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Abstract

In enclosed spaces, efficient thermal management is essential for maintaining optimal operating conditions. Radiant heating
systems, which involve the transfer of heat through infrared radiation, are increasingly utilized in various applications such
as industrial facilities, greenhouses, and residential buildings. This study investigates heat and mass transfer dynamics in a
local enclosed operating zone under radiant heating conditions. The research focuses on understanding the interaction
between heat transfer through radiation, conduction, and convection within the enclosed zone. By developing a mathematical
model and conducting experiments, we analyze the impact of different radiant heating setups on the temperature distribution
and mass transfer behavior. Our findings reveal that radiant heating provides more uniform temperature distribution
compared to conventional heating methods, but it also presents unique challenges in terms of moisture management and air
circulation.
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INTRODUCTION

Efficient thermal management has become a critical aspect in various fields, ranging from industrial
processes to building comfort, particularly in enclosed spaces. Achieving optimal conditions in a controlled
environment requires the careful manipulation of thermal and mass transfer processes. The need for
energy-efficient heating systems has led to the widespread adoption of radiant heating technologies, which
differ from conventional convective heating systems in their ability to provide direct heat to objects and
surfaces, rather than heating the air. This method of heating offers several advantages in specific
applications, but it also presents unique challenges that need to be addressed to optimize its performance.
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The Significance of Radiant Heating

Radiant heating is a method where thermal energy is transferred through infrared radiation, directly heating
the surfaces and objects in the path of the radiation. Unlike convective heating systems, which rely on
the movement of heated air to distribute warmth, radiant heating systems warm the physical objects and
surfaces within a space, and these objects, in turn, radiate heat to the air and other surfaces. This direct
heating mechanism can result in more efficient energy use and can provide a more consistent temperature
throughout a space.

Radiant heating systems are used in a variety of applications, including residential heating, industrial
facilities, greenhouse farming, and even aerospace environments. The primary advantage of radiant heating
is that it can warm a space more efficiently by reducing the need for heating the air itself, which is
typically less energy-efficient. In large spaces with high ceilings or poor air circulation, radiant heating can
also help overcome the issues of air stratification, where the temperature near the ceiling is much higher
than at floor level. In contrast, radiant heating provides more uniform temperature distribution throughout
the entire room. Additionally, radiant heating systems have lower operational costs due to their efficiency
in delivering heat directly to the areas that need it the most, rather than to the air itself.

Despite these advantages, radiant heating systems do present challenges that can affect their overall
performance and application. One of the primary issues involves heat and mass transfer in the enclosed
environment where the system operates. Unlike forced air systems, where air circulation naturally occurs
as the air is heated and rises, radiant heating relies on the direct transfer of energy to surfaces and
objects, which can lead to minimal airflow. This limited airflow can create temperature gradients in the
space and impact factors such as humidity control, which is particularly critical in environments like
greenhouses, laboratories, or industrial applications where moisture levels must be maintained within certain
limits.

The Heat and Mass Transfer Mechanisms in Radiant Heating

Heat transfer in radiant heating systems involves a combination of radiation, convection, and conduction,
each contributing to the overall heat flow in the system. Understanding these processes is essential for
evaluating the performance of the heating system and optimizing it for various applications.

Radiation: Radiant heating works by emitting infrared radiation from the heat source, typically infrared
panels or radiant floors. These waves are absorbed by surfaces such as walls, floors, furniture, and
people. The objects then re-radiate the heat, effectively warming the space. Radiation is typically the most
significant form of heat transfer in these systems, especially in environments where there is little air
movement. The efficiency of this process depends on the surface properties of the heated objects, such
as their emissivity, as well as the distance between the heat source and the object being heated. The
energy transferred via radiation is governed by the Stefan-Boltzmann law, where the heat flux increases
with the fourth power of the temperature difference between the surface and the surrounding space.
Convection: In radiant heating systems, the role of convection is somewhat secondary but still important.
As objects are heated by radiant energy, they begin to warm the surrounding air. This leads to a rise in
the temperature of the air directly in contact with the heated surfaces. This warmed air can then move
throughout the space through natural convection (driven by temperature gradients) or forced convection
(induced by mechanical fans or ventilation systems). In the case of radiant heating, convection helps to
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distribute the heat that is transferred to the objects. However, because radiant heating primarily focuses
on heating solid surfaces, the air circulation may not be as pronounced as with other heating systems,
which rely on the movement of heated air.

Conduction: Conduction plays a vital role in transferring heat between surfaces and the surrounding air in
radiant heating systems. Heat transfer by conduction occurs when an object is in direct contact with
another material, allowing heat to flow from the hotter object to the cooler one. For instance, in floor-
based radiant heating, the floor is heated by radiation, and the heat is then transferred to the air through
the process of conduction. The efficiency of conduction is influenced by the material properties, such as
thermal conductivity and surface area in contact with the surrounding environment.

Although radiation is the dominant heat transfer mode in radiant heating, convection and conduction are
critical components of the system's ability to distribute heat within the space. The combined effect of these
mechanisms determines the overall performance of the system, particularly in terms of how evenly heat
is distributed throughout the enclosed environment.

Mass Transfer and Humidity Control

Mass transfer in radiant heating systems is also an important consideration, particularly when dealing with
environments that require controlled humidity levels. In typical convective heating systems, air circulation
helps distribute moisture evenly throughout the space. However, radiant heating systems often struggle
with moisture control due to the minimal air movement. In spaces such as greenhouses, industrial drying
chambers, or laboratories, maintaining specific humidity levels is critical for both comfort and process
efficiency.

As the surfaces in a room are heated by radiation, the surrounding air may absorb some moisture. The
ability of the air to hold moisture increases with temperature, leading to changes in the local humidity
levels. In a radiant heating setup, however, since there is minimal airflow to carry moisture away from hot
surfaces, the humidity levels near the heated surfaces can increase, while areas further from the heat
source may remain cooler and drier. This uneven distribution of temperature and moisture can lead to
condensation or the accumulation of moisture on certain surfaces, creating potential problems for processes
that require precise humidity control.

To address this issue, designers often integrate additional ventilation or dehumidification systems in radiant
heating setups. Ventilation systems can enhance the natural convection currents in the room, helping to
distribute heat and moisture more evenly throughout the space. Similarly, dehumidifiers or moisture-
absorbing materials can help regulate humidity in spaces that are sensitive to moisture levels, such as
data centers, museums, and indoor agricultural environments.

Applications of Radiant Heating Systems

Radiant heating is becoming increasingly popular in various applications, including:

Residential Buildings: Radiant heating systems, particularly radiant floor heating, are commonly used in
homes to provide efficient and even heating. These systems can be installed under floors, walls, or ceilings
to provide consistent warmth throughout the home. They are particularly advantageous in areas with high
ceilings, where traditional heating methods may struggle to achieve uniform temperature distribution.
Industrial Facilities: Many industrial operations generate heat as a byproduct, and radiant heating systems
are used to recover and distribute this heat more efficiently. Additionally, radiant heaters are used in
|
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warehouses and manufacturing facilities to maintain comfortable working temperatures, particularly in large,
open areas.

Agriculture: Greenhouses and other controlled agricultural environments rely on radiant heating systems to
maintain consistent temperatures that are ideal for plant growth. Radiant heating offers the advantage of
directly heating the plants and soil, rather than relying on air temperature, which can fluctuate.
Commercial and Public Spaces: Radiant heating is also used in larger spaces such as airports, shopping
malls, and gyms. These spaces often require more efficient heating systems to ensure comfort for
occupants without wasting energy. Radiant systems can be particularly effective in these settings by
heating the surfaces where people congregate.

In each of these applications, the efficiency and effectiveness of radiant heating systems depend on a
range of factors, including the design of the system, the type of heating technology used, the materials
involved, and the characteristics of the enclosed space. Optimizing heat and mass transfer is key to
achieving the best results in terms of energy use, comfort, and process control.

The study of heat and mass transfer in local enclosed operating zones under radiant heating conditions
is crucial for improving the design and operation of radiant heating systems. While radiant heating offers
significant advantages in terms of energy efficiency and temperature uniformity, it also presents unique
challenges, particularly in the areas of airflow and moisture management. By understanding the complex
interactions between heat and mass transfer, engineers and designers can develop more effective and
efficient radiant heating systems that meet the needs of a wide range of applications, from residential
heating to industrial and agricultural processes.

This research aims to provide deeper insights into these mechanisms, offering a foundation for improving
radiant heating technologies and addressing the challenges associated with heat and mass transfer in
enclosed spaces. As the demand for energy-efficient heating solutions continues to grow, further
advancements in this field will play a critical role in meeting global energy sustainability goals.

METHODS

Experimental Setup

The experimental setup consists of a small enclosed room designed to simulate a typical operating zone
where radiant heating is employed. The room dimensions are 5 meters by 5 meters, with a ceiling height
of 3 meters. The radiant heating system is implemented using an array of electric infrared heaters installed
at the ceiling level. The heaters are arranged to ensure uniform radiant heat distribution across the space.
The temperature distribution within the room is measured at various points, including near the floor, at
mid-height, and near the ceiling, to capture the thermal gradients that develop under radiant heating. The
heat flux is monitored using heat flux sensors placed on various surfaces within the room, including walls,
floor, and ceiling.

For mass transfer analysis, humidity sensors are placed at different locations in the room to measure the
moisture content in the air. The airflow is monitored using anemometers placed at strategic points to
observe how air movement affects temperature and humidity distribution. The system operates under
steady-state conditions with a constant heating load and airflow rates.

Mathematical Model
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A mathematical model of heat and mass transfer is developed based on the governing equations for
conduction, convection, and radiation. The heat transfer in the system is modeled using the following

equations:
e Conduction Equation:

oT
dt

This represents the heat equation, where T is the temperature, a is the thermal dif fusivity,

= aV?T

t is time, and V?is the Laplaceoperator

* Radiation Heat Transfer:
4 4
Qrad = €0 (Twall - Tmom)
where Qraq is the radiant heat flux, € is the emissivity of the surface, & is the Stefan-Boltzmann
constant, and Tiyan and Troom are the temperatures of the surface and the room, respectively.

* Convective Heat Transfer:
Qconv =hA (I'surfucc - Tﬂu‘)

where Qo is the convective heat transfer, h is the convective heat transfer coefficient, A is the

surface area, and Ty face and Ty, are the surface and air temperatures, respectively.

For mass transfer, the diffusion of water vapor in the air is modeled using Fick's law:

* Mass Transfer Equation:

acC
= — pv?
En veC

where C' is the concentration of water vapor, and D is the diffusion coefficient.

The model is solved using finite difference methods for time and space discretization to simulate the

transient heat and mass transfer in the enclosed operating zone.

RESULTS

Temperature Distribution

The results of the experimental measurements and model simulations reveal that radiant heating produces
a more uniform temperature distribution across the room compared to conventional convection-based
systems. Near the floor, the temperature is slightly higher than in convection heating setups due to the
direct absorption of infrared radiation by surfaces and objects. At mid-height and near the ceiling, the
temperature variation is minimized, providing a more stable thermal environment.

The temperature near the ceiling was observed to be lower than at the floor due to the lack of air
circulation. However, the radiant heat source efficiently maintains a comfortable temperature at the human
|
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level, suggesting that radiant heating systems are effective for localized heating applications.

Airflow and Mass Transfer

The airflow analysis indicates that air movement in the enclosed zone under radiant heating is minimal.
Radiant heating systems primarily heat solid objects, which absorb and re-radiate the heat, leading to a
slight upward movement of air near heated surfaces. As a result, the temperature gradients in the air are
smaller compared to convection heating systems, where heated air rises and causes stronger convection
currents.

Mass transfer results indicate a moderate increase in humidity near the floor due to the presence of water
vapor adsorbed by surfaces. However, the lack of significant air circulation limits the movement of moisture
in the space. This highlights the importance of integrating ventilation or air circulation systems when radiant
heating is used in applications where moisture control is crucial, such as greenhouses or industrial drying

operations.

DISCUSSION

The study demonstrates that radiant heating systems offer distinct advantages in terms of temperature
uniformity and energy efficiency in local enclosed zones. The ability to heat objects directly, rather than
the air, ensures a more comfortable environment with reduced energy consumption. However, the minimal
air circulation observed in the experiments poses challenges for controlling humidity levels and mass
transfer.

In applications where moisture control is critical, such as agricultural or industrial environments, additional
systems for air movement or dehumidification may be necessary. Furthermore, while radiant heating is
effective in creating localized thermal zones, it may not be suitable for large-scale heating applications
without proper consideration of air circulation patterns.

The integration of radiant heating with passive or active ventilation systems could provide an optimal
solution for both temperature and humidity control. The results suggest that further investigation into the
optimization of radiant heating systems, particularly in relation to airflow and moisture management, is
essential for improving the overall efficiency and performance of these systems.

CONCLUSION

Radiant heating systems provide an effective means of achieving uniform temperature distribution in
enclosed operating zones. This study highlights the importance of understanding the complex interactions
between heat and mass transfer mechanisms under radiant heating conditions. The results show that while
radiant heating systems are efficient in terms of thermal comfort, they pose unique challenges in controlling
air circulation and moisture distribution. Future research should focus on integrating radiant heating systems
with ventilation solutions to address these challenges and further enhance their performance in various
applications, including industrial, residential, and agricultural settings.
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