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Abstract

Radiant floor heating designs vary in material and construction methods. Finite element models were
developed using existing and proposed floor designs with the intent of comparing heating performance.
Performance measures included uniformity of temperature across the surface of the floor, length of
time necessary to reach the optimum heating range, and rate of temperature degradation after the
heating system has been deactivated. Flooring systems modeled included slab-on-grade and wooden
joist and sheathing. Surface materials include concrete/mortar, tile, finish wood, and a derivative of
paraffin wax and polyethylene representing a shape-stabilized phase change material (SSPCM) below
the surface. The repeated heating cycle used was pumped water warmed to 50°C followed by 5 minutes
of deactivation. The cycle restarted for two additional cycles and the system was then deactivated. This
study discovered the lower the conduction coefficient of the surface material is, the lower the
temperature variance is on the surface and the system found a lower decrease in temperature over time
after the system had been deactivated. It was found that introducing a SSPCM to a floor system
increased heat capacity and created a uniform temperature over the surface of the floor.

Introduction

Methods of radiant floor heating have been used in many forms throughout history. Along with
providing an efficient method of delivering heat, radiant floor heating systems provide a better
distribution of heat, ideal for human bodies. Many systems have been developed utilizing both passive
and active mechanics that trap and direct heat through the system. Modern technologies employ laying
wire or pipe and encasing it within concrete or mortar, making use of electric or heated water supplies.

Research has been reported on the dynamics and effects of radiant floor heating with dense materials
such as stone, concrete, tile, and mortar but less has been done with flooring systems involving wooden
products. In several respects, wooden systems would be preferred over heavier systems. Wood has
lower thermal conductivity, similar to that of insulation, than many other construction materials,
allowing for a slower transfer of heat through the material. Also, many projects that would make use of
radiant floor heating, such as homes and low-rise construction, use wood as their main construction
material. Finding methods of utilizing radiant floor heating with the use of wooden materials would not
require larger, heavier thermal massing to be used in a structure and would make use of the material
already in service. Finding methods of incorporating radiant heating into existing and future wooden
construction projects would create an advantage for both building construction and quality of habitation
for the users of the space.



With advancements in wood composite technologies, a range of shapes and material combinations are
viable. To date, most of these composite systems have been developed to optimize engineering
mechanical properties. Another possibility in radiant floor methods is to incorporate phase change
materials into wood composites as a means to manipulate the energy storage and dynamics of the
system. Research is needed to identify novel system configurations and materials that would optimize
thermal dynamics for radiant floor heating.

Objectives

The overall goal of this study is to explore new ways to incorporate radiant floor heating with wood
construction methods for two situations: 1) retrofitting traditionally framed wood floor systems and 2)
incorporating wooden materials into new radiant floor heating systems (as well as phase change
materials) with innovative assembly configurations. Specific objectives to accomplish this goal include:

1. identify key performance targets for proposed radiant floor systems including heat transfer and
storage properties
develop conceptual designs of systems using current construction methods
conduct parametric finite element model studies of alternate systems to develop deeper
understandings of relative advantages and disadvantages
characterize thermal dynamics of selected systems and contrast against other systems

5. Develop recommendations of radiant floor systems that warrant further study

Approach

Published mathematical and physical models were reviewed to understand previously explored methods
of radiant floor heating and to give insight to the finite element modeling for this study. Understanding
the advantages that different materials bring to a heating system is important in the pursuit of finding
better radiant floor heating designs. By also identifying the shortcomings of the systems and modeling
methods, greater accuracy can be obtained and encourage better results.

To approach finding the most beneficial system layouts, several means of measuring performance were
identified. The characteristics that the finite element model outputs were measured against included:

1. Length of time that a system takes to reach optimum heating temperature
2. Uniformity of temperature across the surface of the floor
3. Slope of temperature gradient over time as the heating system is deactivated

The length of time necessary to heat a system to an active heating temperature was studied because a
rapidly-responding system could be beneficial for systems with several localized zones and set-back
thermostat controls. On the other hand, a system with more thermal storage would take longer to reach
target temperature, but could reduce cycling and thereby save peak energy required for starting
circulation pumps.

Measuring the uniformity of temperature across the surface of the floor is an important attribute with
regard to occupant comfort. Hotspots can occur when the surface area of floor directly above an



embedded pipe receives heat disproportionally compared to the area that is not directly above the pipe.
Finding systems that encourage thorough distribution of heat over its surface during its heating phase
were considered beneficial, and it was quantified as the difference in temperature from the warmest to
the coldest point across the surface of each model.

As a flooring system’s heat source is deactivated, the heat gained within the material will be extracted
by the outside effects on the system. Although it is difficult to model said effects, some systems store
heat energy and release it slower than others under the same loading conditions. This is an issue for
energy efficiency because the heat source would have to reheat the entire flooring system once the
floor has released the heat. The systems that retain heat better would require less heating input from
the heating source and tighter parameters can be set to ensure greater thermal comfort with less
energy expense. The systems that have lower rates of temperature degradation after the heat source
has been turned off would rank higher than those that do not.

Traditional Retrofit

Retrofit of traditional wooden floor systems represents a huge potential market for radiant floor heating
systems. Better understanding the dynamics of this system is important to have successful
implementations. Many homes and low-rise construction projects have realized benefits from these
systems. There are varying degrees of impact to a project depending on the radiant floor heating
design, and it is important to identify if specific systems have the create lower levels of impact.

Structural systems do vary from project to project. Knowing if a particular system can accommodate a
radiant floor heating design due to its thermal and gravity loading is important to explore and analyze
before installation occurs. Engineering analysis and judgment will have to be made to determine if the
structural system in question can accommodate the preferred heating system. Some projects may not
allow for the installation of specific systems and it may be more advantageous to upgrade the structural
system all together.

As far as finite element modeling is concerned, many of the thermal properties are researched and the
properties are published for conventional building materials.

Wood Composites

Composite materials offer a wide variety of structural and thermal advantages in floor cross sections.
Rather than being limited by shape due to the resource, composites can provide novel geometries to for
the benefit of the system. This study will help give guidance to future research to develop cross sections
to accommodate radiant floor heating layouts and to utilize the advantages available to them.

Finite element modeling of composite materials can be challenging due to complex cross section
geometries and available properties for some materials.

Phase Change Materials




The case for phase change materials is strong because SSPCMs can dramatically increase the energy
storage capabilities of the floor systems by making use of its latent heat capacity during phase change.

Phase change materials would increase the system’s ability dramatically to provide warmth to a space,
but its properties must be controlled and understood. Modeling can give insights on appropriate ways
to introduce phase change materials into a radiant floor heating system.

Literature Review

Health and Comfort Considerations

Current interest in radiant floor heating methods comes from its potential health benefits as well as
better management of energy and resources to create a better living environment. Radiant floor
heating can be measured for thermal comfort in everyday living environments (Song, 2005). Before the
layout of wiring and piping, atmospheric controls and sensors, and material properties are even
considered; radiant floor heating practices can be shown to achieve individual thermal comfort better
than conventional heating systems (Woodson, 1999). That alone could be the best reason for
investigating the means of implementing such systems in future projects.

The health benefits that radiant floor heating provides are found from the ideal heating curve (Figure 1),
which is a characterization of the ideal temperature for the human body based on specified heights from
the floor (Woodson, 1999; Song, 2005). Generally, because the feet are in direct contact with the
ground, they lose greater quantities of heat due to conduction. The head has the largest amount of
blood vessels per surface area on the body making it one of the more heated areas of the body. These
two conditions create bounds for an ideal distribution of heat to provide to the body given a height from
the floor. By applying the boundary conditions to the structure of the curve, a greater temperature is
needed closer to the ground and a lower temperature is needed furthest from the ground with a
smooth transition between them.
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Radiant floor heating curve. (Courtesy of Wirsbo.) Forced air heating curve. (Courtesy of Wirsbo.)

Figure 1: Radiant Floor Heating vs. Ideal Heating curve Figure2: Forced Air Heating vs. Ideal Heating Curve



These bounds of the ideal heating curve are not met with conventional heating systems (Figure 2). A
natural action to expect from heated liquids and gases is that the warmed particles will rise causing the
cooler particles to fall. By this thermodynamic understanding of particle behavior, a heated room would
locate cooler air near the feet and warmer air near the head. This behavior produces the inverse to the
ideal heating curve’s requirements. Many conventional systems, such as forced air and baseboard
heating, are subject to produce the reverse ideal heating curve while radiant floor heating produces the
ideal curve closer than any system (Woodson, 1999). By heating the floor first, the feet receive the heat
first and as the heat rises, it is cooled causing the upper regions of the room to be cooler as preferred. It
is by this transfer of heat that we gain understanding for radiant floor heating’s use today and in the
past.

Construction Methods

Radiant floor heating has been constructed using many different mediums and methods throughout
human history. Traditionally, methods have included guiding hot air underneath the crawl space of an
elevated room between joists or between the layers of masonry walls (Song, 2005; Song 2008). With
the introduction of electrical wiring, copper piping, and cast-in-place materials, radiant floor heating
methods have diversified and evolved to provide efficient solutions to heating living environments.

One of the most popular and most explored methods of radiant floor heating used today is the Ondol
System which incorporates hydronic piping cast within a concrete or mortar bed. The name Ondol
comes from the original Korean pronunciation Gudeul (guun-dol) meaning “heated stone.” The
pronunciation over time has transformed into Ondol. This method of heating has been known for over
2000 years (Song, 2005).

Periodically, water is heated and pumped through the network and convectively transfers heat to the
surrounding materials (Cho, 2003). Electric wiring systems are also used as heating elements. Rather
than convective transference, electrical resistance is used to generate thermal energy at the source.
Both popular solutions have advantages and suit different scenarios, but the main focus in this study will
be hydronic systems.

Modeling

The potential benefits of radiant floor heating have cultivated the interest of research to discover better
methods of delivering heat and with better energy efficiency. A range of modeling methods are useful
tools in this regard. There are two vantage points that allow researchers to develop energy efficient
designs; macro and micro scale modeling. Macro scale modeling helps researchers to understand how
the built environment as a whole will perform with all the systems chosen to maintain the comfort of
the space. By modeling characteristics such as the building envelope, orientation, materials, daylighting,
natural and HVAC ventilation, exterior climate, and occupant loading; software programs such as
EnergyPlus and DOE-2, to name a few, can accurately evaluate options of how to best to design a space
(Crawley, 2005).



Micro scale modeling can be as useful in tandem with macro scale modeling. Micro scale modeling is
used to evaluate individual systems and the abilities of specific components of those systems to further
the efficiency of the whole. Strictly from a mathematical standpoint, systems and components may be
modeled to involve the most efficient layout and material type given specified boundary conditions to
help guide the development of a finite element model (Zaheer-Uddin, 1997). Macro scale modeling can
play an important role by eliminating characteristics of the heating system that cause little effect despite
modification and by isolating which attributes affect the system’s performance greatly. If a hydronic
system is selected, several important attributes to simulate include thickness covering, covering material
properties, and frequency of piping loops along the length of the space. While there are other material
and system properties that characterize a system and gauge its efficiency, these are among the most
important to consider when developing a macro scale model (Sattari, 2006).

Methods of improving the accuracy and performance of radiant floor heating systems involve increasing
sensors and controls capabilities of the heating system (Cho, 2003; Cho, 1999; Song, 2008). In most
traditional heating systems, the conventional on-off thermostat is the extent of the system’s sensory
ability. Methods to increase the sensory capabilities include using the conventional thermostat in
tandem with thermostats within the floor system. Working through an algorithm established within the
heating system, if the air or slab temperature drops below or exceeds the thermal boundaries, the
system is responds to prevent needless loss and recharge of heat in the heating elements (Cho, 1999).

Other methods of increasing the efficiency of radiant floor heating systems by means of sensory
capabilities include predictable actions by means of meteorological data. Recommended cycles of
heating are encouraged, characterized by length and during set times within a 24-hour period, based on
the time of year and the high and low outside temperatures for the location the system is operating in
that day. By predicting the high and low temperatures for the coming 24-hour period, the heating
system can accurately shift its heating cycles’ duration and activation time to accommodate the weather
(Cho, 2003).

Energy Efficiency

Radiant floor heating systems generate, store, and supply heat better than conventional systems and
with the introduction of material with better thermal storage capabilities would amplify the beneficial
effects. Materials absorb and transfer thermal energy at different rates. Those that discharge thermal
energy at slower rates enable the space to stay heated while requiring less of the heating system to
charge the space itself. A state of matter that transfers heat well, while maintaining a constant
temperature, is during the phase change of that material. Introduction of phase change materials to
radiant floor heating systems could enhance thermal storage of heat extend beyond the floor and can
be a part of the wall’s and ceiling’s capabilities as well (Neeper, 2000; Khudhair, 2004). By increasing the
thermal storage capabilities of the space, peak-heating demands can be reduced, with overall energy
savings. Many methods help radiant floor heating systems perform efficiently and reliably.
Incorporating a balanced mixture of methods will produce performance results for many different
projects and designs.



Model Development

The finite element modeling program used in this research was ADINA. The floor cross sections that
were modeled included existing conventional radiant floor heating layouts and retrofit installation
designs (Sattari, 2006; Ho, 1995; Zhang, 2006; Woodson, 1999). A traditional 100 mm concrete slab-on-
grade was determined as the base line flooring system to compare the wooden flooring systems to.
Other systems include slab-on-grade with insulation underlayment, conventional wooden joists and
sheathing topped with a variety of finish materials including hardwood boards, tile, and Shape Stabilized
Phase Change Material (SSPCM) overlaid with subfloor sheathing.

For simplicity of construction and efficient use of computer data storage, finite element models were
developed for a 0.5 meter length section for the floor system’s cross section. This length was chosen
because:

1. It allows for a conventional wooden joist floor system to be represented
2. It allowed for a variety of lateral spacing distributions of pipe (100mm, 150mm, 200mm)
3. Symmetry can be utilized to extent the heating results along the expanse of a floor

Several lateral distributions of piping were modeled in previous studies (Song, 2005; S.Sattari, 2006) that
ranged from 50 to 300 millimeters. Spacing lengths between 100 to 200mm were able to show the best
uniformity of heat.

Vertical distributions were also varied in the slab-on-grade systems to monitor its effect on the system.
Heights varied from 37.5 to 75 mm from the top of the slab. All other floor systems did not vary the
vertical distribution because the encapsulation layer was reduced in size to prevent excess weight on
the existing structural system, leaving little room to experiment with the height of the piping within the
layer.

One retrofit solution involved utilizing the radiation emitted from the heated piping as the main source
of heat (Woodson, 1999). This solution is of lower impact to an existing project because it does not rely
on introducing heavier thermal massing. The solution involves running an aluminum trough hung from
the joists to increase the amount of thermal radiation absorbed by the sheathing. Due to complexities
that would arise in the modeling process, the heat exchange between the piping network and the
surfaces surrounding the pipes were calculated as a heat flux rather than a radiation body. The
assumptions that led to the values used are summarized in Table A-1.

An innovative solution involves the use of SSPCM plates below the subflooring to store extra heat during
its phase change in the form of latent heat. Modeling a material that went through phase change and
incorporating its latent heat capacity in ADINA meant creating a material with a temperature dependent
heat capacity. The amount of energy that a unit volume of the material would gain or lose during phase
change was spliced in during one unit degree of temperature change at the melting point. Although not
entirely accurate that a material would continue to change temperature during phase change, the
amount of energy is still accounted for mathematically (Equation A-1).



The remainder of the materials chosen in the research possessed constant conduction and heat capacity
coefficients and would not vary over time or temperature.

The initial conditions of the floor systems were set to 10°C under the scenario of a system waking up
with no previous activation. This temperature is common in a floor system that has undergone cooling
over the night. The optimum temperature that will be targeted to reach will be ideal for active heating
and for human comfort. The range of acceptable temperatures is 24°C - 32°C (Song, 2005; Woodson,
1999).

Introducing loading scenarios to the models involved setting boundary conditions on the top of the
flooring system to simulate air currents while the heat was being introduced to the systems through the
piping network. Both were simulated as convective currents. The heating conditions within the pipes
were set at a temperature of 50°C (Sattari, 2006; Song, 2005) while active and were applied in pulses of
heated water for 15 minutes, released for 5 minutes, and then the cycle repeats. This pulsing condition
was used to better test each flooring design for how much time was necessary to bring the design to
optimum temperature and to gauge its reaction during varied heat fluxes.

The heated water was given a time-dependent convective coefficient that would simulate the pulses of
the pumping action during the 15-minute interval of its activation. After the 15-minute pulse was
ended, the convective property was effectively reduced to zero to indicate that the water was still.
After the 5-minute recharge period, the convective coefficient regained its original intensity. These
cycles would repeat three times for the length of 1 hour and then a cool down period of an extra hour
with the heating deactivated.

The freestanding air convection was considered constant and would not vary over time. The thermal
interaction on the surface of the floor had to be generalized due to the nature of the unpredictability of
surface’s conditions. Air currents, interior and exterior walls, furniture, human activity, natural and
artificial lighting, and appliance activity can all affect the transfer of heat from the heating system into
the space. The external interactions were chosen to represent a lower means of influence by only
simulating convection due to freestanding air. It was noted that this is a liberal assumption and a real
scenario would be predicted to extract more heat from the floor system. The tests that the flooring
systems would be compared upon in this study would be mostly independent of external interactions
and would rather be a judgment of the internal thermal interaction within the cross section.

Determining how uniformly heat was distributed across the surface was gauged by comparing the
temperature of two particular nodes on the surface of the cross section. The nodes on the surface
directly above the pipe (the top point) and at the midpoint between pipes (the midpoint) were
compared for difference in temperature. The lower the difference between the nodal temperatures
would rank a design for how well it would distribute heat along the surface, creating better uniform
heating and preventing hotspots. This will also measure a system’s effectiveness at heating a space and
using less energy by means of using a tandem thermostat sensory system to measure the temperature
in the slab as well as the air in the space (Cho, 1999).



Four node quadrilaterals were the meshing of choice for the solid materials due to their relative
accuracy for the amount of nodes required (Ho, 1995). Meshing was given a general density of 0.5
millimeters but reduced significantly surrounding the pipe openings in the cross section for accuracy.
Two node boundary elements were used for the convection elements on both the surface of the floor

and the pipe openings.

The methods of floor construction that were modeled in this study are summarized in Figures 3a-e.
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Figure 3b: Sheathing and Joists with Aluminum Trough
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Figure 3c: Sheathing and Joists with Mortar Bed and Tile
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Figure 3d: Sheathing and Joists with Mortar Bed and Hardwood Finish floor
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Figure 3e: Sheathing and Joists with Mortar Bed, SSPCM, and Finish floor supported by wooden lathe

The following properties in Table 1 were given to the materials:

Table 1 — Material Properties

Heat Conduction, k = (W/mK) Heat Capacity, ¢ = J/((m”"3)K) Latent Heat Capacity, L =J/m”3
Concrete 1.7 1,950,000 -
Wood 0.15 222,600 -
SSPCM 0.25 1,715,000 156,000,000
Insulation 0.04 325,000 -
Tile 2.5 2,250,000 -
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FIGURE 4: Finite Element Model of SSPCM design

Results

The model results revealed several patterns that were compared using the temperature data from the
two surface nodes. These relationships were:

1. The difference in temperature between the top point (TP) and the midpoint (MP)
2. The time that the mean temperature (average of TP and MP) reached the optimal heating range
3. The rate of cooling at floor surface (Starting at t=4500 sec)

Difference in Temperature

By evaluating the temperature predictions at the TP and MP, a relationship was made between the
vertical distributions of the pipe network in the slab to the localized surface temperatures. As the
network was placed further towards the bottom of the slab, the surface temperature differences from
the span of the two points was reduced, diminishing the hotspot effect. The closer the network was
placed to the surface of the floor, the greater the difference.

Another factor that played an effect on the difference of surface temperature was the horizontal
spacing of the piping. Although the pattern of temperature difference remained the same for those
models of the similar construction, the value of the temperature difference was amplified. However the
amount of time necessary to achieve approximate temperature uniformity was about the same (Figure 5
through 7).

Along with the temperature difference between systems, a relative pattern formed due to the type of
materials that were used within each model. In the case of materials with a higher thermal conduction



factor, such as the concrete and tile, the temperature degradation after the heating supply was

removed were much steeper (Figure 8). However, these systems did delivered heat very quickly to the

surface environment. The other models that involved wood, SSPCM, or insulation had much shallower

temperature degradation after the heated water was shut off, causing the heat to transfer slower to the

surface environment (Figure 9 through 11).

Similar patterns appeared on the joist and wooden sheathing models. It was apparent where the heat

had been turned off however the temperature spikes were less exaggerated, indicating a more uniform

heating distribution across the cross section. This is explained by the wood having a smaller thermal

conduction coefficient. This slows the heat transfer along the interface between the concrete and wood

and causes the temperature contours to flatten as they reach the surface.

The floor construction with the most noteworthy performance predictions is the design with the SSPCM

plates. This is the only scenario where the temperature difference continues to rise after the heating

has been shut off. This can be explained by the SSPCM as it releases its latent energy as the internal

system cools. This effect creates a thermal buffer to protect the surface from unregulated and sudden

heat loss.
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FIGURE 8: Difference between top point (TP) and midpoint (MP) of floor cross section. Typical Joist Construction-“)” represents joist
construction, “tile” denotes surface material, and number indicates horizontal spacing of pipe in mm.
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FIGURE 10: Difference between top point (TP) and midpoint (MP) of floor cross section. Typical Joist Construction with aluminum trough
between joists-“rad” represents radiation as means of heat flux, number indicates amount of pipes accounted for within each trough.
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FIGURE 11: Difference between top point (TP) and midpoint (MP) of floor cross section. Typical Joist Construction with PCM under finish floor-
“J” represents joist construction, “PCM” denotes PCM is used under finish floor, number indicates horizontal spacing of pipe in mm.

As expected, insulation plays little effect in decreasing the effects of hotspots in a traditional slab on
grade assembly. This is because the heat transfers upwards from the pipe uniformly whether or not
there is insulation along the bottom. Insulation plays a great effect on increasing the overall
temperature by buffering the slab from the ground. If the aim is to reduce the hotspot effect then a
closer and lower spacing of pipe within the slab is encouraged. A wooden covering performs well to
insulate and level the heating contours out across the surface as the optimum temperature reaches the
surface. The SSPCM design further extends the contour leveling action.

Target Heating Time

Each system required a different amount of time for the surface to reach the target heating
temperature. Those systems with materials that possess a larger heat conduction coefficient were able
to transfer heat to the surface quicker than those systems with materials having lower heat conduction
coefficients. It was found that several systems did not require all three cycles of heating because the



mean temperature had already reached the comfort boundaries. Ideally, the heating system would be
shut off at that moment and would not activate again until the slab temperature dipped below the
optimum heating temperature.

Several systems did not reach the target heating temperature. Some systems, such as the aluminum
trough design, did not produce the amount of heat necessary to heat the material to the preferred level.
The other systems, notably the SSPCM design, internalized more energy than it released. Despite the
fact that each system received the same amount of energy as the other systems, the SSPCM’s storage
capacity for energy was significantly larger than the other systems. Rather than the applied thermal
energy diffusing to the surface for heating use, the energy was stored for later use. Although this
property provides great advantage for the SSPCM design, it falls short it its ability to quickly transfer
heat to the surface as readily as the other designs. Ideally, a SSPCM should have large latent heat
capacity with high thermal conductance, yet the SSPCM modeled (paraffin) has a relatively low thermal
conductance.

The following Table 2 lists the system and the time necessary it took to reach the mean target heating
temperature (28°C (81°F)) if it was reached at all during the cycling heating process. The designs were
ranked by the speed in which the mean surface temperature reached optimum heating levels. Those

that did not make the desired level do not have a time value.

Table 2:
Time necessary to reach Optimum Heating Temperature for systems (see figures 5-11 for name representation)
Horz. Spac. Vert. Spac. Time Max Temp
Type # of Pipe (mm) (mm) Insulation? Name (sec) (deg C) Rank
SOG - 100 37.5 no 100_375 1000 39.922 2
SOG - 100 37.5 yes 100_375_i 1000 39.8195 2
SOG - 100 50 no 100_50 1840 37.045 6
SOG - 100 50 yes 100_50_i 1840 36.861 6
SOG - 100 75 no 100_75 3300 31.583 16
SOG - 100 75 yes 100_75_i 3340 32.168 17
SOG - 150 37.5 no 150_375 1940 32.6765 8
SOG - 150 37.5 yes 150_375_i 1940 32.583 8
SOG - 150 50 no 150_50 2970 29.9205 12
SOG - 150 50 yes 150_50_i 2990 29.733 13
SOG - 150 75 no 150_75 - 26.1665 20
SOG - 150 75 yes 150_75_i - 26.0565 21
SOG - 200 37.5 no 200_375 3040 28.3535 14
SOG - 200 37.5 yes 200_375_i 3060 28.28 15
SOG - 200 50 no 200_50 - 23.1925 24
SOG - 200 50 yes 200_50_i - 23.079 25
SOG - 200 75 no 200_75 - 22.6915 26
SOG - 200 75 yes 200_75_i - 22.613 27
Trough 1 - - no RAD_1_pipe - 12.0805 30
Trough 2 - - no RAD_2_pipe - 14.6065 29




Trough 3 - - no RAD_3_pipe - 16.989 23
Sheathing - - - no J_100 2840 32.2065 11
Sheathing - - - no J_150 2140 30.983 10
Sheathing - - - no J_200 - 26.895 19

Tile - - - no J_tile_100 610 44.248 1
Tile - - - no J_tile_150 1360 37.353 4
Tile - - - no J_tile_200 1800 32.261 5
PCM - - - no J_PCM_100 3440 30.929 18
PCM - - - no J_PCM_150 - 25.8905 22
PCM - - - no J_PCM_200 - 21.673 28

From the model results, patterns show that designs with a closer pipe spacing (100 mm) all reached the
benchmark for the desired heating level under the same loading scenario. Larger spacing of piping (150
mm, 200 mm) as well as systems possessing materials with lower thermal conductivities and high
storage capacities did not all reach the desired temperature level.

Designs that use more materials with lower thermal conductivity would require the use of a predictive
activation system for its use to be of greater benefit. If a system could be activated earlier before its
initial use by the occupant, then the system would reach the optimum heating level at the time that the
user will begin use of the space.

Heat Dissipation over Time

As the systems are removed from the supply heat, the energy stored in the materials comes into play.
The more thermal energy that can be stored, the less cycling of the supply source is needed.

Two particular temperatures at set times were gathered from each model to generalize the decay of
temperature gradient over time from a system after the system was deactivated. Every system
displayed a near linear change of temperature starting at 4500 sec and continued to the end of the
analysis. These trend lines were calculated and superimposed over the graph of the mean temperature
readings from time 4500 to 7200 sec. The time duration of 2700 sec was set as a unit length of time to
decipher the slope of each of the trend lines. By finding a unit slope for each system, every system
could be compared to one another during the same period of its heating cycle to show which systems
could retain and transfer heat better. These comparisons can be seen in Figures 12 and 13.

Some systems did not hold heat well, discharged quickly, and required more frequent intervention from
the supply heat. These systems were found to be the systems with materials with large conduction
coefficients. As well as the material properties, the vertical spacing between the heat supply and the
floor surface influences the rate of heat loss. The closer a heat supply is to the free surface, the less
material between the surfaces to contain heat. This scenario was noticed in several slab-on-grade
designs as well as the tile design. The further the heating supply is from the surface allows for a greater
mass of material to store energy heat is transferred off of the top surface. This scenario was witnessed



best with the slab on grade design possessing a pipe network with a vertical spacing from the top of the
slab greater than the centroid of the slab.
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200_75_i, 0.559
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200_75, 0.373
150_75, 0.202
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FIGURE 12: Relative Change in Temperature on Surface after Heating is Deactivated (See Figures 5-11 for notation)
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FIGURE 13: Relative Change in Temperature on Surface after Heating is Deactivated (See Figures 5-11 for notation)



Any system that involved some sort of insulating material near the top surface of the cross section did
better by comparison than other systems without. The joist systems with a layer of subflooring or
sheathing as the top surface acted well at retaining heat and slowing its retreat out of the system while
better retaining a preferable temperature. The designs that included SSPCM, along with a layer of
wooden flooring on the surface did well to facilitate the entrapment of heat and to continue to supply
heat even when the supply has been deactivated.

Discussion

By analyzing the different construction types under the separate tests presented above, several
conclusions can be inferred about each type.

Radiation Trough

The radiation design works well for construction purposes. The system can be installed without adding
excessive extra weight to an existing system, allowing it to be one of the more versatile designs. For its
ease of installation however the performance does not measure up. After given a full heating supply
cycle, none of the variants of the design made it to the optimal heating temperature, nor did it retain
what heat it gained. The variance of temperature performance along its surface was average compared
to the other systems but without being able to reach optimum heating temperature, the variance of
temperature did little to add heat to the space in a reasonable time frame. The radiation method is a
wise means of capturing otherwise lost heat, but as a main source of heat for a flooring system, it falls
short of the other systems in its ability to bring the heating system up to temperature within the
timeframe of the other systems.

Tile Finish

The joist and tile finish design’s best attribute is its ability to respond quickly to user input. The amount
of time necessary for the system to heat up was unmatched — as little as only 10 minutes. This comes
with the disadvantages of requiring heat more often from the heat supply and its inability to distribute
heat evenly over the surface of the floor causing severe hotspots. If a system like this were to be
installed, closer pipe spacing would be required due to this design’s inability to distribute heat uniformly
over its surface. This would require more piping material as well as energy to supply the piping with
heat and to pump the fluid.

Slab on Grade

The slab on grade was the most widely researched design in this study. With many different layouts, it
became clear which layouts performed most advantageously. Slab on grade designs are similar to the
tile design in regards to its ability to transfer heat to the surface. However, the opportunity gained with
the slab on grade design is the ability to place the heating supply pipes at various locations, therefore
placed to optimize the magnitude of positive effects. The hotspot and thermal variability issue can be
resolved by placing the piping network lower in the slab to give a greater volume for the heat to
disperse through before it reaches the surface of the floor. Reaction time to reach the optimal



temperature can be accounted for by laying pipe closer together horizontally and closer to the surface
vertically. It could even be devised that the network of pipe could vary and stagger location, or even
two networks could be interlaid to combine the positive effects. This would have to be explored in
future research. Insulation is a wise introduction to a slab on grade design because the heat distribution
is more uniform the lower the piping network is placed in the slab. The main effects of the insulation
are seen from the ability to keep the slab protected from the cooler effects of the ground, and raising
the overall temperature while having little effect on the surface temperature variance.

Disadvantages introduced include the structural requirements the design has on an existing project and
its inability to maintain an optimum surface heating temperature. The amount of thermal massing
required to maintain the target level of heating quickly adds up to more than a simple retrofit solution.
This system contributes considerable dead weight to a structural design and many homes cannot
accommodate this system other than on the ground floor. If the system is to be applied to suspended
levels, a thinner slab will be required to meet structural capabilities of an existing floor thereby losing
the advantage of positioning piping in optimal heights within the slab height.

Like other systems with lower conduction coefficients, the heat transfers out of the system rather
quickly and therefore requiring a greater heat supply to charge the system. This characteristic of slab-
on-grade design is shown by the decrease of temperature after the heating system has been shut off
(Figure 12).

Wooden finish

These systems performed well in several regards. Although the surface temperature did not reach the
optimal heating temperature as quickly as other systems, the construction of wooden finish and
subfloor sheathing sandwiching the encapsulated pipe layer provided thermal buffering and helped
regulate heat loss. The thermal buffering created a more uniform distribution of heat on the surface of
the floor. Hotspots and surface differentiation were reduced during the heat dispersion through the
wood providing a more uniform surface temperature. Systems with these construction attributes also
showed a lower rate of heat loss after the system had been deactivated offering opportunities for a
lower recharge demand.

This system also works well for retrofit solutions as well. The loading on the existing structural system is
less than that of a tile finish option and it retains heat longer, reducing energy costs by requiring less
heating recharge. Although the system will respond slower to heating demands, an integrated
activation system will be able to charge the system to bring the system up to temperature before the
use of the space.

Phase Change Material buffer layer

The SSPCM system provided some of the most interesting results. It was one of the slower systems to
charge due to the nature of providing adequate energy to the SSPCM to fully melt the material. Some of
the designs of the system did not reach the target heating temperature showing that a significant input



of heat is necessary to bring the system up to the required level. But as soon as the level of heat had
been obtained, the benefits the system provides become apparent.

A uniform and stable surface temperature is provided by the system with smaller surface differences
than the other systems. The hotspot effect is reduced significantly in contrast with the other systems, in
some cases by a factor of 2 during the greatest difference in temperature with similar pipe space (Figure
8 & Figure 11). After the heating system has been deactivated, the heat gained by the latent heat
capacity of the SSPCM becomes a new source of heat and releases the energy gained to the surface of
the floor system as it cools. This adds to the buffer effect because even though there is a flux of energy
from phase change, the surrounding temperature remains stable with small deviation (Figure 13).

Future Recommendations

Wooden materials can contribute a powerful means of buffering heat within a thermal mass during the
heating process. If a wooden composite material could be manufactured to sandwich thermal massing,
or even be the thermal massing itself provided it can allow for the heated pipe to run through it, the
gentle transfer of heat through the floor system would be employed.

A disadvantage of wooden materials is the relatively low thermal storage capacity. A combination of
materials could overcome this deficiency, where the thermal massing material (concrete or mortar)
would store the heat and the wood would allow for its slow release out of the system. Tile would not be
a wise finish material unless a layer of wood or insulating material was to buffer the heat release from
the thermal massing concrete or mortar because the tile would allow the heat to escape too quickly.

Shape-Stabilized Phase Change Materials would be an excellent addition to a radiant floor heating
system for greatly increasing the amount of thermal storage in a system without adding excessive
weight. Placing a layer of SSPCM before the surface layer would act as a thermal buffer to allow heat
transfer at relatively constant temperature gradient. The internal temperatures below the SSPCM may
have greater range than those above, but the SSPCM will act as the distribution and supply heat for the
surface rather than the piping network directly. This greatly increases uniformity and comfort. A
monitoring system will be necessary within the slab to indicate when the heat supply needs to reactive.
This is due to the fact that if the monitoring system were completely external to the system, by the time
the monitor is tripped to initiate heating, the amount of time necessary to reheat the system will cause
an uncomfortable environment and unnecessary energy inefficiency. Having multiple stages of sensors
at different layers of the slab will prove valuable to the performance of the system’s energy efficiency.

Selecting the best SSPCM for the design will involve finding a SSPCM that possesses a melt temperature
close or within the bounds of the optimum heating range. Having known the boundaries under ideal
conditions (24°C - 32°C), it will be important to find the temperature for actual conditions.

Materials that transfer and store heat well will prove important to developing a design to suit thermal
needs but structural properties need to be considered as well. As the system heats and expands, it will
experience non-uniform stress along the cross section. From the aesthetics perspective, if the radiant
floor heating system is directly exposed to the surface of the space and it undergoes cracking due to



heat expansion, it will have failed. Finding a heat range for material aesthetics will be important when
selecting materials and how to incorporate them into the design.

Summary and Conclusions

Radiant floor heating has shown to be an effective means of delivering heat to an environment that
promotes health benefits and energy efficiency. From the simulations, it was found that

1. Designs that featured surface materials with larger heat conduction coefficients warmed the
floor surface much quicker than those systems with smaller coefficients. This came at a price by
having less surface temperature uniformity and quicker heat loss after system deactivation.

2. Designs featuring surface materials with lower heat conductive coefficients required longer
lengths of time with the heating system on to reach the target heating range. However, when
the heating system was deactivated, the surface temperature remained stable for longer. Heat
variances were minimized when contrasted to the other heating designs.

3. The design with SSPCM included was found to support the best reduction of surface
temperature variance and after the heating system was deactivated, the design possessed the
slowest degradation of surface temperature. Although it did require more time to reach the
target temperature, the surface temperatures were the most uniform of any of the systems
modeled.

The value of using modeling as a tool to discover innovative designs was demonstrated. By running
simulations of current and future radiant floor heating designs, cross sections can be optimized for
heating uniformity and energy storage. Current wooden materials have important attributes that can
benefit radiant floor heating systems. Combining wood with a material with a higher heat capacity, such
as concrete or mortar, can significantly increase the floor’s ability to warm a space by controlling the
release of the generated heat.

By introducing a SSPCM into the floor design, the effects of introducing wooden materials is added upon
and the overall heating storage amplifies. This study demonstrated possibilities for introducing thermal
storage capacities into a built environment that do not necessary require heavy thermal massing which
increases the overall structural demand. Opportunities are available that provide the necessary comfort
appear to be technically feasible.
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Appendix A (Calculations)

Equation A-1: Latent Heat Accommodation in ADINA

Energy _ J

Heat Capacity = - =0
VolumexUnit Temperature 1m3°K

Energy _ ]
m3

E ,
Latent Heat = ——9% « Density =
Volume

+L3*°K‘1= J

Heat Capacity + Latent Heat per 1 degree =
pacity P 8 m3°K m m3°K

Table A-1: Radiation Calculations with use of Excel
W = eo(TF — THA

This is the general equation for finding the amount of energy is emitted by a heated body. For the
purposes of modeling the heat emitted in the ADINA models, these tables were created. It assumes
that:

1. Half of the energy emitted initially goes to the wood and half goes to the trough
2. All energy is either absorbed by the material or reflected back toward the other surface
3. The air does not gain any heat within the trough

It is important to note that the table needed to be run twice: once for the heated pipe radiation at full
temperature (323°K) and once heated pipe radiation at “normal” temperature (298°K). These two
calculations needed to be done so the model would accurately portray the effects when the system was
shut off. It is important to note that the material surrounding the trough would increase in temperature
over time because it was absorbing more energy, causing the heat flux to diminish. This was neglected
for the simplicity of the model and to show that even though a liberal assumption that extra heat was
gained, the model still did not heat has hoped to reach the optimum temperature range. These fluxes
were applied using the same time function that represented the convection coefficients for the water.

3 pipe per trough example (323°K):

Emissivity Stefan- T
(Cu) Boltzmann T (body) (surroundings) Area # of pipe Heat flux 1/2 of heat
087 |  5.67E-08 | 323 | 283 0.0628 3 | 41.54723354 | 2077361677
Energy Energy Energy Energy Energy Energy
Available Absorbtivity Absorbed Reflected Available Absorbtivity Absorbed Reflected
20.77361677 0.65 13.5028509 7.27076587 28.04438264 0.09 2.523994438 25.5203882
25.5203882 0.65 16.58825233 8.932135871 8.932135871 0.09 0.803892228 8.128243643
8.128243643 0.65 5.283358368 2.844885275 2.844885275 0.09 0.256039675 2.5888456
2.5888456 0.65 1.68274964 0.90609596 0.90609596 0.09 | 0.081548636 | 0.824547324
0.824547324 0.65 0.53595576 0.288591563 0.288591563 0.09 0.025973241 0.262618323
0.262618323 0.65 0.17070191 0.091916413 0.091916413 0.09 0.008272477 0.083643936




0.083643936 0.65 0.054368558 0.029275378 0.029275378 0.09 0.002634784 0.026640594
0.026640594 0.65 0.017316386 0.009324208 0.009324208 0.09 0.000839179 0.008485029
0.008485029 0.65 0.005515269 0.00296976 0.00296976 0.09 0.000267278 0.002702482
0.002702482 0.65 0.001756613 0.000945869 0.000945869 0.09 8.51282E-05 0.00086074
0.00086074 0.65 0.000559481 0.000301259 0.000301259 0.09 2.71133E-05 0.000274146
0.000274146 0.65 0.000178195 9.5951E-05 9.5951E-05 0.09 8.63559E-06 8.73154E-05
8.73154E-05 0.65 5.6755E-05 3.05604E-05 3.05604E-05 0.09 2.75044E-06 2.781E-05
2.781E-05 0.65 1.80765E-05 9.73349E-06 9.73349E-06 0.09 8.76014E-07 8.85748E-06
8.85748E-06 0.65 5.75736E-06 3.10012E-06 3.10012E-06 0.09 2.7901E-07 2.82111E-06
2.82111E-06 0.65 1.83372E-06 9.87387E-07 9.87387E-07 0.09 8.88648E-08 8.98522E-07
8.98522E-07 0.65 5.84039E-07 3.14483E-07 3.14483E-07 0.09 2.83035E-08 2.86179E-07
2.86179E-07 0.65 1.86017E-07 1.00163E-07 1.00163E-07 0.09 9.01465E-09 9.11481E-08
9.11481E-08 0.65 5.92463E-08 3.19018E-08 3.19018E-08 0.09 2.87117E-09 2.90307E-08
Total Energy/sec Absorbed by wood: Total Energy/sec Absorbed by trough:
Area over Heat applied 036 m~2 Area over Heat applied 0.36 m"2
Heat Flux on Area Heat Flux on Area
3 pipe per trough example (298°K):
Emissivity Stefan- T
(Cu) Boltzmann T (body) (surroundings) Area # of pipe Heat flux 1/2 of heat
087 | 567608 | 298 | 283 0.0628 3 | 13.67997266 | 6.839986329
Energy Energy Energy Energy Energy Energy
Available Absorbtivity Absorbed Reflected Available Absorbtivity Absorbed Reflected
6.839986329 0.65 4.445991114 2.393995215 9.233981544 0.09 0.831058339 8.402923205
8.402923205 0.65 5.461900083 2.941023122 2.941023122 0.09 0.264692081 2.676331041
2.676331041 0.65 1.739615177 0.936715864 0.936715864 0.09 0.084304428 0.852411437
0.852411437 0.65 0.554067434 0.298344003 0.298344003 0.09 0.02685096 0.271493043
0.271493043 0.65 0.176470478 0.095022565 0.095022565 0.09 0.008552031 0.086470534
0.086470534 0.65 0.056205847 0.030264687 0.030264687 0.09 0.002723822 0.027540865
0.027540865 0.65 0.017901562 0.009639303 0.009639303 0.09 0.000867537 0.008771766
0.008771766 0.65 0.005701648 0.003070118 0.003070118 0.09 0.000276311 0.002793807
0.002793807 0.65 0.001815975 0.000977833 0.000977833 0.09 8.80049E-05 0.000889828
0.000889828 0.65 0.000578388 0.00031144 0.00031144 0.09 2.80296E-05 0.00028341
0.00028341 0.65 0.000184217 9.91935E-05 9.91935E-05 0.09 8.92742E-06 9.02661E-05
9.02661E-05 0.65 5.8673E-05 3.15931E-05 3.15931E-05 0.09 2.84338E-06 2.87498E-05
2.87498E-05 0.65 1.86873E-05 1.00624E-05 1.00624E-05 0.09 9.05617E-07 9.1568E-06
9.1568E-06 0.65 5.95192E-06 3.20488E-06 3.20488E-06 0.09 2.88439E-07 2.91644E-06
2.91644E-06 0.65 1.89569E-06 1.02075E-06 1.02075E-06 0.09 9.18679E-08 9.28886E-07
9.28886E-07 0.65 6.03776E-07 3.2511E-07 3.2511E-07 0.09 2.92599E-08 2.9585E-07
2.9585E-07 0.65 1.92303E-07 1.03548E-07 1.03548E-07 0.09 9.31928E-09 9.42283E-08
9.42283E-08 0.65 6.12484E-08 3.29799E-08 3.29799E-08 0.09 2.96819E-09 3.00117E-08
3.00117E-08 0.65 1.95076E-08 1.05041E-08 1.05041E-08 0.09 9.45369E-10 9.55873E-09

Total Energy/sec Absorbed by wood:

12.46051801

0.36

34.61255002

Area over Heat applied

Heat Flux on Area

m~2

Total Energy/sec Absorbed by trough:

1.219454642

0.36

3.387374006

Area over Heat applied

Heat Flux on Area

mA"2




Appendix B - Reference Summary

S.Sattari, (2006), A parametric study on radiant floor heating system performance, Renewable Energy,
V.31 pg.1617-1626

Another way of testing radiant floor heating’s ability to transfer heat is by developing a finite element
model. Modeling a two-dimensional radiant floor heating system is the aim of the study. This reference
will be of great help because it outlines very specifically the materials, initial as well as boundary
conditions, and the necessary mathematical equations that are involved in the model which will be
compared with in this study. However, the difference with this model is that there is no phase change
materials introduced and the system is initiated from start (t=0) instead of a diurnal analysis, which
fluctuates as the day progresses.

This study does prove helpful because it conducted many trials and varied certain conditions, such as
the pipe diameter, material, thickness of the floor material above the piping network, the floor type, and
the frequency of pipes along the flooring system. The study reports which attributes created the
greatest change in heat transfer and will be helpful to eliminate potentially limiting designs and guide
developing efficient models with a combination of advantageous attributes.

N.A. Neeper, (2000), Thermal Dynamics of Wallboard with Latent Heat Storage, Solar Energy, V.68
pg.393-403

Understanding the necessary physical and engineering constructs of heat transfer is important to the
study of radiant floor heating. This study explores the mathematical modeling of wallboard with infused
phase change materials. Specifically, the study explains the steps in developing time lag effects of heat
gain and exchange with other materials and the room. By developing a mathematical modeling system,
several trials were conducted producing results for different effects. By comparing the models with the
phase change material infused wallboard to the models without, a direct correlation can be made
between the models, outlining the benefits of thermal stability by installing the wallboard.

S.Y. Ho, (1995), Simulation of the dynamic behavior of a hydronic floor heating system, Heat Recovery
Systems & CHP, V.15, pg 505-519

Developing a finite element model will be a careful procedure and this study goes to describe the
changes that were made in the defining of elemental meshing in the model instead of varying the
radiant floor heating system’s network for potential benefits. The model was chosen as a typical
residential construction scheme, boundary conditions as well as initial conditions, and material selection
are discussed. As well as how the temperature varies through the system.



A. Khudhair, (2004), A review on energy conservation in building applications with thermal storage by
latent heat using phase change materials, Energy Conservation and Management, V.45, pg 268-275

Applying phase change materials into the radiant floor heating system will require a complete inquiry
into what construction materials have been used already and their effects of transferring and storing
latent heat. Although this study is more of a general review of the benefits of radiant floor heating and
phase change material applications, it has a strong listing of references that have all completed
thorough investigations of a particular application of latent heat storage systems.

M. Farid, (2004), A review on phase change energy storage: materials and applications, Energy
Conservation and Management, V.45, pg 1597-1615

This study has a complete listing of phase change materials that can be used for common practice as
well as tables of technical data for these materials. Within the data the different compounds of phase
change materials are separated by inorganic, organic, and commercial paraffin wax. Their properties
can be evaluated side by side and compounds can be chosen for their latent heat potential and melting
points depending on the application of the materials. If further research is conducted or discovered,
perhaps an environmental focus on the different compounds could be discovered and documented.

As well as providing a general introduction of building applications for phase change materials, the
process of impregnating the material into common building materials is also discussed.

Y.P. Zhang, (2006), Preparation, thermal performance and application of shape-stabilized phase change
materials in energy efficient buildings, Energy and Buildings, V.38, pg 1262-1269

A physical experimental room was constructed for this study using strategically placed phase change
material encapsulated in plates beneath the flooring system to provide a comfortable heating scenario.
They are clear in their construction type, method, and results for different external temperatures as well
as with the absence and presence of the phase change material plates. Several other discoveries were
made about the most efficient way to transfer heat to the plates and how to increase the efficiency of
delivering that heat to the needed living space over a diurnal time period. Such characteristics include
plate thickness, air gap presence, flooring material, and the preferred conductivity of the phase change
materials.

G. Song, (2005), Buttock responses to contact with finishing materials over the ONDOL floor heating
system in Korea, Energy and Buildings, V.37,65-75

Understanding the effects on the human body by radiant floor heating will be important because the
system that is derived must be able to satisfy the client of the system in all aspects of what it can



provide. The study built an experimental room with a radiant floor heating system and brought people
to be subjects to test the floors ability to warm them. Subject varied in a multitude of characteristics to
develop a broad range of results and conclusions. By changing the flooring cover and input
temperature, the subjects were asked to respond to their comfort level. From the subject remarks on
the combination of characteristics, the better combinations were revealed.

S.H. Cho, (1999), An experimental Study of Multiple Parameter Switching Control for Radiant Floor
Heating Systems, Energy, V.24, 433-444

Compared to conventional heating systems, radiant floor heating methods have shown to reliably
deliver a better distribution of heating to a space. Studies have gone further to make radiant floor
heating systems even more efficient. This study works on the sensory equipment that informs the
system to activate and by how much. Most systems rely on the temperature gage within the room,
while this study adds a sensor in the slab itself to check the slab temperature. The hypothesis was to
discover if by increasing the system’s sensory with a switching algorithm would decrease the amount of
energy used to heat a space. The algorithm would check for an acceptable range for air temperature as
well as slab temperature. If any parameters fell outside of the designated limits, the system would react
to correct the situation.

It was found that the two parameter switching control allowed for a better management of energy and
reduced the amount of time and energy the system needed to regain the designated parameters.

M. Zaheer-Uddin, (1997), Optimal Operation of an Embedded Piping Floor Heating System with Control
Input Constraints, Energy Conservation Management, V.38, 713-725

Using a traditional ONDOL radiant flooring system and a conventional boiler supply, every aspect of the
system was mathematically modeled. Given certain expected boundary conditions such as outdoor and
indoor air temperature, the optimal characteristics of a design layout could be determined. Such
characteristics include length of pipe, loops of piping, distance from boiler to room, water temperature,
and time heating would remain active. Although the mathematical modeling allowed for several
assumptions, the model was extremely thorough and could be used to model any other system that
would be developed.

D. Song, (2008), Performance Evaluation of a Radiant Floor Cooling System Integrated with Dehumidified
Ventilation, Applied Thermal Engineering, V.28, 1299-1311

Traditionally, radiant floor systems have been used to heat occupied spaces but this study investigated
the ability of the same system to cool a space. Foreseeing the issue of condensation due to humidity
upon the cooled surfaces, a dehumidifier system is proposed to reduce the condensation and the



damage it could cause to surface coverings. The experiments conducted compared the cooling system
with and without the humidification system. It was found that the dehumidification system helped two
fold by eliminating condensation by lowering the dew point and by circulating the air in the room
infiltrating areas with cool air.

S.H. Cho, (2003), Predictive Control of Intermittently Operated Radiant Floor Heating Systems, Energy
Conservation and Management, V.44, 1333-1342

In determining better ways to make radiant floor heating more efficient, this study investigates the
timing of heating cycles and to find more effective ways of scheduling heating cycles. Traditionally,
when outdoor temperatures reach certain level, the heating system is encouraged to turn on for
specified lengths of time during strategic times of the day specified by people’s activity. Although the
conventional heating cycles are effective, they can be more efficient given the conditions of the day.
The study proposes a mathematical model for timing the heating cycles’ length and position in the day
determined by the high and low temperatures and their occurrences during the day. By downloading
the information from metrological data from years past and current data, the investigation put the
model to the test and was able to reduce energy consumption up to 20% from the conventional heating
cycles.

R. D. Woodson, (1999), Complete Construction, Radiant Floor Heating, McGraw-Hill Publishing, ISBN O-
07134786-0

For the eyes and minds of the contractor, this book features in depth construction methods and details
that help the novice understand the working of radiant floor heating and how to construct it properly.
Many of the designs of floors were found and confirmed from this literature. Potential health benefits
and cost savings were also discussed and compared with other conventional heating systems used
already. Potential pitfalls and errors to be avoided were shown and were able to guide the
development of the models.

D.B. Crawley, (2005), Contrasting the Capabilities of Building Energy Performance Simulation Programs,
Building and Environment, V.43, 661-673

This study is a thorough investigation into energy performance software. By setting specific objectives
that a designer of a building or space would want to model, each software package is analyzed for its
capability and accuracy on a particular topic. Each system is given an overview and general performance
recommendations are included.



Appendix C — Model Title Guide

Horizontal Vertical
Spacing of Spacing of Pipes per Surface

Name Pipe Pipe trough Insulation? Material SSPCM?
100_375 100 mm 37.5mm - no SOG no
100_375_i 100 mm 37.5mm - yes SOG no
100_50 100 mm 50 mm - no SOG no
100_50_i 100 mm 50 mm - yes SOG no
100_75 100 mm 75 mm - no SOG no
100_75_i 100 mm 75 mm - yes SOG no
150_375 150 mm 37.5mm - no SOG no
150 _375_i 150 mm 37.5mm - yes SOG no
150_50 150 mm 50 mm - no SOG no
150_50_i 150 mm 50 mm - yes SOG no
150_75 150 mm 75 mm - no SOG no
150_75_i 150 mm 75 mm - yes SOG no
200_375 200 mm 37.5mm - no SOG no
200_375_i 200 mm 37.5mm - yes SOG no
200_50 200 mm 50 mm - no SOG no
200_50_i 200 mm 50 mm - yes SOG no
200_75 200 mm 75 mm - no SOG no
200_75_i 200 mm 75 mm - yes SOG no
1_pipe_rad - - 1 no plywood no
2 _pipe_rad - - 2 no plywood no
3_pipe_rad - - 3 no plywood no
J_ 100 100 mm centroid - no plywood no
J_150 150 mm centroid - no plywood no
J 200 200 mm centroid - no plywood no
J_tile_100 100 mm centroid - no tile no
J_tile_150 150 mm centroid - no tile no
J_tile_200 200 mm centroid - no tile no
J_SSPCM_100 100 mm centroid - no plywood yes
J_SSPCM_150 150 mm centroid - no plywood yes
J_SSPCM_200 200 mm centroid - no plywood yes




