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Abstract: This study explores the synergistic potential of integrating forced air heating with flat
surface heating, presenting a promising solution for structures with intermittent occupancy or where
conventional water-based heating proves impractical. The objective is to enhance thermal comfort
and reduce long-term energy consumption. A comprehensive examination of the interaction between
heated surfaces and forced air heating reveals that excess energy generated can be redirected for more
efficient heat distribution. Various scenarios were tested, indicating that the power necessary for
maintaining consistent surface temperature could be significantly reduced. A noteworthy approach
involves utilizing heat from pellet smoke to maximize heat recovery efficiency from pellet combustion.
This, however, raises issues related to smoke introduction into heated spaces. Despite challenges, this
approach provides a means to minimize the delivery of overheated air and accumulate energy within
room partitions, thereby enhancing system efficiency. The study concludes that while the stand-alone
flat surface heating system is better suited as a supplementary heating source within buildings, it
offers a compelling alternative within traditional construction, aligning with historical systems.
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1. Introduction

The hypocaustum was a heating system utilized in ancient times, particularly within
the Roman culture, in buildings such as bathhouses, pools, market halls, mausoleums, and
wealthy Roman homes, as well as across European cultures. The hypocaustum system
consisted of a network of pipes or channels placed beneath the floor or within walls through
which a stream of hot air or water flowed, resulting in the heating of indoor spaces [1–3].

Initially, the hypocaustum system comprised torches that were burned beneath the
floor. In later periods, these were replaced with channels through which hot air flowed.
During the Roman Empire, the hypocaustum system was well developed, with air being
heated by furnaces and then directed through channels beneath the floor.

One of the greatest achievements in Roman engineering was the use of the hypocaus-
tum in public bathhouses. In this system, not only the floor but also the walls were heated,
providing well-ventilated and heated spaces. In some bathhouses, the hypocaustum was
so sophisticated that it provided different temperature levels in various parts of the build-
ing [4–6].

To construct a hypocaustum system, proper groundwork was essential. Stone slabs
or bricks were first laid on the ground, followed by the creation of a network of channels
for hot air or water to pass through. Additional slabs or bricks were placed on top, and
the floor or walls were then constructed. This concealed the hypocaustum system while
ensuring effective heating [7–9].

The hypocaustum system was employed in various forms by many cultures and
civilizations worldwide. In ancient Egypt, systems similar to the Roman hypocaustum
were used but in a different form that utilized hot water instead of air. Similar systems
were also used in China, Greece, and pre-Columbian cultures in South America [10–12].
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Today, the hypocaustum serves as inspiration for modern heating systems, especially
in the case of underfloor heating systems, where pipes with hot water or air are placed
within the floor. However, modern underfloor heating systems employ more advanced
technologies such as electric heat pumps [10,13–16]. Moreover, in the literature, there
are many references to surface cooling using both heat pumps [17,18] and renewable
sources [19–22].

In this publication, we present the results of an experiment aimed at determining the
heating capacity of a plate with specified dimensions supplied with warm air, as well as
defining its basic parameters, such as surface temperature under changing thermal load
conditions and heat transfer efficiency. In the studied case, an electric heater was used as
the heat source. The experiment’s goal is also to determine how different thermal load
conditions affect the efficiency of the plate heated by warm air. This study may help identify
the optimal conditions for utilizing this heating technology and assess its advantages and
disadvantages in comparison to traditional heating systems. The research objective is to
determine the efficiency of the heating plate depending on the heat supply system: electric
heater, 100% air recirculation with an electric heater, and smoke from pellet combustion as
a heat source for surface heating. Currently, there are no detailed data on the effectiveness
of this type of system, which constitutes a gap in this area.

The basics of the hypocaustum system are presented in the work of Barba, S. and
Bansal, N.K. describing existing solutions in the analyzed scope and characteristic param-
eters of the system [4,5]. However, the work does not include the case of a heating plate
with several channels through which heated air or exhaust gases flow. The issue of energy
efficiency in older buildings with an air heating system was discussed in the publications
of Theis, C. and Lidelöw, S. [7,8]; however, the theoretical considerations concerned the
case of forced air heating. To some extent, the topics discussed in this study were covered
in the publications of Basaran, T. from 1998 [11]; however, the system concerned heating
water in baths, while the system discussed by the authors concerns directly heating the air
in the room through convection and radiation. For this reason, the work constitutes a new
approach to determining the energy efficiency of the analyzed heating plate using heated
air as a heat carrier.

During the literature review of the analyzed issue, we also focused on conducting
bibliometric analysis. Through this method, we sought to identify and assess significant
scientific publications and their impact in the area of our study. Bibliometric analysis
allowed us to gain a deeper understanding of the structure and dynamics of the field,
considering citation counts, impact factors, and collaboration networks among researchers,
which constituted a significant aspect of our research approach.

Bibliometric analysis is a research method that uses statistical tools to collect, process,
and analyze bibliographic information from scientific publications. Its main goal is to assess
the impact of these publications on the development of a specific field of science and to
identify key authors, journals, topics, and research institutions.

To carry out the analysis, CiteSpace 6.3.R1 software developed by Chaomei Chen was
used, which enables the analysis of publications and citations while generating visual rep-
resentations that illustrate the interrelationships between publications, authors, institutions,
and keywords [23–25].

In this study, data were taken from the Web of Science database using the search term
“Warm air heating”. Filters were then applied, focusing on issues related to ventilation
systems and building construction. The total number of publications for bibliometric
analysis is 11,243.

Table 1 presents the 10 universities with the highest centrality index, which is a key
aspect of the analysis. The centrality index allows for the identification of nodes that
constitute key connections between different research groups. The node with the highest
centrality index is usually an institution characterized by innovation and frequent citation
by other scientists, which proves its importance in scientific research in a given area.
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Table 1. Top 10 institutes with the highest centrality index.

Institution Number of Publications Centrality

Technical University of Denmark 195 0.11
United States Department of Energy 274 0.11
Tsinghua University 313 0.08
University of London 66 0.06
UDICE—French Research Universities 119 0.06
Centre national de la recherche scientifique 154 0.06
Yonsei University 32 0.05
Hunan University 181 0.05
National University of Singapore 68 0.04
Lawrence Berkeley National Laboratory 121 0.04

The analysis shows that the Technical University of Denmark and the United States
Department of Energy play a key role in the field of warm air heating research due to their
high centrality index. This means that these institutions are central players in the study of
this topic and enjoy the highest respect in the scientific community. It follows that the works
of scientists from these universities are often cited in the scientific literature, which proves
their importance in developing knowledge in the field of renewable energy sources. The
number of publications does not always correlate with the level of citations. This suggests
that there are certain factors, such as research quality and innovation, that influence whether
research papers will be noticed and cited by other scientists. It is worth emphasizing that a
high centrality index does not necessarily mean a large number of publications but rather a
significant impact on the development of knowledge in a given field.

2. Materials and Methods

In this study, a research experiment was conducted with the primary aim of deter-
mining the heating efficiency of a plate depending on the airflow rate and the temperature
of air passing through channels embedded in a concrete plate. Two operating scenarios
were analyzed. The first one pertained to forced air surface heating without recirculation,
where the heat source was an electric heater. The second scenario involved forced air
surface heating with recirculation, also utilizing an electric heater as the heat source. The
third scenario used smoke from pellet combustion to heat the mock-up. Block diagrams
illustrating the analyzed solutions are presented in Figures 1–3.
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Figure 1. Diagram of surface air heating without recirculation: 1—outdoor air, 2—throttle, 3—fan,
4—electric heater, 5—air collector, 6—mock-up of surface heating, 7—air collector, 8—exhaust of air
outside, 9—measurement of initial temperature and airflow, 10—thermostat and measurement of
temperature, 11, 12—measurement of temperature.
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Figure 2. Diagram of surface air heating with recirculation: 1—measurement of temperature,
2—air collector, 3—mock-up of surface heating, 4—measurement of temperature, 5—air col-
lector, 6—outdoor air, 7—measurement of initial temperature and airflow, 8—throttle, 9—fan,
10—measurement of temperature, 11—throttle, 12—electric heater.
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Figure 3. Block diagram of heating by means of flue gas from a pellet-fired boiler: 1—pellet fireplace,
2—smoke from burning pellets, 3—throttle, 4—air collector, 5—mock-up of surface heating, 6—air
collector, 7—fan, 8—exhaust of air outside, 9—measurement of initial temperature and airflow,
10—thermostat and measurement of temperature, 11, 12—measurement of temperature.

To conduct the experiment, a model of an underfloor heating system was employed,
consisting of 50 mm diameter channels made from thin PVC pipes. The concrete layer
in which the channels were placed could be constructed as a prefabricated element or
customized for specific orders.

As part of the experiment’s preparation, a mock-up of the surface heating system
was built, representing a section of a larger potentially heated area. The mock-up took the
form of an underfloor heating model measuring 0.5 × 2 × 0.3 m. The layered structure
included, from the bottom up: a stabilizing underlay of 5 cm (concrete with polypropy-
lene additive, thermal conductivity coefficient λ = 1.65 W/mK), a 10 cm thermal insula-
tion layer composed of Styrofoam (thermal conductivity coefficient λ = 0.037 W/mK), a
0.2 mm thick aluminum foil layer, PVC pipes with a 50 mm diameter (thermal conduc-
tivity coefficient λ = 0.170 W/mK), and a 15 cm concrete screed (thermal conductivity
coefficient λ = 1.00 W/mK). The total heat transfer coefficient in the upward direction was
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U = 0.321 W/m2K. The heating pipes are laid with a slope of 1.5‰ to drain any moisture.
The mock-up allowed the experiment to be conducted in two variations: one without air
recirculation and one with recirculation.

The experiment took place in a thermally insulated single-story technical building with
a ground-level floor. All openings in the external walls were sealed against uncontrolled
airflow and excessive heat loss. The room measured 3.4 × 4 m in plan and had a height
of 3.2 m. It should be noted that the building was thermally insulated, but it is difficult to
state unequivocally that the measurement system did not lose heat to the surroundings
or outside the building’s thermal envelope. This may be evidenced by the achievement
of stabilized temperatures in the measurement system, which could balance heat losses
through the building’s thermal shield. Moreover, it should be assumed that there were heat
losses through the lower part of the slab (despite the polystyrene insulation), as well as
losses on the ducts supplying warm air to the model.

In addition to the mock-up itself, placed on a support structure made of steel profiles
at a height of approximately 1.2 m above the floor, the experimental setup included an
axial fan connected on the discharge side of the heating plate, an electric heater with
modulated power up to 2000 W, set on 500 W during the experiment, and a temperature
measurement system with thermometers in the range of −20 to 50 ◦C with an accuracy
of 0.5 K. According to energy balance, the power delivered by the airflow (dqd) should be
completely transferred to the room air, which suggests that dqp should be equal to dqd
unless there is some heat loss. At the same time, we would like to point out that the slab is
made of concrete, the heat capacity of which is very high, i.e., approx. 0.92 kJ/kgK. The
concrete model itself weighs (excluding Styrofoam and pipes) 440 kg, which allows it to
accumulate heat in the amount of 407 kJ/K. Therefore, the stabilization stage lasted from
5 to 13 min, depending on the variant. After this stage of heat accumulation in concrete,
the amount of heat supplied and released should be the same. The only heat losses that
occurred in the system were losses on the pipes supplying heat to the system and removing
heat from the slab, which was not insulated. Additionally, the calculations do not take into
account heat losses that occur at the bottom of the slab. Only the temperature field on the
upper surface of the plate was measured using a thermal imaging camera, assuming heat
flow upwards. Even though the board is thermally insulated from the bottom, it is not
perfect insulation. Heat losses from the bottom of the plate, estimated on the basis of the
heat transfer coefficient up and down, were determined to be 4.9% in relation to the heat
(heating power of the plate) that is given off by the upper surface of the plate. This is due
to the polystyrene insulation, but it is not a perfectly insulated system.

At the start of the experiment, the initial room temperature was stabilized at 4 ◦C. The
parameters of the mock-up heating process were monitored using a Flir E30bx thermal
camera with an accuracy of 0.1 K, an Airflow LCA301 thermal anemometer with an accuracy
of 0.1 K and 0.05 m/s, and an on-wall room temperature sensor Auraton 2005 with an
accuracy of 0.1 K.

The thermodynamic side of the process consists of two parts: heat transfer from
the heated air on the internal pipe surface and heat transfer from the plate to the room.
The fundamental parameter is the heating power of the plate. The methodology for its
determination under natural convection assumptions is presented below. First, the Nusselt
number Nu had to be determined by an equation [26]:

Nu = C · (Gr · Pr)n (1)

Depending on the product of the Grashof number and Prandtl number, values for the
constants C and n used in calculations were determined according to Equation (1) based on
the available literature data. It should be noted that the correlation of the Nusselt number
may be a source of errors resulting from the determination of the Pr and Gr numbers, which
in turn are closely related to the fluid parameters. These errors will be even greater when
the fluid parameters are dynamically changed, which takes place at the beginning of the
experiments in the heat transfer stabilization phase. When stable conditions are reached, for
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which the efficiency of individual variants of the experiment was determined, Nu achieves
statistically the highest accuracy throughout the entire experiment, which the authors are
aware of. Therefore, the efficiency values are determined after heat transfer stabilization is
achieved, where the dynamics of changes are the smallest.

On the definitional side, the Nusselt number facilitates the determination of the heat
transfer coefficient α to the plate surface for the average temperature between the room
and the plate temperature, measured as the mean value according to thermal imaging.
Ultimately, the plate power qp was determined using the equation:

dqp = dα · dtp, W/m2, (2)

where dqp is the unit power of the plate, W/m2 and dtp is the temperature difference
between the plate temperature and the room temperature, K.

Another crucial piece of information necessary for plotting the temperature efficiency
of the plate is the power supplied by the air stream, denoted as qd.

dqd = dv · dcp · dρ · dtd, W/m2, (3)

where v is the airflow velocity through the channels, m/s; cp is the specific heat capacity of
the air, kJ/kgK; ρ is the density of the air, in kg/m3; and dtd is the temperature difference of
the air between the inlet and outlet of the heating plate, K. The value of the heat supplied
to the system, excluding heat losses to the pipes supplying heat to the heating plate, should
in principle be the same as the power value of the fan heater, which had a power of 500 W
during the experiment. Hence, the dqd value can be treated with some approximation as
the power of the electric heater.

Ultimately, the plate efficiency ηp is determined as the ratio of the obtained power dqp
to the supplied power dqd:

ηp = dqp/dqd, (4)

The Qp and Qd values refer to the amount of total heat per m2 of the plate surface
of the entire analyzed plate, unlike the unit values of qp and qd. The area of model A is
0.5 × 2 m, i.e., 1 m2; hence, the total heat values Qd and Qp are the same in value as the unit
heat qp and qd. The tests were carried out according to the scheme shown in Figure 4. The
measured values were the basis for determining the value of the Nu number and then the
heat supplied by the heating plate to the Qp environment. Taking into account the amount
of heat supplied to the Qd system by the fan heater, the heating efficiency of the plate was
calculated. If the confidence resulting from the obtained results of the normal distribution
was within the range of 7% (except for Variant 3, in which the highest confidence of 10%
was obtained due to the variable physicochemical properties of the burned pellets and the
smoke itself), difficult conditions were not analyzed during the experiment.

The experimental part was conducted in semi-industrial conditions to achieve stable
measurement conditions, enclosed in a volume of 32.4 m3. The research was carried out for
three variations of plate heating:

• Variant 1: Forced air surface heating without recirculation.
• Variant 2: Forced air surface heating with recirculation.
• Variant 3: Heating using flue gases from a pellet-fired boiler.

The layout of the mock-up is presented in Figures 5 and 6.
The connections at the inlet and outlet have been insulated with mineral wool and an

aluminum foil layer.
The application of such a solution can find success in traditional construction with

modern enhancements, paying homage to ancient engineering prowess. The integration
of modern technology can breathe new life into age-old systems, showcasing their adapt-
ability and potential for optimization without sacrificing the principles that have endured
for centuries.
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The advantages of the plate heating system are as follows:

1. Energy efficiency: The combination of a supply air heating system and panel heating
systems enhances energy efficiency, leading to potential energy savings over time.

2. Flexible application: Particularly beneficial for intermittently used buildings, the
system offers flexibility and adaptability in heating solutions for spaces like holiday
cottages and banquet halls.

3. Improved thermal comfort: The ability to accumulate heat in external partitions
contributes to improved thermal comfort within the building, creating a more pleas-
ant environment.

4. Potential for heat recovery: The system allows for the effective recovery of heat gener-
ated from the heated fireplace enclosure, maximizing the utilization of energy resources.

5. Modernization of traditional systems: By incorporating modern technology into
traditional heating systems, this approach revitalizes age-old methods, providing a
balance between tradition and innovation.

The disadvantages of the plate heating system are as follows:

1. Complexity of implementation: Integrating multiple heating systems may introduce
complexity in terms of installation, maintenance, and control, potentially requiring
specialized knowledge.

2. Challenges with air recirculation: Implementing air recirculation, especially with
pellet smoke, can pose distribution and mixing challenges, necessitating additional
considerations and potential experimental studies.

3. Limited standalone efficiency: The panel heating system supplied with hot air is
deemed as an auxiliary heating source due to relatively low efficiencies. It is not
recommended as a standalone solution for primary heating in a building.

4. Economic considerations: The achieved low efficiencies in certain configurations may
impact the economic feasibility of the system, potentially requiring it to be viewed as
a supplementary solution rather than a cost-effective standalone option.

5. Dependency on heat source: The efficiency of the system is closely tied to the type of
heat source and the heating medium it can supply within a given time unit, limiting
its effectiveness based on the chosen components.

3. Results of the Study

The study investigated three distinct variants of surface heating systems, each em-
ploying different methods to achieve optimal thermal efficiency. Through comprehensive
experiments and analyses, the research aimed to provide insights into the performance,
advantages, and limitations of these heating configurations. The results offer a nuanced
understanding of air surface heating without recirculation, air surface heating with recircu-
lation, and air surface heating using smoke from pellet burning. The findings contribute
valuable information for designing efficient and practical heating systems while recogniz-
ing the trade-offs inherent in each variant. This study serves as a foundation for informed
decision making in the development and implementation of surface heating technologies.

3.1. Variant 1—Air Surface Heating without Recirculation

During the experiment, temperature changes in the plate surface were studied under
various thermal load conditions. The heating element used in the study was heated air,
and an electric heater was used to heat the air. In this way, the results related to the heating
power of the plate and its basic parameters were obtained, allowing the determination of
the efficiency of the entire surface heating system.

The experiment was conducted to determine whether the heat supplied with the
appropriate parameters is capable of effectively heating the underfloor heating system to
the point where it operates optimally.

The air heated by the electric heater flows through the plate, releases heat, and exits
the room without recirculation. Measurements began when the ambient temperature and



Energies 2024, 17, 1252 9 of 15

the mock-up had the same temperature (winter period, 4 ◦C). The air used to heat the floor
is drawn from outside the room, and the secondary air is discharged outside the room.

At the beginning of the measurements, the airflow parameters were determined, with
a velocity of vp = 2.81 m/s, and the diameter of the main duct was d = 110 mm. The
measurements helped determine the airflow and the energy delivered to the air through
the electric heater.

During the experiment, the room (walls, air) as well as the mock-up had a constant
temperature of approximately 4 ◦C. The experiment lasted for 3.5 h, during which time
the mock-up was heated from a temperature of 3.2 ◦C to a temperature of 17.1 ◦C. The
temperature difference between the inlet and outlet air at the beginning of the measurement
fluctuated at ∆t = 30, and at the end of the study, it was already ∆t = 20.

Figure 7 depict the heating of the mock-up of the experiment captured with a thermal
imaging camera.
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Based on the gathered data, a graph illustrating the temporal temperature distribution
on the heating plate (lines L1–L4) and across the entire surface of the plate (El1) was created,
as depicted in Figure 8.
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Figure 8. Temperature changes over time for the heated plate without recirculation.

Stable measurement conditions were achieved after approximately 15 min from the
start of the measurement. The temperature profile aligns with expectations. A greater
temperature difference between the air supplying the heating plate (tin) and the outlet air
(tout) results in a more significant temperature increase in the ambient air. An increase in
the plate temperature in an already heated room does not lead to significant temperature
increases in the room.

In summary, for Variant 1, an experiment was conducted to examine temperature
changes on the plate surface under various thermal load conditions. An electric heater was
used to heat the air. The goal of the experiment was to assess whether the supplied heat
with appropriate parameters could effectively warm the underfloor heating system to an
optimal level. Over the course of the 3.5 h experiment, stable measurement conditions were
achieved, and the mock-up temperature increased from 3.2 ◦C to 17.1 ◦C. The temperature
difference between the inlet and outlet air, initially ∆t = 30, decreased to ∆t = 20 by the end
of the study.

3.2. Variant 2—Air Surface Heating with Recirculation: Air Is Heated by an Electric Heater in a
Closed-Loop System

Using recirculating air for the study involves connecting the hot air supply duct with
the air manifold in a closed-loop system within the heated environment. In this cycle, an
electric heater is still present. The main advantage of this solution is the heating balance,
in which the electric heater is significantly less burdened because the air circulating in the
system is only heated by a few degrees, while the energy used to heat the air is transferred
directly to the heating plate.

Measurements commenced when the ambient temperature and the model’s tempera-
ture were identical, both at 4 ◦C. Initially determined airflow parameters were vp = 2.81 m/s,
with a duct diameter of d = 110 mm. The measurements performed allowed for an accurate
determination of the airflow and the energy delivered to the air by the electric heater. To
establish the temperature distribution on the model’s surface, a thermal imaging camera
was employed.



Energies 2024, 17, 1252 11 of 15

The experiment lasted for almost 3 h. During this time, the model reached an average
temperature close to 20 ◦C. The initial temperature of the room and the plate was very
balanced, measuring 4.5 ◦C and 4.0 ◦C, respectively.

Figure 9 presents a graphical representation along with the degree of recirculation,
which was manually adjusted when the heater’s maximum temperature of 50 ◦C was
reached. This allowed us to maintain a stable room temperature of 16.2 ◦C.
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an electric heater in a closed-loop system.

Stable measurement conditions were achieved approximately 20 min after the start
of the experiment. A portion of the heat required to warm the plate was obtained from
the recirculation of the air leaving the plate. This was achieved by recirculating 100% of
the air, which reduced the heat demand by lowering the inlet temperature to the heater by
approximately 30% compared to Variant 1.

This chapter explores the use of recirculating air, connecting the hot air supply duct
with the air manifold in a closed-loop system within a heated environment. An electric
heater is employed in this cycle. The key advantage of this approach lies in maintaining
thermal balance, as the electric heater is less burdened when the circulating air is only
heated by a few degrees, and the energy used for heating the air is directly transferred to the
heating plate. The experiment, lasting nearly 3 h, resulted in an average model temperature
reaching close to 20 ◦C. Stable measurement conditions were achieved approximately
20 min after the experiment began, and air recirculation reduced the heat demand by
about 30%.

3.3. Variant 3—Air Surface Heating without Recirculation: The Source of Heat Is the Smoke
Generated from Burning Pellets in the Fireplace

The study lasted for over an hour. After this time, a temperature of 8.1 ◦C was achieved
on the heated surface, starting from 2.3 ◦C, although the highest recorded temperature
reached 13.8 ◦C.

The heating of the model involved passing a stream of pellet smoke generated by the
fireplace through a collector submerged in the screed. The device was placed outside the
room where the test model was located to minimize heat losses from the heat source. The
thermal energy typically removed with pellet smoke could be utilized for heating in this
way. In a different scenario, such a system would provide immense benefits. Assuming
that our room is heated by warm air, we can lower the inlet temperature. The air, first
passing through the surfaces of the room, warming them, would then enter the same room
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at a cooler temperature, contributing to maintaining the room’s thermal comfort. Figure 10
presents the temperature changes for the analyzed variant.
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Figure 10. Temperature changes over time for the heated plate with recirculation: the source of heat
is the smoke generated from burning pellets in the fireplace.

Due to the lower smoke temperature compared to the air temperature obtained with
an electric heater, a longer heating period and stabilization time are observed. This is
the weakest solution among those analyzed, possibly due to the low smoke temperature
obtained from the pellets. In the case of more calorific fuel, this would be one of the better
solutions, historically used due to the higher density and heat capacity of the smoke, but it
can be inconvenient due to its sootiness.

The flow speeds through the model were kept constant by a nonadjustable fan installed
in the system, adjusted to the expected actual speeds in the channels, which are the resultant
between the flow resistance and the heat transfer coefficient. Therefore, the influence of
flow speed on the obtained values is relatively small due to its very small fluctuations.

The data obtained during the experiments were used to determine both the power
delivered to the system and the power acquired from the heating plate. In the calculations,
the aspect of thermal radiation was not taken into account. Based on the room temperature
and the average temperature of the heating plate, the heating power of the plate (Qp,
according to 2) and the power delivered to the plate through hot air (Qd, according to 3)
were determined. To accomplish this, a series of necessary parameters and dimensionless
numbers were calculated to determine the convective heat transfer coefficient (α) resulting
from natural convection (heat exchange by convection). Table 2 presents an example based
on Variant 1, i.e., the heating plate being supplied with hot air in an open circuit without
recirculation, presenting the power obtained from the heating plate (Qp). It was assumed
that certain quantities would be constant within this temperature range, such as dynamic
viscosity (1.73 × 10−5 Pas), specific heat capacity of air (1005 J/kgK), thermal conductivity
of air (0.0246 W/mK), and Prandtl number (Pr = 0.707), while the other values are listed in
Table 2.
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Table 2. Summary of results for Variant 1 to determine the heating power of the plate Qp.

ta,
◦C

tov,
◦C

∆t = tov − ta,
K Gr × Pr Nusselt

No. Nu
α,

W/m2K
Qp,
W

4.1 4.5 0.4 7,747,107 28.49 1.402 56.07
4.4 4.8 0.4 7,738,739 28.48 1.401 56.05
4.1 4.5 0.4 7,747,107 28.49 1.402 56.07
5 5.4 0.4 7,722,057 28.47 1.401 56.02
5 5.4 0.4 7,722,057 28.47 1.401 56.02

5.5 6 0.5 9,633,535 30.08 1.48 74.01
5.3 5.8 0.5 9,640,449 30.09 1.48 74.02
6 6.5 0.5 9,616,295 30.07 1.479 73.97

5.8 6.3 0.5 9,623,184 30.08 1.48 73.99
6.3 6.8 0.5 9,605,981 30.06 1.479 73.95
6.9 7.4 0.5 9,585,418 30.05 1.478 73.91
6.9 7.3 0.4 7,669,702 28.42 1.398 55.93
7.3 7.8 0.5 9,571,758 30.04 1.478 73.89
7.3 7.7 0.4 7,658,771 28.41 1.398 55.91
7.7 8.2 0.5 9,558,137 30.03 1.477 73.86
7.8 8.3 0.5 9,554,738 30.02 1.477 73.86
7.9 8.4 0.5 9,551,341 30.02 1.477 73.85
8.3 8.8 0.5 9,537,778 30.01 1.476 73.82
8.3 8.8 0.5 9,537,778 30.01 1.476 73.82
8.7 9.2 0.5 9,524,254 30 1.476 73.8

In this variant, only slightly more than 100 W of heat was obtained in the heating
plate. Meanwhile, the amount of heat delivered to the system is presented in Table 3. It was
assumed here that the diameter of the heat distribution pipes inside the plate was 110 mm,
there were four pipes, the constant flow velocity was 2.81 m/s, and the average air density
was 1.165 kg/m3.

Table 3. Summary of results for Variant 1 to determine the heating power of the plate Qd and efficiency.

tin,
◦C

tout,
◦C Volume Flow V, m3/s

Qd,
W

ηp,
%

48.0 21.0 0.106817 500.0 11.2
49.3 21.7 0.106817 500.0 11.2
49.5 22.1 0.106817 500.0 11.2
49.5 22.3 0.106817 500.0 11.2
49.9 22.5 0.106817 500.0 11.2
49.9 22.8 0.106817 500.0 14.8
49.5 22.9 0.106817 500.0 14.8
49.1 23.0 0.106817 500.0 14.8
49.8 23.1 0.106817 500.0 14.8
49.6 23.3 0.106817 500.0 14.8
49.1 23.3 0.106817 500.0 14.8
49.2 23.5 0.106817 500.0 11.2
49.6 23.5 0.106817 500.0 14.8
49.3 23.8 0.106817 500.0 11.2
48.6 23.8 0.106817 500.0 14.8
49.1 23.9 0.106817 500.0 14.8
49.7 24.1 0.106817 500.0 14.8
49.5 24.2 0.106817 500.0 14.8
49.6 24.3 0.106817 500.0 14.8
49.9 24.5 0.106817 500.0 14.8

The standard deviation for the normal distribution and the confidence for all variants
are presented in Table 4.



Energies 2024, 17, 1252 14 of 15

Table 4. Standard deviation for the normal distribution and the confidence for all variants.

Variant Average
Efficiency, %

Standard
Deviation

Confidence
Interval, % Confidence

1 15.8 2.51 5 0.0492
2 21.6 1.53 5 0.0299
3 30.9 6.34 10 0.1043

The average thermal efficiency for Variant 1 is approximately 15.8% with a standard
deviation of 2.51. For Variant 2, the average thermal efficiency is 21.6% with a standard
deviation of 1.53. In the case of Variant 3, the thermal efficiency of the heating plate is
30.9% with a standard deviation of 6.34. This is the best variant, as expected due to the
higher density and heat capacity of the smoke. However, it is a debatable solution due to
the possibility of smoke penetration into the room, which significantly limits the use of
smoke for heating using the presented heating plate.

4. Conclusions

The integration of supply air heating with panel heating systems offers advantages,
particularly in intermittently used buildings where constant supervision is difficult. This
approach is beneficial in places where water-based heating systems are not feasible. Ac-
cumulating heat in external partitions enhances thermal comfort and energy efficiency,
especially with continuous heating. The study evaluates three heating variants: air surface
heating without recirculation, with recirculation, and utilizing pellet smoke. Each variant
has advantages and challenges, contributing valuable insights for designing efficient heat-
ing systems. Considerations include recirculation, alternative heat sources, and practical
limitations. While the integrated system improves energy efficiency and comfort, com-
plexity and economic viability must be considered. The study proposes novel approaches,
explores interactions between heating methods, and draws inspiration from ancient Roman
hypocaustum systems. Experimental setups and detailed methods provide insights into
heating capacity, thermal load conditions, and efficiency determinations. The manuscript
addresses energy efficiency in older buildings with air heating systems, proposing new
assessment methods using heated air.
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