molecular structures. By utilizing graphite as a sample, the ease of visualizing
atomic arrangements and the inert surface nature facilitated detailed observations. Furthermore, the
exploration of the HOPG surface treated with arachidic acid provided insights into the behavior of
organic molecules at liquid-solid interfaces. These findings underscore the significance of STM in
advancing our understanding of molecular structures and their interactions, paving the way for further
developments in nanotechnology applications, such as molecular electronics, optoelectronic devices,
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and sensor technologies. Overall, this work highlights the crucial role of STM in unraveling the
complexities of molecular systems and driving advancements in the field of nanoscience.
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Optimizing ultrasound Doppler measurement precision: a comprehensive

experimental approach
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Abstract. Experimental studies were conducted utilizing advanced equipment comprising a generator, tubing system,
pump module, sonographer, and PC. The generator serves as the central component connected by tubes to the pump,
forming a closed circuit. A tee in the tubing set prevents Doppler fluid leakage, with the fluid poured through a special
funnel into the circuit post-connection. The Doppler fluid is evenly mixed by shaking its bottle to enhance signal strength.
The entire system is sealed. The centrifugal pump generates continuous flows; different power modes were tested for 30
minutes each, with frequency shifts measured at angles a=15°, 30°, and 60°. Pump disconnection from the power supply
prevents liquid entry during tubing connection. The pump module housing includes ventilation holes. A 3 by 8 cm Doppler
prism, treated with ultrasonic gel, was connected to the tubing to capture data. A sonographer emitting signals at 2 MHz,
with a gain range of 10 to 40 dB, was utilized for sound spectra analysis. High-mode operation, 4 microseconds pulse
duration, and a 32 microseconds receiver gate were set. The ultrasound apparatus dimensions were 230 x 236 X 168 mm,
with a power consumption of 27 VA. Data visualization was facilitated by an LED panel, with adjustable acoustic signal
volume. A USB interface enabled connection to a PC for ease of use and data analysis. Special software facilitated graph
generation depicting frequency vs. time dependence measurements. Frequency analysis yielded average (f-mean) and
maximum (f-max) frequency values, with f-mean utilized to measure Doppler effect frequency shift. The presented data
showcases various pump speeds and incidence angles, each yielding distinctive frequency characteristics.

Keywords: ultrasonic, Doppler Effect, frequency shift, incidence angles, pump speed.

1. Introduction

In classical hydromechanics it is common to consider a fluid as a homogeneous medium.
However, real environments surrounding us are most often heterogeneous, consisting of different
components - liquid, solid and gaseous [1]. Examples of multiphase media are gas suspensions,
aerosols, suspensions, emulsions, liquids with gas bubbles, composite materials, liquid-saturated
soils, nanofluids and others. Interactions between phases can have a significant effect on flow
dynamics, drag, and heat transfer [2]. For example, when flying at supersonic speeds in a dusty
atmosphere, it is necessary to consider the effect of dust particles on the surface of the aircraft. When
transporting hydrocarbons through pipelines, the presence of the gas phase can lead to the formation
of plugs [3]. When it comes to the movement of blood through vessels, it is important to remember
that blood is a multiphase medium in which plasma is the liquid phase and leukocytes, platelets, and
red blood cells are suspended solids.

The description of motion in inhomogeneous media is a complex problem. To build a
mathematical model, it is necessary to develop a technique for averaging flow parameters in such a
way as to take into account several characteristic scales: molecular, macroscopic, and the scale
corresponding to the size of inclusions [4]. Closure of the system of equations requires the
development of models describing friction phenomena, energy transfer in different phases, and
interphase interaction [5]. One of the most successful methods of analyzing the motion of moving
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structures is the ultrasound Doppler Effect, which is widely used in medicine. There are two main
approaches to its application: the continuous wave method and the pulsed-wave method [6]. While
conventional Doppler detectors can only detect the presence of motion, directional or pulsed-wave
Doppler systems provide results with a higher level of detail.

The application of ultrasound of all things has aroused some interest. For example, a group of
scientists [7-9] used a method to determine the refractive index of isolated solids by immersing them
in liquids with a predetermined refractive index. However, such an effective method is not always
practical. Other scientists [10] have examined the relationship between acoustic attenuation and the
reflection coefficient of longitudinal ultrasonic waves, where the main idea was to determine surface
parameters using either of the ultrasonic or reflection coefficients with negligible error.

Recently, research has been actively conducted to improve the accuracy of distance and
velocity measurements using Doppler ultrasound by improving data processing techniques. Of
particular interest is the high-precision velocity and distance measurement technique, which includes
a special signal processing algorithm that uses oversampling using two modulated waves [11].

Therefore, This study investigates strategies to improve the accuracy of distance measurement
with an ultrasonic transducer using improved Doppler technology.

2. Methods

Experimental studies were carried out with advanced equipment consisting of several parts:
generator, tubing system, pump module, sonographer and PC. The central part is the generator
connected by tubes to the pump, which form a complete circuit. The tee of the tubing set was installed
at the pump inlet point to prevent Doppler fluid from leaking out of the tee. Using a special funnel on
the tee, the Doppler fluid is poured into the circuit once it is fully connected. The bottle of Doppler
fluid is shaken to evenly mix the scattering particles. This procedure is necessary to obtain a stronger
resultant signal during measurements. The entire system is completely sealed.

The centrifugal pump is capable of generating both continuous and pulsating flows. However,
only continuous flows were used in this study. To generate continuous flows, the pump was operated
in several modes for 30 minutes, depending on the % power fixed, which corresponds to the pump
speed. For each speed, the frequency shift was measured at three different incidence angles (0=15°,
30° and 60°). When the tubing is connected, the pump is disconnected from the power supply to
prevent liquid from entering the pump housing, which is especially important when filling the tubing
system with liquid. The pump module housing is equipped with ventilation holes on the rear and
bottom surfaces.

For this purpose, the sensor was connected to the corresponding prism surface. The 3 by 8 cm
Doppler prism was mounted to the tubing using plates just behind one of its connectors, as these
locations often experience vortices and flow turbulence. The transducer surfaces as well as the curved
inner surface of the prism were treated with a special ultrasonic gel before installation to ensure good
acoustic coupling and sufficient signal intensity between the prism and the tube.

A sonographer with a frequency range of 2 MHz emitted signals; a gain range varying from
10 to 40 dB was used to analyze the sound spectra. The power was determined by high mode of
operation, with a pulse duration of 4 microseconds. The signal sampling volume was set to a high
mode sampling volume with a full receiver gate of about 32 microseconds. The overall dimensions
of the ultrasound apparatus were 230 x 236 x 168 mm, making it compact and mobile in use. The
basic supply voltage of the device was standard 220 volts at a frequency of 50/60 Hz, and its power
consumption is 27 volt-amperes (VA). To visualize the obtained data, the apparatus is equipped with
an LED panel and also provides the possibility of adjusting the volume of the acoustic signal. To
ensure ease of use and data analysis, the ultrasound pulsed Doppler device is equipped with an
interface for connection to a personal computer via USB.

With the help of special software designed for visualization of data from the sonographer,
graphs of frequency vs. time dependence measurement were obtained.
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3. Results and Discussion

It is known that for sound waves, the observed frequency varies depending on whether the
sound source is moving toward a resting observer or the observer is approaching a resting source.
Figure 1 shows the current scattering intensity obtained from the sonographer. For deeper analysis of
the received data it is necessary to perform decomposition of the signal into spectra (Figure 2). Based
on the spectral analysis, two frequency characteristics are determined - the average value f-mean and
the maximum value f-max. These values are determined and displayed. In the context of a Doppler
experiment, the average frequency value (f-mean) is used as a measure of the frequency shift due to
the Doppler Effect.
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Figure 1 — Current scattering intensity of flow
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Figure 2 — Decomposition of the signal into spectra

Let us consider the process of the Doppler Effect in our pipe system, which is schematically
represented in Figure 3. First of all, a pulse is generated along the fluid flow for a certain time T, of
its flow. At the same time, the second impulse is transmitted against the flow for the time fixed as
T,.

Using the resulting difference in pulse transit time At, the flow velocity v was calculated. As
a result of the calculation, the volumetric flow rate was calculated based on the flow velocity and the
cross section of the tube. Thus, using that c is the speed of sound in the medium, the following can
be done:

¢, = ¢+ Vcosa (1)
¢, = ¢+ Vcosa (2)
At = Tz _ T1 — Lvcosa __Lvcosa (3)

c2—v~2cos?a c?
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Figure 3 — The process of the Doppler effect in pipe system

In this case, it is important to take into account that the parameters of signal intensity I, ¢ u
cosa. must be known, and that the sound speed c is a function of the temperature of the medium, and
this dependence must be taken into account in calculations or measurements.

This method has several advantages. Firstly, it allows measurements even with large cross-
sections. Secondly, it does not require the construction of a special cross section. In addition, it allows
measurements in non-conductive and contaminated liquids, which further extends the scope of its
application and provides ease of use. However, it should be considered that the use of clamp-on
sensors allows measurements to be made in reflection mode Figure 4. That is, the Doppler method
measures the frequency shift that occurs when a sound wave scatters on small particles or impurities.
Thus, the incident ultrasonic wave with a certain frequency on a moving object leads to a frequency
shift f,.

When the velocity of an object v is negligible compared to the speed of sound ¢ in the medium,
the following occurs:

Af=f, E (cosa — cospB) 4)
Where: o and g are angles between v and the wave normal. For a pulsed echo system with an
ultrasonic transmitter, where the transmission and reflection coefficients are equal « = $, hence:

Af =2 f, E cosa ®)
’ ’ . ’ .

’ ~ 4 -
Figure 4 — Scheme of flow in the pipe cross-section

When calculating by formula (2), it is necessary first of all to determine the Doppler angle a,
which is determined by the angle of incidence ap on the prism.

When sound propagates from the prism into the liquid, the angle changes according to the law
of refraction and depends on different sound velocities. The tube wall is assumed to be a plane-parallel
layer, which allows it to be omitted in the calculations. According to the law of refraction, the Doppler
angle can be calculated as follows:

_ _ . . CL
a = 90° — arcsin (smap CP) 3)
Where: ap — denotes the angle of incidence, C, — denotes the speed of sound in the prism,

and C, — denotes the speed of sound in the fluid. Using formulas 2 and 3, the flow characteristics
presented in Table 1 were calculated.
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Table 1 — Calculated flow characteristics

Pump, % Angle, ° F —mean, Hz Doppler angle a, cosa,® v’ﬂ
S
30 15 185 80.0 0.17 47.71
50 15 285 80.0 0.17 73.50
70 15 405 80.0 0.17 104.45
30 30 342 70.3 0.34 45.66
50 30 515 70.3 0.34 68.75
70 30 700 70.3 0.34 93.45
30 60 570 54.3 0.58 43.93
50 60 920 54.3 0.58 70.91
70 60 1320 54.3 0.58 101.74

Figures 5 and 6 show the dependence of Doppler shift on frequency and velocity, respectively, for
set angles of 15 30 and 60 degrees.
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Figure 5 — Dependence of Doppler shift on Figure 6 — Dependence of Doppler shift on
frequency velosity

Figure 3 demonstrates that the Doppler frequency shift increases with increasing pump speed
as well as decreasing Doppler angle. A similar increase in shift is observed for all angle values
between 15 and 60 degrees. Figure 4 shows the calculated velocity, which demonstrates that for any
given velocity, the coefficient Af/cos(a) remains nearly constant, indicating that there is no
measurement error as a function of angle.

4. Conclusions

In conclusion, the experimental investigation conducted with advanced equipment, including
a generator, tubing system, pump module, sonographer, and PC, and provided valuable insights into
the Doppler Effect phenomenon. The meticulous design and operation of the experimental setup
ensured accurate measurements and robust data acquisition. Through careful control of pump speed
and Doppler angles, the study systematically explored the relationship between Doppler frequency
shift and varying experimental parameters. The results revealed significant trends, including an
increase in the Doppler frequency shift with higher pump speeds and decreasing Doppler angles 150,
300, 600. Furthermore, the analysis demonstrated the consistency of the coefficient Af/cos(a) across
different velocities, indicating the absence of measurement errors as a function of angle. Overall,
these findings contribute to a deeper understanding of the Doppler Effect and its implications in fluid
dynamics research and medical diagnostics. The comprehensive methodology and rigorous data
analysis underscore the reliability and significance of the experimental findings presented in this
study.
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Abstract. This experimental study delves into the spectral analysis of five discrete spectral lamps, namely helium,
sodium, mercury, cadmium and zinc, utilizing a suite of scientific instrumentation including an optical spectrometer with
converging lenses and a diffraction grating. The primary objective is to determine the wavelengths corresponding to
visible spectral lines emitted by these lamps. Calibration of the spectrometer with the helium lamp facilitated the
derivation of the diffraction grating constant. Subsequent measurements of diffraction angles allowed for the computation
of experimental wavelengths, which were then compared with theoretical values. Analysis revealed slight discrepancies
between experimental and theoretical values, likely attributed to systematic errors such as extraneous light sources and
parallax errors in angle measurements. Furthermore, examination of spectral line splitting demonstrated the removal of
degeneracy within specified energy levels, resulting in the observation of distinct spectral components. Overall, this study
underscores the significance of meticulous experimental techniques in the elucidation of fundamental physical
phenomena and highlights the interplay between theory and observation in spectral analysis.

Keywords: spectral analysis, spectral lamps, optical spectrometer, diffraction grating, wavelength determination.

1. Introduction

The study of hyperfine splitting in the spectra of ions, atoms, and molecules is a very urgent
task both due to advances in the methods of modern spectroscopy and due to the development of
theoretical methods of calculation.

The theoretical prediction of the hyperfine splitting constants and their comparison with
measurement results is used to assess the level of accuracy of the calculation of the electronic wave
function of the system under consideration. Precision calculations of the electronic structure are
important for many tasks, ranging from the development of atomic clocks to the search for "new
physics"”, such as the detection of the electron's electric dipole moment [1]. However, the study of
superfine splitting is of independent interest also from the point of view of studying the structure of
the nucleus. The point is that the effect of the finite size of the nucleus makes a significant contribution
to the hyperfine splitting constant. The accounting of the charge part of this correction is not very
difficult, since it depends mainly on the known charge radius of the nucleus. But the problem of
accounting for the magnetic part of the correction is much more complicated and much more
interesting [2-3].

In case of its successful solution, one can improve the agreement between the theoretical and
experimental hyperfine splitting constants and draw conclusions about the differences in the
distribution of the magnetization of isotope nuclei [4]. In addition, it is possible to determine the
magnetic moments of short-lived nuclei. In contrast to stable nuclei, where it is possible to perform a
nuclear magnetic resonance experiment, it is difficult to apply this experimental method for short-
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lived nuclei. However, by combining the experimental constants of superfine splitting and the results
of Bohr-Weisskopf effect calculations, it is possible to determine the desired magnetic moment [5—
7].

In [8] and [9], an approach and programs were developed that allow one to calculate the Bohr-
Weisskopf effect for neutral atoms both in the model of the nucleus with a uniform distribution of
magnetization over its volume and in the Woods-Saxon model with the spin-orbit interaction taken
into account while taking into account the effects of electron correlation. It should be noted that while
the first model is widely used in atomic calculations, the second model was previously used only for
multicharged ions, and for heavy neutral atoms it was applied for the first time. One of the difficulties
encountered in the calculations was to take into account the effects of electron correlation. It turned
out that for one of the electronic states of the thallium atom the value calculated at the Dirac-Hartree-
Fock level differs from the experimental one by a factor of 5 [10]. Therefore, to achieve a good result,
it is required to take into account the effects of electron correlation at a very high level, in the
framework of the coupled cluster method with the inclusion of cluster amplitudes up to fourfold. One
of the important results obtained in the course of this work was the refinement of the magnetic
moments of a number of metastable thallium isotopes. The developed approach can also be
generalized to the case of molecules, which is already becoming relevant.

2. Methods

In the conducted experimental investigation, a comprehensive array of scientific
instrumentation was employed to determine the wavelengths corresponding to visible spectral lines
originating from the elemental constituents contained within a series of 5 discrete spectral lamps. The
instrumental setup encompassed an optical spectrometer featuring converging lenses, a diffraction
grating, and a selection of spectral lamps comprising helium (He), sodium (Na), mercury (Hg),
cadmium (Cd), and zinc (Zn). Additional equipment included a power supply and a lamp holder
affixed to a tripod base.

/',/ h ':f:\ A

A\

Figure 1 — The instrumental setup of optical spectrometer

Prior to commencing the experimental procedure, the spectrometer underwent calibration
utilizing the helium spectral lamp. The spectral emissions from the He lamp were captured, while
concurrently determining the diffraction grating parameters. To facilitate this, the lamp was
positioned within the lamp holder and allowed to stabilize for a duration of 5 minutes to attain optimal
operational conditions. Subsequently, alterations to the diffraction angle facilitated the observation
of light exhibiting diverse chromatic manifestations, with corresponding angular values documented
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accordingly. A calibration curve, depicting the sinusoidal function of the angle against the wavelength
of light, was then generated, facilitating the derivation of the diffraction grating constant.

In the ensuing phase of the experiment, the observable spectral lines emitted by sodium were
measured. This involved the meticulous determination of the wavelengths characterizing the spectral
lines of sodium, predicated upon the calculation of the corresponding angular values for each spectral
line, utilizing the diffraction constant ascertained in the preceding calibration segment. The sodium
spectral lamp was positioned within the lamp holder and situated before the spectrometer. Rotation
of the telescopic apparatus enabled the sequential observation of diverse spectral hues, with angular
rotations duly recorded. This protocol was iteratively applied to spectral lamps containing mercury,
cadmium, and zinc, facilitating a comparative analysis of the obtained results vis-a-vis their
theoretical counterparts.

3. Results and Discussion

In this paper we focused on observing and measuring the spectral lines emitted by different
spectral lamps and determining the diffraction grating constant and the corresponding wavelengths
corresponding to the brightest spectral lines. A helium lamp was taken for initial calibration and the
values are shown in Table 1.

Table 1 — The spectral composition of helium (He)

Color Literature wavelength, nm Angle, degree Angle error,minutes
red 667.8 23.72 +0.5
yellow 587.6 20.77 +0.5
green 501.6 17.67 +0.5
greenish blue 492.2 17.27 +0.5
bluish green 471.3 16.57 +0.5
blue 447.1 15.70 +0.5

When an atom is placed in a magnetic field, its total energy is the sum of two parts: the internal
energy of the atom and the energy of its interaction with the external magnetic field. The interaction
energy is determined by the induction of the magnetic field and the magnetic moments (of both orbital
and spin origin) of the electrons of the atom (we do not consider here the influence of the much
smaller magnetic moment of the nucleus).

We investigated different spectral lamps and the data are shown in Table 2,3,4 and 5.

Table 2 — Determined visible spectral lines with corresponding angles from the sodium lamp (Na)

Color A, NM AN, nm Angle, degree Angle error,min.
red 621.648 2.180 21.91 +0.5
yellow 595.470 2.089 20.93 +0.5
bluish green 571.856 2.006 20.07 +0.5
greenish blue 518.717 1.821 18.13 +0.5
blue 502.564 1.765 17.55 +0.5
purple 471.035 1.655 16.42 +0.5

Table 3 — Determined visible spectral lines with corresponding angles from the mercury lamp (Hg)

Color A, nm A\, nm Angle, degree Angle error,min.
red 667.8 2.204 22.15 +0.5
yellow 587.6 2.052 20.55 +0.5
yellow 501.6 2.045 20.47 +0.5
green 492.2 1.944 19.42 +0.5
blue — green 471.3 1.764 17.53 +0.5
blue — green 447.1 1.747 17.37 +0.5
blue 432.5 1.557 15.40 +0.5

violet 428.3 1.446 14.27 +0.5
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Table 4 — Determined visible spectral lines with corresponding angles from the cadmium lamp (Cd)

Color A, nm AX, nm Angle, degree Angle error,min.
red 667.8 2.277 22.93 +0.5
red 587.6 2.233 22.47 +0.5
green 501.6 1.833 18.25 +0.5
green 492.2 1.805 17.97 +0.5
blue 471.3 1.699 16.87 +0.5
blue 447.1 1.668 16.55 +0.5
violet 432.5 1.566 15.50 +0.5

Table 5 — Determined visible spectral lines with corresponding angles from the mercury zinc (Zn)

Color A, nm AX, nm Angle, degree Angle error,min.
red 667.8 2.229 22.42 +0.5
yellow 587.6 2.120 21.27 +0.5
yellow 501.6 2.032 20.33 +0.5
green 492.2 1.927 19.23 +0.5
green 471.3 1.778 17.68 +0.5
green 447.1 1.751 17.40 +0.5
blue 4325 1.699 16.87 +0.5
blue 428.3 1.664 16.50 +0.5
blue 416.2 1.649 16.35 +0.5
violet 411.3 1.542 15.25 +0.5

Intensity maxima occur if the diffraction angle satisfies the following conditions:
nk=gsinp;n=0,1, 2. 1)

Where: L — wavelength, nm, g — diffraction grating, ¢ — the angle of diffraction, deg.

Diffraction grating could be found by rearranging the equation (1) and is calculated using the

slope:
ni 1
9= sin¢g - slope (2)

The diffraction grating constant served as a pivotal parameter for deducing the wavelengths
corresponding to the spectral lines of mercury (Hg), cadmium (Cd), and zinc (Zn). Employing
Equation (1), with n=1 and ¢ representing the measured diffraction angles for each spectrum,
facilitated the computation of experimental values. Tables 2-5 encompass the resultant experimental
data. Specifically, for the determination of experimental mercury (Hg) wavelengths, the diffraction
angles were utilized as inputs.

Let's analyze the splitting on the example of the spectral line of the presented lamps, it is
possible to note that there is a removal of degeneration of each of the specified levels on quantum
number. Thus, the considered spectral line in the presence into three components, which corresponds
to the experimental results.

4. Conclusions

The conducted experimental investigation encompassed a meticulous exploration of spectral
emissions from various elemental compositions encapsulated within a series of five discrete spectral
lamps. This endeavor was facilitated by a comprehensive suite of scientific instrumentation, including
an optical spectrometer with converging lenses, a diffraction grating, and ancillary equipment such
as a power supply and lamp holder.

Initial calibration of the spectrometer was undertaken utilizing the helium spectral lamp,
enabling the determination of diffraction grating parameters. Subsequent spectral analyses involved
the measurement of diffraction angles to deduce the wavelengths corresponding to the most intense
spectral lines emitted by sodium, mercury, cadmium, and zinc. Notably, the computed diffraction
grating constant served as a pivotal parameter in the determination of wavelengths. These
experimental findings, compared with theoretical values, facilitated a comprehensive analysis of
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observed deviations, which may be attributed to systematic errors introduced during the experiment.
Such errors include the influence of extraneous light sources and potential parallax errors in angle
measurements. Moreover, examination of spectral line splitting revealed a removal of degeneracy
within specified energy levels, resulting in the observation of distinct spectral components. This
observation aligns with theoretical expectations and further corroborates the experimental outcomes.

In conclusion, this investigation has provided valuable insights into the spectral characteristics
of various elemental compositions, underscoring the importance of meticulous experimental
methodologies and the interplay between theory and observation in elucidating fundamental physical
phenomena.
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Comprehensive analysis of solar cell behavior: effects of light intensity,
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Abstract. This study investigates the current-voltage characteristics of a solar cell under varying light intensities,
temperatures, and operational conditions to comprehensively assess its performance. The experimental approach involves
measuring short-circuit current and open-circuit voltage at different light intensities and constructing current-voltage
curves to analyze the solar cell's response to changing illumination levels. The dependence of open-circuit voltage and
short-circuit current on temperature is also estimated to understand thermal influences on the solar cell's electrical
properties. Additionally, the solar cell's behavior is examined under different operational modes, including cooling with
a blower, operation without cooling, and light filtration through a glass plate. The corresponding current-voltage
characteristics are plotted to evaluate the impact of thermal management and light modulation on the solar cell's efficiency
and stability. Furthermore, the characteristic curve of the solar cell is determined under natural sunlight illumination to
simulate real-world conditions. The findings provide valuable insights into optimizing solar cell performance for practical
applications and sustainable energy systems. This research contributes to advancing our understanding of solar cell
behavior under diverse environmental and operational settings, with implications for enhancing solar energy utilization
and promoting renewable energy technologies. Future studies will focus on refining solar cell design and operation based
on these insights to maximize efficiency and reliability in solar power generation.

Keywords: solar cell, current-voltage characteristics, light intensity, temperature dependence, operational modes, thermal
management, renewable energy, sustainability.

1. Introduction

Silicon, a fundamental element in the periodic table with the atomic number 14, is widely
recognized for its importance in modern technology, particularly in the semiconductor industry. Pure
silicon, when isolated and characterized, displays several unique properties essential for its
applications in electronics and various scientific endeavors [1]. Pure silicon primarily exists in a
crystalline form with a diamond cubic crystal structure. Each silicon atom is covalently bonded to
four neighboring silicon atoms, forming a stable and rigid lattice. This crystal structure contributes to
silicon's robustness and resilience under varying environmental conditions [2].

One of the most notable properties of silicon is its semiconductor nature [3]. Silicon's
electronic properties are influenced by its four valence electrons [4]. At absolute zero temperature,
silicon behaves as an insulator due to the completely filled valence band and an empty conduction
band. However, at higher temperatures or under specific conditions, silicon can become a
semiconductor by promoting electrons from the valence band to the conduction band, thereby
facilitating electron mobility crucial for electronic conductivity [5].

To create a p — or n — type semiconductor, pure silicon is purposefully "impurified" (doped)
with triand pentavalent impurity atoms [6]. The junction formed when p — and n — type crystals are
combined determines the solar cell's electrical characteristics (Figure 1). When there is no external
voltage present and the system is in equilibrium, the Fermi characteristic energy level remains
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constant. Electrons diffuse into the p — region and holes into the n — region due to the differences in
the concentrations of electrons and holes in the two regions. A space charge-limited current area is
formed by the immobile impurity atoms, and the diffusion current and the field current balance each
other out in an equilibrium [7-9].

Figure 1 — The energy-band scheme’s + donors and — acceptors are located at the pn — junction,
where e represents the elemental charge and Uy, is the diffusion potential

The initial disparity in Fermi energy levels between the separate p — and n — regions is
indicated by the diffusion potential Uy, in the pn - junction, and this is contingent upon the doping
level. In silicon under typical conditions, the gap between the valence and conduction bands is fixed
E = 1.1 eV. The diffusion potential of silicon is between 0.5 and 0.7 eV. The detail construction on
Figure 2.
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Figure 2 — Putting together a silicon solar cell

Photons from light striking the pn — junction form electron-hole pairs that are divided by the
space charge [10-11]. The n — region absorbs electrons, while the p — region absorbs holes. In
addition to the pn — junction, the p — layer above it also absorbs photons. The generated electrons
are minority carriers in those regions because recombination significantly lowers their concentration
and, consequently, their efficiency. In order for the electrons of diffusion length [, to enter the n —
layer, the p — layer needs to be thin enough: Ly > t, in a view of the t is the p —layer's thickness.
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Figure 3 — Intensity of the light at standard distances from the source
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When a voltage U is placed across the pn — junction and g, the number of electron-hole pairs
generated per unit area, a stream of electrons and holes with a density is formed:
) v noDet D
(= e (efrr) « (4 2E) — eg @
When: e — the elementary charge; k — Boltzmann’s constant; T — the temperature; L — the
diffusion length of electrons and holes; D — the diffusion constant for electrons and holes; n, and p,
are equilibrium concentrations of the minority carriers.
At a constant temperature, the short-circuit current density (U=10) iy = —ex*g Iis
proportional to the incident light's intensity. The temperature increases with g becoming very slightly

greater, less than 1072 % The voltage U is limited to reaching the same height as the diffusion
potential U,. The no-load voltage normally drops by —2.3"% as the temperature rises because the

equilibrium concentrations n, and p, rise with temperature:
AE

Ng ~ e 2kT (2)

This research aims to study a solar cell's current-voltage properties at various light intensities.

Plot the current-voltage characteristic at various light intensities after measuring the short-circuit

current and no-load voltage at various light intensities. Compared to Calculate how temperature

affects the short-circuit current and no-load voltage. Additionally, we are interested in experimenting

with various modes and plotting the current-voltage characteristic under various operating conditions,

such as blower cooling, no cooling, and beaming light through a glass plate. The final step is to
identify the characteristic curve under solar illumination.

2. Methods

The equipment on which the study was conducted includes a quadruple solar array, in the
form of an assembly containing photovoltaic cells for generating electricity from sunlight. A device
that converts thermal energy into electrical energy by utilising the Seebeck effect, namely for
measuring temperature or generating electricity — a Moll-type thermopile was used as part of all
equipment. The solar cell detects stray light from the benchtop reflection in addition to the light from
the lamp, which is the only source of light that the thermopile measures. The distance between the
light source and the solar cell can be adjusted to change the intensity of the light. Thus, the light
intensity was measured using a thermopile and an amplifier at an input voltage of 10 V with
equipment at different distances from the light source. To reduce the stray light, a black cloth was
placed over the optical bench during the experiment. The change in distance was measured with a
1000 mm metre scale. In this case, the lamp was installed at a distance of 0.5 m from the thermopile
due to the fact that the angular aperture of the latter is 20°. The distance between the lamp and the
solar panel was more than 0.5 m, as shortening this distance may provoke distortion of the
measurement results.

The main characteristics of the solar cell were measured in sunlight; that is, both direct and
diffuse light were involved. Thermophile has also been used as a tool to determine the relationship
between short-circuit current and light intensity, despite the fact that this equipment is only able to
measure direct light due to its small angular aperture. Therefore, for comparative purposes, a black
cardboard tube about 20 cm long was fixed in front of the solar cell to shield it from stray light. Thus,
the thermopile and solar cell were pointed directly at the sunlight.

An electronic device used to amplify and measure various types of signals, often used in
conjunction with sensors or transducers. Also used were 330 Ohm rheostats and a ceramic base
designed to accommodate a standard E27 base lamp (e.g. incandescent or LED bulbs) with additional
features such as a reflector, switch and protective plug. The source was an incandescent lamp (220
V/120 W) with a reflector. A powerful 1800W blower was used to control the temperature and create
hot or cold air. A thermometer with an operating range of -10 to +110 °C was used. It is necessary to
blow hot air over the solar cell and record the temperature directly in front of it with a thermometer
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to accurately determine the temperature effect. It is important to note that the room temperature of
the solar panels and its cells was maintained with a cold air fan. In this case, tactical contact to the
cell was excluded, due to the ease of damaging its thin p-layer.

Sturdy bases, tripods, stainless steel support rods of different lengths and flexibility were used
to support the entire structure. Different types of clamps were designed to hold rods or other objects
at right angles, making complex operations easier. Plate holders have also been used to hold plates
securely. In addition, a heavy-duty clamp was used to secure all equipment. Transparent glass panels
were selected with a size of 150x100x4 mm. Glass plates were used only to observe the current-
voltage relationship under different operating conditions such as fan cooling of the equipment, no
cooling, and illumination through the glass plate. An electrical circuit for measuring volt-apmetered
characterisation was assembled as shown in Figure 1. Before experimental procedure the values of
the no-load voltage and short-circuit current have been recorded.

RO

+1%

Figure 1 — Electrical circuit for measuring volt-apmetered characterization

Two digital multimeters were used to measure voltage, current and resistance as well as other
electrical parameters such as capacitance, frequency and temperature. Strong electrical cords 500 mm
long and 32A amperage connect all parts of the equipment to each other.

3. Results and Discussion

For a more accurate and proper experiment, the short-circuit current and no-load voltage at
different light intensities were first recorded. Figure 2 shows a plot of current versus voltage at
different light intensities. Assume that the measuring surface receives all light that enters the 0.025
m diameter aperture. The graph illustrates a straight line on the graph representing the light intensity
J dependence on distance s. One can calculate the light intensity at a distance of s < 0.5 m by
extrapolating the straight line.
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Figure 2 — The relationship between short circuit current and no-load voltage and light intensity
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A solar cell with four series-connected cells that have a maximum no-load voltage of 2 V. The
sensitivity of the measured equipment reached up to 0.16 mV/mW. Consequently, the intensity of
light is described by the following level:

Iy =184x107" 2] (3)

The values of volt-ampere characteristics were recorded at various light intensities and are
displayed in Figure 3. The graph's dotted line connects the turning points of the curves, which
represent the places at which the solar cell's internal resistance and the load resistor's values coincide

to produce the greatest power production.
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Figure 3 — Characteristics of current and voltage at various light intensities

As a result, as light intensity increases, internal resistance lowers. An efficiency of roughly
6% is obtained when the maximum output power and the incident power are compared, so solar panel
area is 0.5 m?.

The research has considered the impact of temperature as well as the distribution of
temperature over the hot air area. The following equality was obtained by using hot and cold air to
measure the no-load voltage:

AUy _ o mV
—7 = —8— (4)

It is important to remember that the measurements can only provide a rough order of
magnitude. As a result, we get a value of —2 m?v for a single cell. It is impossible to quantify how the

short-circuit current changes with temperature.

For completeness of the experimental data, we additionally installed a glass plate, which is
able to absorb light in the infrared region and hence used to reduce the temperature rise of the solar
cell. Figure 4 is a graph showing the effect of the stack effect work from different ‘modes of
operation’. The graph shows three curves: the orange one refers to the fan-cooled mode; the green
one indicates the fan-cooled mode; and the blue curve - when shielded with a glass plate. Note that
the light intensity in the fan cooling mode is the maximum light intensity.

To identify the difference between different light sources, characteristic curves were recorded
when illuminated by sunlight. Figure 5 shows a graph of the dependence of light intensity and
wavelength, which shows curves from various sources. The spectral sensitivity of a silicon solar cell
and the spectrum of the sun, which has a temperature of around 5800 K, and an incandescent bulb,
which has a temperature of about 2000 K. Solar cells produce distinct properties when exposed to
sunlight than incandescent lights do:

- JA
I;=3.04 1074 - (5)
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Figure 4 — Characteristics of the solar battery's current and voltage
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Figure 5 — Spectral characteristics of various sources

The two light sources' different spectra provide the explanation. Light from the sun produces
a greater short-circuit current at the same intensity. The solar cell does not heat up as much in the
infrared part of the spectrum because of this, and measurements taken with and without cooling
provide identical solar properties.

4. Conclusions

This investigation has provided valuable insights into the performance characteristics of a
solar cell under varying light intensities, temperatures, and different operational conditions. Initially,
the short-circuit current and open-circuit voltage were measured across a range of light intensities,
allowing for the construction of current-voltage curves. These curves elucidated the impact of light
intensity variations on the electrical output of the solar cell, crucial for understanding its efficiency
under changing environmental conditions.

Subsequently, the study estimated the dependence of no-load voltage and short-circuit current
on temperature. This analysis highlighted the influence of temperature fluctuations on the solar cell's
electrical characteristics, offering insights into its behavior in practical applications.

Furthermore, the investigation evaluated the solar cell's performance under different operating
modes, including cooling with a blower, operation without cooling, and light filtration through a glass
plate. The corresponding I-V characteristics demonstrated the significance of thermal management
and light modulation in optimizing the solar cell's efficiency and stability.
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Moreover, the characteristic curve of the solar cell under natural sunlight illumination was
determined. This final analysis provided practical data on the solar cell's behavior in real-world
conditions, guiding future design and implementation strategies for solar energy systems.

In summary, the findings from this comprehensive study contribute to advancing our
understanding of solar cell behavior under diverse environmental and operational settings. This
knowledge is instrumental in improving the efficiency, reliability, and practicality of solar energy
technologies, paving the way for sustainable and effective solar power generation systems. Continued
research in this field will further refine our ability to harness solar energy for a cleaner and more
sustainable future.
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Cooling and heating innovations: exploring the diverse applications of heat
pumps
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Abstract. Heat pumps are versatile and energy-efficient devices that play a crucial role in modern heating, cooling, and
refrigeration applications. This work provides a concise overview of the diverse applications and benefits of heat pumps
across residential, commercial, industrial, and transportation sectors. The paper discusses the principles of heat pump
operation, emphasizing their capability to transfer heat from one location to another using thermodynamic processes. This
work highlights key applications such as residential heating, ventilation, and air conditioning systems, commercial
refrigeration, hot water heating, process cooling, and renewable energy integration. The energy efficiency and
environmental benefits of heat pumps are also emphasized, showcasing their potential to reduce carbon emissions and
contribute to sustainable energy practices. By understanding the broad scope of heat pump applications outlined in this
paper, researchers, engineers, policymakers, and industry stakeholders can gain insights into the significance of heat pump
technology in advancing energy efficiency and addressing climate change challenges.

Keywords: heating, ventilation, air conditioning, temperature control, humidity regulation, energy efficiency.

1. Introduction

Heat pumps have emerged as essential and versatile technologies in modern heating, cooling,
and refrigeration applications across residential, commercial, industrial, and transportation sectors
[1]. These devices utilize thermodynamic principles to transfer heat from one location to another,
providing efficient and environmentally friendly solutions for space conditioning and temperature
control [2].

In recent years, the adoption of heat pumps has increased significantly due to their energy
efficiency, reduced environmental impact, and versatility in diverse applications [3-6]. This article
explores the wide-ranging applications of heat pumps, highlighting their role in residential heating
and cooling, commercial HVAC systems, refrigeration, hot water heating, process cooling, and
renewable energy integration.

The Peltier effect is based on the principles of thermoelectricity, which involves the
conversion of temperature differences into electric voltage (Seebeck effect) and vice versa (Peltier
effect) [7-9]. This effect has practical applications in thermoelectric cooling devices, such as portable
refrigerators, where it is used for efficient heat pumping without the need for moving parts like
compressors, making it a key technology in various industries ranging from consumer electronics to
scientific instrumentation (Figure 1).

This effect describes the heating or cooling of a junction of two dissimilar conductors or
semiconductors when an electric current is passed through them. When current flows through the

junction, heat is either absorbed or released, depending on the direction of the current:

g_Pp=7T*I=0(*T*I (1)

t_
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Where 7 is the Peltier coefficient, the « is the Seebeck coefficient [10] and T is the absolute
temperature. Heat will either be absorbed or released in a homogeneous conductor when an electric
current T runs in the direction of a temperature gradient Z—i, depending on the material (Thomson
effect):

Pr= 1x*I[+% % (2

Where 7 is the Thomson coefficient. Figure 2 demonstrate a Peltier element is typically made
from two different types of semiconductor materials, often bismuth telluride Bi;Te5 or other similar
materials with high thermoelectric efficiency [11-12]. The semiconductor material is doped to create

two types of regions: N-type (electron-rich) and P-type (hole-rich). These regions are arranged to
create multiple P-N junctions, which are crucial for the Peltier effect.
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Figure 1 — Configuration to ascertain Figure 2 — Building a semi-conductor Peltier
cooling capability element: in actuality, a number of parts are typically

connected both thermally and electrically in parallel
Figure 3 is a power balance block diagram for a Peltier component including an illustration of
how electrical energy is converted into thermal energy and the cooling effect within the device [13-
14].

P

oV

Figure 3 — A Peltier component's power balance flow diagram, that provided relates to the scenario
in which PT >0

The Peltier component is powered by an electrical input, typically from a DC power source.
The input electrical power is the energy provided to the Peltier device. The Peltier effect occurs at the
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junctions of the Peltier device, where heat is either absorbed or released depending on the direction
of the electric current. One side of the Peltier device absorbs heat from the surroundings. This side
becomes cooler. The other side of the Peltier device rejects heat into the surroundings. This side
becomes warmer. The absorbed heat results in cooling of one side of the Peltier device, achieving the
desired cooling effect. The rejected heat increases the temperature of the opposite side of the Peltier
device. The Peltier device facilitates the transfer of heat from one side to the other, depending on the
direction of the electric current. The net effect is the generation of cooling on one side and heating on
the other side of the Peltier device, allowing for precise temperature control and thermal management
[15-16].

The sign of the Thomson coefficient, the direction of the temperature gradient, and the
direction of the current all influence which way heat moves. The Joule effect occurs when an electric
current | runs through an isothermal conductor with resistance R:

P, =RxI? 3)
Heat also transfers from the hot side T}, to the cold side T, due to heat conduction:
A
Py :LE(Th_TC) 4)

Where A is the cross-sectional area, d is the thickness of the Peltier component, and L is the
conductivity.

By AT = T, — T, it can be derived the following for the pump's cold-side heat capacity (also
known as its cooling capacity):

—P; = aTgl +=-—~I?R— == (5)
Additionally, regarding the hot side pump’s heat capacity:
+Py = aTyl - —~I2R— == (6)
The electricity that is provided is:
+Por = AT £ 52— 2R = Uy I, (7)

The objective of this experimental investigation is to explore the operational characteristics
of a Peltier heat pump. The study aims to accomplish several specific goals: firstly, to ascertain the
cooling capacity of the pump as a variable function of applied current; secondly, to compute the
efficiency rating of the heat pump under conditions of maximum cooling output. Additionally, the
investigation seeks to determine the heating capacity of the pump and its corresponding efficiency
rating under conditions of sustained current and a consistent temperature on the cold side.

Moreover, the study endeavors to establish the time-dependent behaviors of temperature
across the hot and cold sides of the heat pump, discerning pertinent relationships between these
variables. Specifically, the experiment aims to characterize the temporal evolution of temperature on
both sides during operational phases.

Furthermore, an examination of the temperature dynamics during cooling operations is
intended, particularly focusing on the air-cooled condition of the hot side of the heat pump. This
investigation will provide insights into the thermal behaviors and operational constraints of the Peltier
heat pump system in the context of cooling applications.

By understanding the varied applications and benefits of heat pumps, stakeholders in the
energy and HVAC industries can make informed decisions about deploying these technologies to
achieve energy savings, improve thermal comfort, and contribute to sustainable practices. This article
aims to provide a comprehensive overview of heat pump applications, emphasizing their importance
in advancing energy-efficient solutions and mitigating climate change challenges.

2. Methods

We have assembled an improved experimental setup for accurate thermal experiments and
measurements, which includes: thermogenerator with 2 water baths; flow-through heat exchanger,
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which allows for controlled heat exchange processes, crucial for studying fluid dynamics and
thermodynamics; an apparatus designed to rapidly cool gases or liquids, providing a means to
investigate cooling processes and heat dissipation; heating coil with sockets, that utilized for
generating and controlling heat through electrical resistance, enabling varied heat settings for
experimental setups.

The installation also included distributor, which used to evenly distribute fluids or gases,
ensuring uniformity in experimental conditions; a precision variable resistor (33 Ohm, 3.1A)
employed for adjusting current flow in electrical circuits, essential for fine-tuning heating elements;
capable of delivering both DC (0-18 V, 0-5 A) and AC (2/4/6/8/10/12/15 V, 5 A) currents, facilitating
a wide range of electrical experiments; Power supply, universal DC: 0...18 V, 0.5 A / AC:
2/416/8/10/12/15V, 5 A, four high-precision instruments for measuring voltage (up to 600V AC/DC),
current (up to 10A AC/DC), resistance (up to 20 MQ), capacitance (up to 200 pF), frequency (up to
20 kHz), and temperature (from -20°C to 760°C); A multifunctional timer with precision down to
1/100 second, essential for timing experiments accurately; A powerful device (1800 W) capable of
generating controlled streams of hot or cold air for thermal studies; several thermometers calibrated
for different temperature ranges (-10°C to +110°C and -10°C to +50°C), crucial for monitoring and
recording experimental temperatures; with an internal diameter of 6 mm, used for connecting
different components in fluid systems.

All equipment was held by essential's powerful apparatus to fix and stabilise the experimental
setups like universal clamp, tripod base, support rod, stainless steel, | = 250 mm, d = 10 mm.; a
specialized clamp for securely holding equipment at right angles, ensuring stability during
experiments. A variety of heavy-duty connection cords (32 A) in different lengths and colours (red
and blue), ensured safe and efficient electrical connections. During the experiment, we used heat
conductive paste to increase the thermal conductivity between the surfaces, ensuring efficient heat
transfer in the units.

On the cold side, a water bath was erected, and on the hot side, a heat exchanger that allows
tap water to flow through was installed. An alternating current heating coil with a resistance of
roughly 3 Ohm was submerged in a water-filled bath. Using a rheostat R, the heating power Py =
Uy * Iy was adjusted for each value of current I, to ensure that there was little to no temperature
differential between the hot and cold sides. in which instance the power supplied and the cooling
power are exactly identical. The temperatures of the hot side T, and the cold side Tc were recorded,
together with the values of the heater current I, voltage Uy, operational current Ip, and voltage Up.

Then, the heating coil was removed. Now that the operational current was flowing in the
opposite direction, the bath water was heated. At constant current I, the values of the water's
temperature rise (Ty,) were noted. Additionally, the temperature rise T, was measured. Determine the
heat capacities of the brass bath Cyp, the water Cy,, and the copper block C.; using their respective
weights or dimensions.

Subsequently, water baths were erected on either side of the heat pump and loaded with
uniformly heated water. At a constant current \l_P\, the temperature variations of the two water baths
were recorded:

Th = f(t)rTC = f(t),lp, Up (8)

The air cooler is on the hot side and the water bath is on the cold side in the fourth experiment.
In two different regimes—when the cooler is in static atmospheric air and when it is forcefully cooled
by a blower—the temperature of the cold side was measured as a function of time.

3. Results and Discussion

By determining the cooling capacity P, of the pump as a function of the current, it can be
assessed how effectively n. the pump transfers heat from the system it is cooling. The cooling
capacity (in watts) provides a quantitative measure of the pump's ability to remove heat, which is
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crucial for applications where temperature control is essential (e.g., in HVAC systems, refrigeration,
or thermal management of electronic devices).

In the experimental investigation, the cooling capacity P, of the pump was determined to be
49 W under the condition where the pump current I, was set at 5 A and the input power P, equaled
the cooling power P.. This finding represents a quantitative measure of the pump's ability to remove
heat from the system at the specified operating parameters. This dependence is presented visually in
Figure 4.
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Figure 4 — The relationship between the operating current and pump cooling capacity

Calculated efficiency factor supplied by formula:
P
Ne = P—ecl 9)
Using the measured values I =5 A, Up = 14.2 V and 1 = 0.69 (with v, = v, = 20°C).
Understanding the heating capacity helps evaluate how much heat the pump can generate
under specific operating conditions. This information is crucial for assessing the pump's performance

in heating applications, such as in thermal management systems or heating devices. A plot of the hot
side temperature versus time is shown in Figure 5.
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Figure 5 — The relationship of hot side temperature and time

Pump heating capacity can be computed from the slope of the curve in Figure 5, where the
curve begins as a straight line or by the formula. To calculate the heating capacity and efficiency at
constant current I- and constant temperature on the cold side T, we need to consider the heat transfer
processes involved in the pump's operation. The heating capacity can be determined by the electrical
power input P,;, and the efficiency can be calculated using the output heating power Q and the

electrical input power:
Ctot4Th

P, =
h AT

(10)
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The corresponding efficiency score was calculated using formula 9, with P, = Ip * Uy,
corresponding results in Table 1.

Table 1 — Calculated results for pump heating

Type m, kg c, 2
kg*K
Water 0.194 4182
Brass 0.0983 381
Copper block 0.712 383
Ctot = mW * CW + mBT * CW + mCU * CCU - 1121kg]_*1{ (11)

Through the slope on the graph of Figure 2 we also obtained % =6.7*1072 and P, =

75 W. The efficiency at average values I, of 4.0 A and U, of 12.5V was n = 1.5.

We also investigated the water temperature as a function of time, a graph of which can be seen
in Figure 6. Measurements were taken for 24 seconds. The influence of the cooling mode on the result
has led us to study this aspect. Figure 7 shows two curves relating the temperature of water that was
subjected to hot-side cooling with an air cooler an air cooler (curve a) and cooled by convection
(curve b), i.e. forced cooling.
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Figure 6 — T, as a function of time Figure 7 — T, after using an air cooler to cool the
hot side: a) convection cooling; b) forced cooling

P, and P and n;, and n. can be calculated from the slopes of the curves v;, = f(t) and v, =
f(t) the relevant heat capacities.

With AA—”th = 0.056 % (start of curve) and Ci‘% =-0.023 g and Cyp = 1121 é we obtain: P, =
63 W and P. = 26 W. In the range considered Up, the voltage was 12.4 V, so that we obtain the
efficiency ratings n, = 1.3andn, = 0.52 (1=4 A, T=22 °C).

The temperature changes that were seen in the cold side of the water bath when the hot side
was cooled with an air cooler are depicted in Figure 7. After 20 minutes, the hot side temperature first
dropped to about 72°C without the fan. When the maximum temperature differential was reached as
a result of this decrease, the Peltier pump's power output decreased to zero.
On the other hand, the hot side's temperature steadied after the fan was turned on, and after 20
minutes, it remained at about 45°C.

4. Conclusions

In conclusion, the experimental investigation of the Peltier heat pump has provided valuable
insights into its cooling and heating capacities under specific operating conditions. By determining
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the cooling capacity as a function of the current, the efficiency of the pump in transferring heat from
the cooled system can be evaluated. The cooling capacity serves as a quantitative measure of the
pump's ability to remove heat, which is essential for applications requiring precise temperature
control, such as HVAC systems, refrigeration, or electronic device cooling.

In this study, the cooling capacity of the pump was determined to be 49 watts at a pump current
of 5 amperes, where the input equaled the cooling power. This finding represents a significant
parameter in assessing the effectiveness of the pump under specified operational parameters.

Furthermore, understanding the heating capacity of the pump is crucial for evaluating its
performance in heating applications. The heating capacity quantifies the amount of heat the pump
can generate under specific conditions. The plot of hot side temperature versus time allows for the
computation of heating capacity from the slope of the curve. This information is vital for optimizing
thermal management systems and heating devices utilizing Peltier heat pump technology.

To further analyze the heating capacity and efficiency at constant current and constant
temperature on the cold side, the heat transfer processes involved in the pump's operation must be
considered. Table 1 presents calculated results for pump heating, including specific heat capacities
for different materials used in the experimental setup (water, brass, and copper block). These values
facilitate the evaluation of heat transfer characteristics and efficiency within the Peltier heat pump
system.

In summary, the experimental investigation outlined in this study contributes valuable data
and insights into the operational capabilities and performance metrics of Peltier heat pumps, which
are instrumental in advancing thermal management technologies for various industrial and consumer
applications.
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