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Abstract
With rising energy consumption for heating and cooling, there’s a need to explore alternative technologies like floor heating systems
(FHS). FHS offers cost-effectiveness, energy efficiency, and enhanced thermal comfort. This research focuses on a hydronic
radiant underfloor heating system (RFHS) that employs water as a heat transfer medium for efficient heating in buildings. This
study investigates the impact of bend radius and effect of inlet pipe position on temperature distribution across the floor surface for
varying mass flow rates. The offset serpentine layout exhibited a larger temperature drop on the floor surface compared to the
counterflow layout. A comparison of the two layouts revealed that the counterflow layout had lower pressure gradient and turbulent
kinetic energy. The temperature near the bend region was influenced by the bend radius. Increasing the bend radius from 2mm to
30mm led to an increase in the temperature near the bend, while for bend radii above 40mm, the temperature near the bend region
subsequently starts to decrease slightly. Altering inlet position in the counterflow layout, slightly elevated outlet temperature and
overall floor temperature. This study contributes design guidelines for efficient FHS implementation.
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1. Introduction

Worldwide individuals and industries have enormous energy
demand to power their homes, offices and to operate factories
that produce substantial economic output. The buildings
sector is a leading energy consumer which accounts for about
40% of the global energy consumption and contributes over
30% of the CO2 emissions [1]. Despite the prevailing global
energy crisis, a large amount of energy is consumed annually
to maintain thermal comfort within buildings [2]. Maintaining
this standard of thermal comfort for occupants of buildings or
other enclosures is one of the important goals for HVAC
design engineers. About 10% of energy consumption at the
household level in Nepal is used for the heating and cooling
sector [3]. Hydronic RFHS work by circulating warm water
through a network of pipes installed beneath the floor surface.
These systems utilize the principle of radiant heat transfer,
where heat is emitted from a network of pipes or electric
heating elements installed beneath the floor surface,
providing comfortable warmth to the room. These pipes are
typically made of flexible, durable materials like cross-linked
polyethylene (PEX) or polybutylene (PB). The pipes are laid
out in a serpentine, counterflow pattern or in loops
throughout the floor area, ensuring even heat distribution.
The floor surface radiates the heat upward, warming the
objects, occupants in the room and maintaining the desired
temperature.

The main objective of this research is to analyze the bend
radius and inlet pipe position on the hydronic radiant
underfloor heating system. Studying the effects of various
bend radii and inlet positions, this study seeks to develop
guidelines and recommendations for designing and installing
hydronic RFHS that optimize efficiency, ensure uniform heat

distribution, and enhance overall performance. By
investigating the effect of bend radius and inlet pipe position
in hydronic radiant underfloor heating systems, this research
aims to fill the existing knowledge gap and provide valuable
insights for the design and optimization of these systems.

2. Design Assumption

The assumption and limitation of this research are listed as
follows.

• Selective design parameters of the floor will be
considered.

• Comparison of only three different piping layouts will
be studied

• The research exclusively focuses on hydronic heating
systems, while electrical resistance heating systems are
not taken into consideration for analysis.

• Experimental validation of simulated results will not be
performed

• The room is an enclosure that does not have doors,
windows, and occupants.

3. Literature Review

RFHS has gained significant recognition as an effective and
efficient method of heating in residential and commercial
spaces. FHS maintains desired indoor temperature through
heat transfer between the radiant surface and room by
conduction, convection, and radiation [4]. The benefits of
even heat distribution, energy efficiency, design flexibility,
noise reduction and improved comfort have driven its
adoption.
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Under-floor heating is a system that utilizes pipes embedded
in the floor to disperse heat both vertically and horizontally
by circulating hot water [5]. In recent years, it has become
increasingly popular in many countries and widely used in
residential and public buildings. Economically, this system
can provide heat at a reduced energy consumption rate, while
also providing a higher level of control, efficiency, and quality
[6]. Early research by Banerjee and Palmer [7] examined the
effect of pipe spacing and insulation on the performance of
radiant underfloor heating. and system performance. The
study also highlighted the importance of insulation beneath
the floor surface to minimize heat losses and improve system
efficiency.

Gao et al. [8] conducted a study comparing five different
under-floor heating pipe layout systems. The center spacing
intervals ranged from 300 mm to 500 mm with a supply water
temperature of 50 °C. The study examined the thermal
homogeneity over the floor and the differences in vertical air
temperature gradients.

The findings showed that the system provided a uniform
indoor air temperature field above 0.1 m of the floor, with a
temperature difference of no more than 1 °C. The study
concluded that the optimal layout for the under-floor heating
pipe is with a center spacing of 400 mm.

Liu and Li [9]did detailed investigation into the thermal
performance and energy efficiency of two different piping
layouts for underfloor heating systems: serpentine and
counterflow configurations. The findings demonstrated that
both layouts are capable of delivering efficient and effective
heating to indoor spaces. The serpentine layout showed
satisfactory thermal performance, effectively heating the floor
surface and providing a comfortable indoor environment. On
the other hand, the counterflow layout exhibited superior
thermal performance compared to the serpentine layout. The
numerical simulations revealed that the counterflow layout
achieved more uniform heat distribution across the floor
surface.

Numerous numerical and experimental studies were
conducted over the past few decades to learn more about the
thermal behavior of FHS. Ngo et al. [10] conducted a study
which investigated the effect of design parameters on the
performance of a radiant floor heating system. The
experiment involved testing different pipe spacings (4 to 12
inches), depths (2.5 to 6.5 inches), and temperatures (45°C,
65°C, and 85°C) in three different mediums (air, gravel, and
sand). The results showed that the most desirable floor
temperature distribution was achieved with a shallow burial
depth and closer pipe spacing. For instance, at a pipe spacing
of 4 inches and depth of 2.5 inches, the floor surface
temperature was relatively uniform, with a variation of only
1.6°C.The study also found that the average floor temperature
was higher when the piping system was embedded in an
air-filled space than in a porous medium such as gravel or
sand.

Jin et al. [11] specifically focused on using the finite volume
method to investigate the performance of a radiant floor
cooling system by analyzing the impact of thermal resistance
and water velocity. Their findings indicated that a lower
thermal conductivity of the pipe is crucial for optimal system

performance. Additionally, they found that water velocity has
a minimal effect on the heat exchange between the water and
the slab.

4. Research Methodology

4.1 Geometry design and Model Description

Three different piping layout offset serpentine, counter flow
and counterflow with different inlet position were designed in
the solid works. All three layout are designed on an 11.89m2
floor with dimensions 4.75m × 2.50m × 0.075m, is depicted in
Figure 1 below. For offset serpentine the pipes feature 15
bends from the bottom to the top, positioned 12mm above the
floor’s bottom. The primary objective of this layout is to
accommodate larger bend radii. Each pipe has a diameter of
13mm and is spaced at a distance of 150mm from the next. In
total, 80m of pipe is used for all three model. The inlet and
outlet are located at the bottom of the floor, spaced 150mm
apart. The pipes are positioned 12mm above the floor’s
bottom and the bottom of the floor is equipped with 25mm of
insulation. The inlet and outlet are located at the bottom of
the floor, spaced 150mm apart. A total of 7 pipe circuits are
used in counterflow layout, with a consistent spacing of
150mm throughout the floor surface.

The pipes are embedded 12mm above the bottom surface of
the concrete floor, with a consistent spacing of 150mm
throughout the floor surface. In the layout shown in figure c,
the inlet is centrally positioned, at 1150mm from the bottom
edge of the floor, with a spacing of 150mm from the outlet and
the pipes run outward from the center. Here, the fluid initially
flows towards the center of the floor, then moves outwards
towards the corners of the floor, flows back towards the center,
and eventually exits through the outlet.

4.2 Numerical Setup

For this study tetrahedral meshing was generated which
involves dividing the 3D geometry into tetrahedral elements.
In the offset serpentine layout, as depicted in Figure 2(a), a
fine mesh with 4.5 million tetrahedral elements and 980,450
nodes was generated. The default target skewness of 0.9 was
set to ensure mesh quality. For the counterflow layout, shown
in Figure 2 (b), the meshing resulted in 4 million tetrahedral
elements and 883,120 nodes. Likewise, for the counterflow
layout with different inlet positions, as shown in Figure 2 (c),
the meshing process produced 4.3 million tetrahedral
elements and 890,386 nodes. The initial phase of the research
involves simulating temperature distribution for offset
serpentine and counterflow layout.

The second phase involves simulation counterflow layout with
different bend radii for varying mass flow rate. The third phase
involves simulating counterflow with different inlet position
for varying mass flow rate. The simulations were conducted
using Academic release of ANSYS Fluent 16.2, a software
package for CFD analysis. The differential equation describing
the principle of conservation of mass which is valid for
incompressible and compressible flows are given in a general
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Figure 1: Three different piping layout of floor heating system

Figure 2: Mesh Structure of concrete and pipe for three layouts

Cartesian form below [12].
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where µ is the molecular viscosity, I is the unit tensor, and
the second term on the right hand side is the effect of volume
dilation.

The differential equation describing conservation of
momentum for a Newtonian fluid flow is written:

δu

δt
+ui

δui

δxi
=− 1

ρ

δP

δxi
+ δ

δxi

(
µ
δui

δx j

)
(6)

To solve the governing equations numerically, the turbulence
closure model used here is the standard K-ϵ to analyze
turbulent properties of the flow. The floor surface average
temperature is calculated by Eq. 7

Ts = 1

s

∫ s

0
Ti 0d x (7)

The homogenization level of heat distribution on the floor
surface is extremely important. A new parameter for
characterizing this level is represented by

Tm = 1∑
c Ac
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c
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)
(8)
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where Ac is the surface of element (m2), Tc is the cell
temperature (°C) and Tm is the mean temperature (°C). The
high values of σ indicate that there is a high heterogeneity of
temperature at the floor surface.

In this case, the domain of solution includes two different
components; concrete block and the fluid system. The
calculations were performed using second order upwind
discretization scheme using SIMPLE algorithm. The
convergence criteria were set to 10−4.

Table 1: Boundary Condition

Layout Location Value

Offset serpentine
/ Counterflow

Inlet mass flow 0.23 Lps
Inlet temperature 323K

Outlet
Pressure

Outlet
Wall-fluid

domain interface
Coupled

Freestream
temperature

297K

Convection coefficient
of air

10 W /m2k

Floor Bottom Insulated

5. Results and Discussion

5.1 Temperature distribution for offset serpentine and
counterflow layout

The temperature distribution for Offset Serpentine and
counterflow layout is shown in Figure 3. As shown in Figure
3(a) for offset serpentine layout it is observed that a
low-temperature region forms on the floor surface as the
water flows towards the outlet. When the mass flow rate is 0.23
Lps, the overall floor temperature near the surface is around
307K. Temperature drops are seen near the bend region,
particularly above the mid region of the floor. At the mid
region, the temperature is around 305K, and it spreads to a
larger area as the fluid passes to the top of the floor. The
temperature difference between the entry and exit of the loop
is approximately 8K.

For this layout the temperature is evenly distributed across
the floor surface. In Figure 3 (b), with a mass flow of 0.23 lps,
the temperature near the bend drops by about 1.5K, while the
overall floor surface temperature is approximately 309K. The
temperature difference between the entry and exit of the loop
is about 5K. In Figure 3 (c), when the mass flow is reduced to
half (0.12lps), the overall floor temperature remains at 307K
throughout the floor surface, and near the bend region, it drops
to 305.36K. Cold spots start to form near the bend and become
more prominent with reduced flow rate.

5.2 Temperature near bend for counterflow layout with
various bend radius and mass flow rate

The graph in Figure 4 below presents the temperature
variations near the bend for a counterflow layout with
different bend radii (2mm, 20mm, 30mm, 40mm, 50mm,
65mm, 190mm) and three distinct mass flow rates (0.23lps,

0.12lps, and 0.06lps).

The temperature distribution for various bend radius with
different mass flow is shown in Table 6. Analyzing the chart
reveals the significant influence of inlet mass flow rate and
bend radius on the temperature distribution along the bend.
It is seen that the temperature near the bend region is affected
by the bend radius. For a constant pipe spacing as the bend
radius is increased the temperature starts to drops gradually
near the bend. As seen on graph, for a mass flow of 0.23Lps
and bend radius 2mm the bend temperature was 306K. As the
bend radius increases to 30mm, the temperature near the
bend reaches its peak and subsequently starts to decrease
slightly. Beyond a bend radius of 40mm, it becomes evident
that the temperature near the bend region gradually decreases
for all three mass flow rates. When examining the effect of
mass flow rates, it was observed that a larger mass flow rate
(0.23lps) led to a smaller temperature drop of approximately
0.2K with changes in bend radius.

In contrast, a sudden drop-in mass flow rate (0.06lps) resulted
in a more significant temperature drop of over 0.4K. The
temperature drop near the bend was larger for large bend with
decrease in mass flow rate.

5.3 Analyze the effect of inlet pipe position on
temperature distribution for counterflow layout for
different mass flow rate

The temperature distribution on the floor surface for the
counterflow layout with a change in inlet position is shown in
Figure 5. The analysis is conducted for 3 different mass flow
rates: 0.23lps, 0.12lps, and 0.06lps, respectively. At a mass flow
rate of 0.23lps as shown in Figure 5(a), the overall temperature
distribution throughout the floor surface was uniform at 310K.
The floor corners formed a low-temperature. region of 305K,
and no temperature drop was observed near the bend region.
The temperature on the floor surface near the wall region was
about 309K. The outlet temperature for this piping layout is
320K, and there is a difference of 3K between the entry and
outlet temperatures.

As shown in Figure 5 (b) the mass flow rate was reduced to half
0.12lps and the temperature distribution on the floor surface
was observed. The overall floor surface temperature was 308K,
and the wall corners developed a low-temperature region.
Additionally, it was noticed that a few bend regions near the
corners had a low-temperature zone of 305K. The reduced
mass flow resulted in the growth of a low-temperature zone
near the floor walls and also near the outlet region. As shown
in Figure 5 (c) the mass flow rate was further reduced to 0.06
lps and the temperature distribution on the floor surface was
observed. The overall floor surface temperature was 305K, and
the outlet temperature was 316K. As we reduced the mass flow
rate, we observed the formation of a few low-temperature
regions of 302K near the bend region on the floor corners. The
temperature near the floor walls grew larger in size, and a
temperature drop of 302K near the inlet and outlet regions was
noticed. However, no temperature drop was observed near the
bend in the central region. The reduction in mass flow rate
resulted in a few cold spots of 297K near the floor wall.
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Figure 3: Temperature distribution for offset serpentine and counterflow layout

Figure 4: Temperature near bend for various bend radius and mass flow rate

Figure 5: Temperature profile for counterflow with change in inlet pipe position
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Bend Radius Massflow 0.23 lps Massflow 0.12 lps Massflow 0.06 lps

2mm

30mm

65mm

190mm

Figure 6: Temperature distribution near the bend for counterflow layout with bend radii 2mm, 30mm, 65mm and 190mm
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5.4 Validation of Results

To validate the findings of this study, comparisons were made
with relevant research in the field. In a study conducted by SK
Mishra [13], a similar investigation into temperature
distribution was undertaken, focusing on counterflow and
serpentine layout configurations.Both serpentine and the
offset serpentine layouts demonstrated non-uniform
temperature distributions on the floor surface.The offset
serpentine layout had a temperature gradient of 8K, while 5K
gradient was observed in Mishra serpentine layout. Similarly,
both counterflow layout exhibited uniform temperature
distribution while the temperature gradient was found to be
larger for our layout by 4K and the overall floor temperature
was also higher.Temperture drop was observed near the bend
region for both layout.Coldspots were formed near the pipe
bends with increase in pipe spacing and bend radius.

While Mishra recommended larger bend radii during
installation,however our analysis found that larger bend radii
actually increased the cold region near the bends. It was
observed that the optimum bend radius for reducing cold
spots was in the range of 30-40mm.

6. Conclusion

The offset serpentine layout exhibited a larger temperature
drop on the floor surface compared to the counterflow layout.
The temperature at the outlet for the counterflow model was
approximately 3K higher than that of the offset serpentine
layout. For offset serpentine layout temperatures dropped
noticeably near the bend region above the mid-region, on the
other hand, the counterflow layout exhibited a more uniform
temperature distribution across the entire floor surface,
showing consistent heat transfer characteristics. Furthermore,
for bend radii beyond 40mm, the temperature near the bend
showed a gradual decrease for all three tested mass flow rates.
Overall, the study revealed that larger bend radii contributed
to more substantial temperature drops near the bends,
particularly when combined with decreased mass flow rates.
The fluid flow was reversed, circulating from the floor center
to the outer edges. This change in inlet position resulted in the
fluid being preheated to some extent before reaching the
central region. As a result, at a mass flow rate of 0.23lps, the
temperature at the outlet was slightly higher, reaching 320K,
and the overall temperature on the floor surface reached 310K.
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