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a b s t r a c t

Using the existing floor heating system, the radiant floor cooling system can be used as an alternative to
the conventional all-air cooling systems. In this paper, a numerical model for the radiant floor cooling
system is built using finite volume method. The objective of this study is to research the effects of the
thermal resistance of pipe and water velocity on the performance of the radiant floor cooling system. In
order to provide better heat transfer simulation in the pipe, composite grids are used in the model. The
numerical floor surface temperature and the heat flux are in agreement with the measured results.
The results illustrate that the pipe has effect on the performance of the radiant floor cooling systemwhen
the thermal conductivity of the pipe is low. However, the effect of the water velocity on the performance
of the cooling system is not great. The model is helpful to calculate and design such kind of radiant floor
cooling systems.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The radiant floor heating system has been widely used in many
countries for its energy savings, comfort and health. While in
summer, many of these areas also need cooling system. If the
radiant floor heating system is used to supply cooing in summer,
the initial cost of the system will be saved and the utilization ratio
of the devices will increase [1,2].

Compared to the conventional air-conditioning, the recently
researches show that the radiant cooling system can save energy
consumption and create a more comfortable environment [1,3e6].
In addition, because the radiant cooling system is a high-temper-
ature cooling system, it enables a higher efficiency for a chiller. As
the ground temperature is often around 10 �C, it is also possible to
cool a floor directly from a ground heat exchanger (pipes embedded
in the ground or foundation) without the use of a chiller [7].
Meanwhile, the angle factor for person in floor cooling system is
about as 2.5 times as that in ceiling cooling system, which means
one degree change of the floor temperature will have 2.5 times the
effect on the mean radiant temperature than one degree change of
the ceiling temperature [8].

Because the radiant floor system can be used to provide both
heating and cooling, the numerical model of radiant cooling is
.
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almost the same as the model of radiant heating. There have been
many studies on the mathematic model of radiant floor heating in
the literature. Ho et al. [9] built the numerical models of floor
heating system by the finite difference method and the finite
element method, respectively. Of the two, the finite difference
method gave slightly higher temperature values and requiredmore
execution time. Steady state results from the simulation compared
well with the experimental results. Sattari and Farhanieh [10]
studied the effects of design parameters on performance of
a typical radiant floor heating system using finite element method.
It was noted that the type and thickness of the floor cover material
were the most important parameters in the design of radiant
heating systems. Song [11] studied the performance of the ONDOL
floor heating system with 10 types of covering materials by
experiment. The results showed that the lower the contact coeffi-
cient of covering material, the more stable the temperature fluc-
tuation in the floor surface was. Holopainen et al. [12] built the
simulation model of floor heating system using an uneven nodal
network. The results showed that the uneven gridding method was
more profitable with the homogenous floor case, and the simula-
tion timeswere shorter. Laouadi [13] built amodel which combined
the one-dimensional numerical model of the energy simulation
software with a two-dimensional analytical model. The model
predictions for slab-on-grade heating systems compared very well
with the results from a full two-dimensional numerical model.

However, in the literature, the thermal resistance of the pipe is
neglected, and the water flow is assumed to be turbulent. In many
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Nomenclature

D diameter (m)
F area (m2)
Gr Grashof number
h heat transfer coefficient [W/(m2 K)]
L characteristic length (m)
Pr Prandtl number
q heat flux (W/ m2)
Re Reynolds number
S pipe spacing (mm)
t temperature (�C)
T temperature (K)
W width of the nozzle opening (m)
v velocity (m/s)
X angle factor

Greek symbols
3 emissivity

l thermal conductivity [W/(m K)]
s Boltzmann constant [W/(m2 K4)]
d thickness (mm)
V heat transfer rate (W)

Subscripts
a air
av average
b bottom
c convective
fc forced convection
i inner
mc mixed convection
nc natural convection
os room other surfaces (walls and ceiling)
p pipe
r radiant
s floor surface
w water
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floor heating/cooling systems, the pipe is made of plastic, the
thermal resistance of which is high, and the convective heat
transfer coefficient between the water and pipe is more than the
heat conduction coefficient of the floor material even though the
flow is laminar. Therefore, the influences of the pipe and water
velocity on the performance of the system need to be studied more.

In this paper, a finite volume model is constructed for the
radiant floor cooling system. The effect of the pipe thermal resis-
tance and water velocity on the performance of the system will be
researched. In general, the pipe used in the radiant floor system is
cylinder in shape, while the floor layers are cuboids in shape. In the
simulation, the rectangular coordinate system can be used in the
floor layers, but it cannot be used in the pipes. Therefore, for
providing better heat transfer simulation in the pipe, composite
grids are used in the model. The rectangular coordinate system is
used in the floor layers. However, the cylindrical coordinate system
is used in the pipe for the 3-D simulation, the polar coordinate
system is used in the pipe for the 2-D simulation. Composite grids
have been used to solve many problems efficiently and accurately,
such as flow, combustion, heat transfer, aerodynamics [14e19], etc.
Fig. 1. The floor physical model.
However, to our knowledge, the present work is the first applica-
tion of composite grids to the floor heating/cooling system.

2. Methodology

2.1. Physical model

In this study, the physical model of the floor is based on an exper-
imentalhouse,which is located inSoutheastUniversity,Nanjing,China.
The structure of the floor is shown in Fig. 1. In some other houses, the
surface layer may be the tile or there are not cement mortar layer and
moisture proofing layer. Thematerial properties used in thefloor layer
are shown in Table 1. In the study, the spacing between two pipes is
150 mm, the inner diameter of the pipe is 16 mm.

The configuration of the pipes in the radiant floor cooling
system is shown in Fig. 2. The advantage of the configuration is the
high and low temperature pipes alternate with each other, the floor
surface temperature is uniform and the pipes do not intersect with
each other. The average temperature of the supply and returnwater
is used as the calculated water temperature in this paper.

2.2. Meshing

The three-dimensional heat transfer in the floor is complicated.
In fact, the water temperature changes slowly along with the pipe,
so the heat transfer in the floor can be simplified to the two-
dimensional heat transfer.

The whole floor layer is divided into 5 sub-domains, as shown in
Fig. 3. I is the surface layer, II is the moisture proofing layer, III
contains cement mortar layer, concrete layer and insulating layer,
IV and V are the PPR-pipes. The rectangular coordinate system is
Table 1
The thermal conductivity of material.

Structural layers Thermal conductivity
l [W/(m K)]

Thickness
d(mm)

Wood layer 0.14 10
Tile layer 1.1 10
Moisture proofing layer 0.03 1
Cement mortar layer 0.93 10
Concrete layer 1.28 40
PPR-pipe 0.22 2
Insulating layer 0.035 20



Fig. 2. The configuration of pipes.
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used in I, II, III, while the polar coordinate system is used in IV and
V. Considering the accuracy and operation speed of the calculation,
the size of the grid in I and III is 2 mm � 2 mm. Because the
thickness of II is 1 mm, the size of the grid is 2 mm � 1 mm. Fig. 4
shows the composite grids in III, IV and V.
2.3. Governing equations and boundary conditions

In order to simplify the model of heat transfer, the following
assumptions are applied

(1) The vertical central planes of the pipes are assumed to be
adiabatic because of the symmetry of the temperature;

(2) Because the thermal conductivity of the insulating layer is very
low, the temperature differences are very small among the
bottom surface of the insulating layer. In this study, the
temperature of the bottom surface of the insulating layer is
assumed to be uniform;

(3) All the materials are assumed to be isotropic mediums.

Governing equations for the floor:

v2t
vx2

þ v2t
vy2

¼ 0; ðx; y˛I; II; IIIÞ (1)
Fig. 3. Sub-domains of the floor.
v2t
vr2

þ 1
r2

v2t

vq2
¼ 0; ðr; q˛IV;VÞ (2)

The boundary conditions of the governing equations are

vt
vx

¼ 0ðx; y˛AE;GC;BF;HDÞ (3)

t ¼ tb; ðx; y˛CDÞ (4)

ls
vt
vy

¼ hsðt � taÞ; ðx; y˛ABÞ (5)

lp
vt
vr

¼ hwðt � twÞ; ðx; y˛EG; FHÞ (6)

The floor surface average temperature is calculated by equation
(7).

ts ¼ 1
S

Z S

0
ti0dx (7)

where tb, ta, tw are the temperature of the bottom surface of the
insulating layer, the air and the water, respectively. ls, lp are the
thermal conductivity of the surface layer and the pipe, respectively.

2.4. Heat transfer in floor cooling system

2.4.1. Radiant heat flux
The room surface is assumed as a closed-system consisted of

two gray surfaces which are the floor surface and room other
surfaces (walls and ceiling), respectively. The radiant heat flux
between two gray surfaces can be calculated by the following
equations:

qr ¼
s
�
T4os � T4

s

�
ð131 � 1

�
þ 1
X12

þ F1P6
2 Fi
�
1
32
� 1

� (8)

Tos ¼
P6

i¼2ðFiTiÞP6
i¼2 Fi

(9)

where qr is radiant heat flux, Ts is the floor surface temperature, Tos
is the average temperature of room other surfaces, F1 is the floor
area, Fi is room other surfaces area.
Fig. 4. The composite grids in III, IV and V.



Fig. 5. The diagram of nodes (a) node in rectangular coordinate system, (b) node in
polar coordinate system, (c) node in the interface of the two materials, (d) node in the
moisture proofing layer.
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The radiant heat transfer coefficient between the floor and the
room other surfaces is presented in equation (10).

hr ¼ qr
Tos � Ts

(10)

where hr is radiant heat transfer coefficient between the floor and
the room other surfaces.

2.4.2. Convective heat flux between the floor and the air
The convective heat flux between the floor and the air is pre-

sented in equation (11).

qc ¼ hcðta � tsÞ (11)

where qc is convective heat flux, hc is the convective heat transfer
coefficient between the floor and the air.

In the case of natural convection, the convective heat transfer
coefficient for heated ceiling or cooled floor can be calculated by
equation (12) [22].

hnc ¼ 0:27
la
L
ðGrPrÞ0:25 (12)

where hnc is natural convective heat transfer coefficient, la is the air
thermal conductivity.
Fig. 6. The composite grid in concrete and pipes (a) node in rectangular coordinate
system, (b) node in polar coordinate system.
In the case of mixed convection, Neiswanger et al. [20] postu-
lated that the convective heat transfer coefficient could be pre-
sented in terms of the limiting cases of forced and natural
convection, as follow:

hmc ¼
�
h3:2nc þ h3:2nc

�1=3:2
(13)

where hmc is the mixed convective heat transfer coefficient and hfc
is forced convective heat transfer coefficient.

They also proposed that the hfc could be correlated in terms of
Reynolds number alone. Awbi [21] studied the mixed convective
heat transfer for walls, floor and ceiling. The experimental data of
supply air from lower part indicated hfc could be calculated by
equation (14).

hfc ¼ 4:248W0:575v0:557 (14)
Fig. 7. Scheme of computer design.



Table 2
Comparison of numerical and measured floor surface temperature under the same water velocity.

Average
temperature of
walls and ceiling
tos (�C)

Air
temperature
ta (�C)

Water
temperature
tw (�C)

Water
velocity
vw (m/s)

Floor surface temperature tf (�C) Absolute error between
measured value and
numerical value with
pipe (�C)

Measured Numerical

Without pipe With pipe

28.3 27.2 10.8 0.666 20.7 19.78 20.43 0.26
28.6 27.5 11.9 0.666 21.2 20.44 21.07 0.13
28.5 27.4 13.8 0.666 21.9 21.31 21.82 0.08
26.7 25.7 13.8 0.666 21.1 20.34 20.81 0.29
27.5 26.4 15.8 0.666 22.4 21.70 22.10 0.30
25.7 24.7 16.8 0.666 21.8 21.21 21.50 0.30
26.2 25.3 18.2 0.666 22.7 22.15 22.41 0.29
26.7 25.8 20.2 0.666 23.8 23.35 23.51 0.29
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2.4.3. Convective heat transfer coefficient between the water and
the pipe

The convective heat transfer coefficient between the water and
the pipe can be calculated by the following equations [22].

hw ¼ 0:023Re0:8Pr0:4
lp
Di
ðRe � 10000Þ (15)

hw ¼ 1:86
�
RePr

Di

L

�1
3lp
Di

�
Re < 2200;RePr

Di

L
> 10

�
(16)

hw ¼
0
@3:66þ 0:0668RePrDi

L�
1þ 0:04RePrDi

L

�2
3

1
Alp
Di

�
Re< 2200;RePr

Di

L
� 10

�

(17)

hw ¼ 0:116
�
Re

2
3�125

�
Pr

1
3

 
1þ
�
Di
�2

3

!
lpð2200�Re<10000Þ
L Di

(18)

where, hw is the convective heat transfer coefficient between the
water and the pipe.

2.5. Discrete equations

The equations are discretized by the finite volume method. The
finite volume equations are gained by the heat balance of each unit,
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Fig. 8. Comparison of the new numerical and measured floor surface temperature
under the same water velocity.
as shown in Fig. 5 (a, b). The equation (19) is the heat balance
equation of each unit.

FW þ FS ¼ FE þ FN (19)

In the interface of the two materials, the heat balance of each
unit is different because of the different thermophysical properties,
as shown in Fig. 5 (c). The heat balance of the moisture proofing
layer is also different because of the size of the grid is smaller, as
shown in Fig. 5 (d).

The detail diagram of the composite grid in concrete and pipes is
shown in Fig. 6, the value of each node can be calculated by the
following equations.

tp ¼ ðtNEx1 þ tNWx2Þy2 þ ðtSEx1 þ tSWx2Þy1
ðx1 þ x2Þðy1 þ y2Þ

(20)

tp ¼ ðtNWr1 þ tSWr2Þq1 þ ðtNEr1 þ tSEr2Þq2
ðr1 þ r2Þðq1 þ q2Þ

(21)
2.6. Solving the model

The numerical simulation model is illustrated in Fig. 7. The initial
temperatures of all the nodes are set to be equal to the water
temperature. According to the measured values in the experiments,
the temperature of the bottom surface of the insulating layer is
assumed to be 16.5 �C. And then the radiant heat transfer coefficient
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Fig. 9. Comparison of the numerical and measured floor heat flux.



Table 3
The effect of the thermal conductivity of pipe on the floor surface temperature.

Thermal conductivity
lp [W/(m K)]

0.22 0.50 1.00 100.00 397.00 þN

Floor surface temperature
tf (�C)

20.27 19.92 19.75 19.55 19.54 19.53
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(hr) and the convective heat transfer coefficients (hc, hw) are calcu-
lated. The nodes temperatures are gained by Gauss Seidel iteration,
themaximumdifferencebetweensuccessiveelementsof the solution
is less than 10�6. The floor surface average temperature is the most
important parameter in the model. It affects the cooling capacity of
the radiant floor cooling system. Therefore, the floor surface average
temperature is used to judge the convergence of the model.

The model also can be used to simulate the system in different
floor material, different floor layer thickness or different pipe
spacing just by changing the input parameters.

3. Validation of the model

Experiments of a kind of such floor cooling systemwere carried
out in an house in May 2009. The dimensions of the house are 4 m
(length) � 3 m (width) � 3 m (height). The roof and walls were
made of 100-mm-thick polystyrene wrapped by metal board. The
structure of the floor is the same as the model. A water-chiller is
used to provide cold water to the pipes in the floor. The heat source
in the house is simulated by several incandescent lamps, the power
of which is measured by the power meter. There are 9 thermo-
couples on the floor, 3 thermocouples on the inside surface of each
wall and ceiling, 3 thermocouples in the indoor air, 3 thermocou-
ples on the outside surface of the walls, and 2 resistance ther-
mometers in the outdoor air. The inlet and outlet temperature and
the flow rate of the cold water are measured by the thermocouples
and turbine flow meter, respectively.

4. Results and discussions

4.1. Comparison of the numerical and measured floor surface
temperature

Table 2 shows the comparison of the numerical and measured
values. As shown in the Table, the numerical values are very close to
the measured values, the absolute error is less than 0.3 �C.

As the average temperature of walls and ceiling and the air
temperature are both different in each experiment, the effect of the
water temperature on the floor surface temperature cannot be
obtained directly. Therefore, the experimental conditions are set
to be the same conditions in this study. Firstly, the average
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Fig. 10. Isothermal of the floor (tw ¼ 11.9 �C).
temperature of walls and ceiling and the air temperature are set to
be 27 �C and 26 �C, respectively, which are close to the experi-
mental values; Secondly, the new numerical values of floor surface
temperature are obtained in the setting conditions by using the
model; Thirdly, the temperature difference between the new and
original numerical values is calculated; Fourthly, the newmeasured
values are obtained by adding the temperature difference to the
original measured values. Fig. 8 presents the new numerical and
measured values. As shown in this figure, the numerical values are
close to the measured values, too. There is a linear relationship
between the water temperature and the floor surface temperature.
4.2. Comparison of the numerical and measured floor heat flux

Fig. 9 shows the numerical and measured values of the floor
heat flux. As shown in this figure, the numerical values are a little
more than the measured values. In the model, the floor surface
temperatures are about 0.4 �C less than measured values (as shown
in Table 2 and Table 4), if the actual floor surface temperature is
input to the model to calculate the heat flux, the numerical heat
flux will decrease by 2.5 W. The numerical and measured values
will be much closer.
4.3. Effect of the thermal resistance of pipe on the floor surface
temperature

As shown in Table 2, the numerical floor surface temperature
with pipe is about 0.4 �C more than the temperature without pipe.
It means the temperature error is 0.4 �C if the thermal resistance of
pipe is neglected. The water temperature is lower, the temperature
error is larger.

In some systems, the thermal resistance of all the layers is lower
than that in the model. Assume the floor surface average tempera-
tures are all the same in the different systems. It means the supply
water temperature is higher if the thermal resistance of all layers in
the system is lower. The efficiency of the chiller will be improved
because of the higher supply water temperature. Therefore, a new
floor cooling systemwhichhas lower thermal resistance is chosen to
discuss below. The system does not have the cement mortar layer
and moisture proofing layer, the surface layer is tile, while other
parameters are the same with the system discussed above. The
average temperature of walls and ceiling, the air temperature and
the water temperature are set to be 27 �C, 26 �C and 17 �C, respec-
tively. The effect of the thermal resistance of pipeon thefloor surface
temperature is shown in Table 3. As shown in this Table, if the
thermal resistance of the pipe is neglected, the temperature error
will be 0.74 �Cwhen the thermal conductivity is 0.22W/(mK). If the
pipe is made of copper or aluminum, the thermal conductivities of
which are more than 100 W/(m K), the error is very small.
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Table 4
Comparison of numerical and measured floor surface temperature under different water velocity.

Average temperature
of walls and ceiling
tos (�C)

Air
temperature
ta (�C)

Water
temperature
tw (�C)

Water
velocity
vw (m/s)

Floor surface temperature tf (�C) Absolute
error (�C)

Measured Numerical

25.5 26.6 11.0 0.132 20.2 19.86 0.34
25.2 26.3 11.2 0.161 20.1 19.76 0.34
24.9 26.2 11.2 0.223 19.9 19.45 0.45
24.9 26.2 11.1 0.249 19.9 19.39 0.51
25.0 26.2 11.0 0.298 19.9 19.34 0.56
25.3 26.4 11.4 0.329 19.9 19.63 0.27
24.9 26.1 11.3 0.415 19.9 19.39 0.51
24.5 25.8 11.4 0.534 19.7 19.25 0.45
25.1 26.1 11.1 0.666 19.7 19.31 0.39
24.4 25.6 11.2 0.803 19.6 19.05 0.55

X. Jin et al. / Building and Environment 45 (2010) 2545e2552 2551
4.4. The floor temperature field

The temperature distributions of thefloor are shown in Fig.10 and
Fig. 11. The floor structure in Fig. 10 is the same as that in Fig. 8. The
floor structure in Fig. 11 is the same as that in Table 3. The average
temperature of walls and ceiling, the air temperature, the water
velocityand the thermal conductivityof thepipeareboth27 �C, 26 �C,
0.666 m/s and 0.22W/(m K), respectively. The water temperature in
Fig. 10 and Fig. 11 are 11.9 �C and 17 �C, respectively. As shown in the
figures, the isothermal lines inwood layer andpipe aremore,while in
tile layer and concrete layer are less. The floor surface temperature
fluctuation of wood is more stable than tile. The results are in
agreement with the researches of Sattari et al. [10] and Song [11].

4.5. Effect of the water velocity on the floor surface temperature

The numerical and measured values of floor surface tempera-
ture under different water velocity are shown in Table 4. The results
show that the numerical values are also close to the measured
values. The same as the discussion above, the average temperature
of walls and ceiling, the air temperature and the water temperature
are set to be 26 �C, 25 �C and 11.2 �C, respectively. The new
numerical and measured values are shown in Fig. 12. As shown in
this figure, the effect of water velocity on the floor surface
temperature is small. The floor surface temperature difference
between the laminar flow and turbulent flow is about 0.3 �C. On the
same condition with Table 3, the floor surface temperature
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Fig. 12. Comparison of the new numerical and measured floor surface temperature
under different water velocity.
difference between laminar flow and turbulent flow is about 0.5 �C
when the thermal conductivity of pipe is 0.22W/(m K). It is still not
large. It means that the water velocity can be set to be a lower value
in the system for reducing the energy consumption of the pump.

5. Conclusions

A numerical model of radiant floor cooling system using finite
volume method with composite grids is built in this paper. The
numerical model is validated by the experiment. Based on the
analysis of the numerical andmeasured results, the conclusions can
be summarized as:

(1) The pipe has effect on the performance of the radiant floor
cooling system when the thermal conductivity of the pipe is
low.

(2) The effect of the water velocity on the performance of the
radiant floor cooling system is not great even though the flow is
laminar. Therefore, the energy consumption of the pump can
be saved by reducing the water velocity.
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