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ABSTRACT

To upgrade the computational efficiency and ensure the accuracy of calculated cooling
capacity of radiant cooling floor, this study proposed a simplified three-dimensional modeling
by combining with a user-defined function compilation. The cooling capacity and minimum
floor temperature were taken as evaluation indices considering different radiant floor thick-
nesses, layers’ thermal conductivities, pipe diameters, pipe spacing, and floor surface sizes.
Moreover, a backpropagation neural network model and a prediction program were developed
to quickly predict minimum floor temperature and cooling capacity. The results demonstrate
that the established backpropagation neural network model can predict the values of cooling
capacity and minimum floor temperature well, and the coefficients of determination were
0.9117 and 0.9435, respectively. With the thickness increase of cover layer and filling layer, the
minimum floor temperature respectively increases by 10.97% and 11.01%. With the heat
transfer coefficient increase of cover layer and filling layer, cooling capacity respectively
increases by 30.56% and 23.46%. This study proposes an artificial intelligence method for the
rapid prediction of cooling capacity and minimum floor temperature, and provides their
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theoretical support for engineering application.

1. Introduction

Energy consumption in the building sector constitutes
a major part of carbon emitter and energy consumer in
the world, particularly in this time of worldwide popu-
lation and energy demand increases (Benzar et al.
2020; Jin, Zheng, and Zhang 2022). Furthermore, tradi-
tional air conditioning equipment accounts for more
than 30% of building energy consumption (Duarte and
Corticos 2022; Pérez-Lombard, Ortiz, and Pout 2008).
Therefore, the application of energy-saving technology
in traditional air conditioning systems in building sec-
tor is an important means by which to reduce energy
consumption (Amini, Maddahian, and Saemi 2020;
Kim, Liu, and Cao 2018). Radiant floor systems use the
surrounding surface as a heating/cooling source for
heat transfer through radiation and convection (Liu
et al. 2020). Compared with the traditional HVAC sys-
tem, they are characterized by a higher heat exchange
efficiency (Zhu et al. 2023), increased energy-saving
capability, increased environmental protection, and
a more comfortable thermal environment (Krusaa and
Hviid 2022; Seong et al. 2015). Therefore, radiant floor
cooling technology has attracted the attention of

many researchers in recent years (Almeida et al. 2022;
Zhang et al. 2020).

Many studies have been performed on radiant floor
system, including the system operation control strate-
gies (Ren et al. 2022; Saberi-Derakhtenjani et al. 2022),
indoor thermal comfort (Liu et al. 2019; Liu, Kim, and
Srebric 2022), dehumidification designs due to the
condensation risk (Xing et al. 2021; Zarrella, De Carli,
and Peretti 2014), and system performance analysis
(Gu et al. 2021; Ren et al. 2022). Moreover, many stu-
dies have paid more attention to the cooling capacity
of the radiant floor (Tang et al. 2018), the uniformity of
the surface temperature distribution (Zhang, Liu, and
Jiang 2012), and the minimum surface temperature (Li
et al. 2014). For calculating the cooling capacity of the
radiant floor system, a brief literature review was sum-
marized as shown in the Table 1.

As shown in the Table 1, to define the cooling
heat transfer rate for the radiant floor, various
method have been developed, mostly including
experimental measurement, simplified analytical
method and numerical simulation method (Rhee
and Kim 2015; Rhee, Olesen, and Kim 2017). Due
to the significant computer resources required, the
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Table 1. A brief review of floor cooling capacity calculation method.

Model description for

Reference Method Theory principle floor construct Study novelty/Main conclusion

Cholewa et al. Experiment  Surface heat flux Realistic 3D geometry  Obtained the surface heat transfer coefficients
(2013) measurement model

Pantelic et al. Experiment  Surface heat flux Realistic 3D geometry  Measured the cooling capacity in the full scale laboratory
(2018) measurement model experiment

Acikgoz et al. Experiment  Qt=mwxcpx(Tsp-Tre) Realistic 3D geometry  Derived the correlations for the convective heat transfer
(2019) Q=Q+Q, model coefficient and total heat flux

Q=hTaTy
Q=h,(AUST-T)
Experiment  Qt=mwxcpx(Tsp-Tre)
Q=Q+Q,
Q=hTaTy
Q=h,(AUST-T)
Qt=Qr+Qc

Zhu et al. (2022)
model

Zhang et al. (2012) Analytical

solution  Q=h(T,-T)
Q,=h,(AUST-T))
Zhao et al. (2015)  Analytical Qt=Qc+Qlr+Qsr
solution  Q.=h(T, T
Q~=h(AUST-T)
Feng et al. (2016)  Analytical ~ Qt=KATh+Qsw_sol
solution
Tang et al. (2020)  Analytical ~ Qt=A(hc+hlr)(Tz-Tf)
solution
Ren et al. (2021)  Numerical _).? =Q +Q
X
method
Fernandez- Experiment, Qt=Qr+Qc
Hernandez numerical  Q=h(T,-Ty)
et al. (2020) method  Q=h,(AUST-T)
Khatri et al. (2020) Numerical ~ N/A
method
Ning et al. (2022) RTSM Q= E]_Zio Tr(n —j)X:(i) ~Simplified 1D heat
method

- Efjo Tw(n _j>waU)

Realistic 3D geometry

Simplified 1D heat
transfer model

Simplified 1D heat
transfer model

Simplified 1D heat
transfer model
Simplified 1D heat
transfer model

Simplified 1D heat
transfer model

Simplified 1D heat
transfer model

transfer model

Conducted the experiment on operating characteristic of
a combined radiant floor and fan coil cooling system

Obtained a simplified calculation method of cooling/heating
capacity and surface temperature distribution of radiant
floor

Predicted the cooling capacity of radiant floors in large spaces
of an airport

Proposed the new simplified method to improve the design of
radiant floor with solar radiation.

Developed the dynamic cooling capacity prediction
considering time variable solar radiation

Simplified 2D unsteady Considered the phase change heat transfer process for the
heat transfer model

phase change energy storage radiant air conditioning
system

Performed the rotational diffuser coupled with a radiant floor
cooling system

Presented the spatial distribution of air temperature and air
flow in radiant cooling system

Concluded the simple and practical advantage of RTSM
compared to heat balance method

Note: 1D: one dimensional; 2D: two dimensional; 3D: three dimensional; A: surface area, m; AUST: the average unheated surface temperature, °C; C,: water
specific heat capacity, J/(kg.K); h.: convective heat transfer coefficient, W/(m2.K); h,: longwave radiative heat transfer coefficient, W/(m?.K); h,: radiative
heat transfer coefficient, W/(m2.K); j: the j‘h hour, hour; Kj,: the lumped thermal resistance, (m2.K)/W; m,,: water supply flow rate, m>/h; n: the current
time, hour; RTSM: revised radiant time series method; T,.: water return temperature, °C; Tz mean floor surface temperature, °C; T,: the sol-air
temperature, °C; T,,: water supply temperature, °C; T,: air temperature, °C; Q;: total heat flux, W/m? Q,: radiant heat flux, W/m? Q. convective heat
flux, W/m?; Q,: longwave radiation flux, W/m?; Q,,: absorbed shortwave radiation flux, W/m? X;: periodic heat absorption response factor, W/(m>K); Y,,«
periodic heat transfer response factor, W/(m2.K); A: conductive heat transfer coefficient, W/(m.K); AT,: mean temperate difference between the cooling

medium and space, °C.

commonly used simulation method, computational
fluid dynamics (CFD) (Liu et al. 2019), is still chal-
lenged. The three dimensional heat transfer model
was seldom conducted considering the water pipes
and flow directions, especially for radiant floor term-
inal. This is because the radiant floor structure with
water pipes needs extremely large computational
grids, e.g., counterflow type of water pipes, com-
pared with the ceiling radiant cooling panels (Yu
et al. 2018).

There was one existing study that analyzed the
heating output and uniformity of surface temperature
distribution, and created a realistic room model same
as the full-scale experiment (Zheng et al. 2017), as
shown in Figure 1. However, the total computational
grid reached 3,014,151 including tetrahedral cells, hex-
ahedral cells and mixed cells resulting in a certain
burden of computer hardware.

Although the simplified two dimensional model can
capture the distribution of surface temperature and cal-
culate the system cooling capacity (Rhee, Olesen, and Kim
2017), the uniformly surface temperature and minimal
surface temperature cannot be correctly evaluated (Xie

etal. 2016), correspondingly, the condensation on radiant
cooling surfaces cannot be effectively prevented (Xing
et al. 2021). Therefore, to upgrade the computational
efficiency and ensure the accuracy of calculated surface
temperature distribution, the simplified three dimen-
sional heat transfer model should be one important target
of this study.

In recent year, the development of neural networks
has attracted much attention, and artificial neural net-
work (ANN) models have been widely used in many
different studies. The neural network structure mimics
the function of the human brain, which is characterized
by nonlinear information processing (Ye and Kim
2018). At present, ANN has been used by many
researchers to quickly predict radiant air conditioning
system (Cao et al. 2022). Colak et al. (2022) developed
three unique ANN models to predict the radiative,
convective and total heat transfer coefficient of floor
surface of radiant floor heating system in real room.
The results of numerical analysis show that the best
prediction performance is Levenberg-Marquardt algo-
rithm. This study is the forerunner of ANN for nanofluid
floor heating systems. Acikgoz et al. (2022) combined
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Figure 1. Schematic diagram of the three-dimensional computational model: (a) isometric view of the simulation; (b) the pipe

arrangement of the floor (Zheng et al. 2017).

the experiment with ANN to predict the heat transfer
coefficient of the radiant cooling system and verified
the accuracy of the established ANN model. This
approach was the first to use experiment to obtain
artificial neural network data. Ge et al. (2012) used
neural network to predict the ceiling surface tempera-
ture, air dew point temperature and the best opening
time of the ventilation system to prevent the conden-
sation. Colak et al. (2023) designed seven different
ANN models to estimate the total heat transfer coeffi-
cient, radiative heat transfer coefficient, convective
heat transfer coefficient and heat transfer rate. The
ANN was found to be superior to well-known correla-
tions in estimating experimental results. However,
compared to the radiation ceiling systems (Nasruddin
et al. 2019), there are limited studies on radiant floor
system combined with neural network for prediction.
Su et al. (2022) used ANN to predict the time and pre-
dehumidification of radiant floor cooling system to
prevent condensation. Lee et al. (2002) proposed the
predictive control based on ANN for radiant floor cool-
ing system, and the feasibility of the method is verified
by experiments. These studies did not mention the
performance of radiant floor, therefore, another impor-
tant target of this study is to use ANN to rapidly predict
the cooling capacity and minimum floor temperature,
which can evaluate the cooling performance of the
radiant floor.

Aiming at two important targets, a simplified three-
dimensional model of a radiant cooling floor is estab-
lished, and ANSYS Fluent 16.2 software is used to
simulate the temperature environment of the floor
structural layers. The total cooling capacity (Q;) and
minimum floor temperature (T¢,,;,) are taken as the
parameters to evaluate the cooling performance, and
different factors affecting the two indexes are consid-
ered as design variables. The backpropagation (BP)
neural network adopts error back propagation learning
algorithm, which is the most widely used prediction
algorithm at present (Kim, Kim, and Srebric 2020).

Therefore, based on the CFD simulation and BP neural
network model, the influences of different design para-
meters on Q; and T, are analyzed. The neural net-
work is found to quickly predict the values of Q, and
Temin, @nd the prediction program was established
based on the trained neural network model. This
study provides a novel and effective method by
which to evaluate the cooling performance of radiant
floors.

2. The simplified 3D geometric model

A schematic diagram of a typical radiant floor structure
with counterflow water pipes is shown in Figure 2.
Four structural layers including a cover layer, screed-
coat, filling layer, and insulation layer are presented.
The spacing between the pipes is uniformly arranged.

For the assumption of a simplified counterflow lay-
out, the following considerations are made to propose
a simplified 3D counterflow pipe model, as shown in
Figure 2.

(1) The counterflow pipe and simplified counter-
flow pipe located in the filling layer have the
same length.

(2) The effect of the 90-degree bend of the pipe
extremities on the resistance loss and heat
transfer is neglected.

(3) The spacing between the straight pipes is
constant.

The simplified counterflow configuration is presented
in Figure 3. The total pipe length for the original coun-
terflow configuration is averagely divided into N pipe
sections arranged in a floor surface area of Ly x Wy An
even number of pipes is alternately arranged from
both sides to the center. Their sequence in naming
follows the alphabetical order of n;, ny, ns, ... Ny,
NN/2 410 «-- 0 Doty @nd ny. The water temperature and
velocity at each pipe row inlet are the same as those at
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Covering layer
Screed-coat
Filling layer

Insulation layer

Water pipe

Figure 2. The schematic diagram of a typical radiant floor structure with counterflow water pipes.
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Figure 3. The top view of a simplified counterflow configuration with their dimensions and the pipes’ sequence.

the previous pipe row outlet. Note that the user-
defined function compilation was used to obtain the
mean water temperature of each pipe row outlet and
then transfer it to the subsequent pipe row inlet. Each
straight pipe has the same length /. The spacing
between the pipes is w, and the distance between
the pipe extremities and side walls of the floor is w,,
as determined by calculating the difference between
the width of the floor and the pipe length. The inner
and outer pipe diameters are d; and d,, respectively.
An example of a simplified procedure is proposed
according to a chamber experiment with an underfloor
radiant cooling system (Karakoyun et al. 2020), as
shown in Figure 4. The total area of the floor is L
X W;=1.8mx 1.8 m, and the spacing between the
pipes is w=0.12m. A total pipe length of 23.8 m is
obtained and divided into 14 sections with a length
of I=1.7 m for each pipe. Moreover, a distance of w, =

0.05 m between the pipe extremities and side walls of
the floor is calculated.

For the counterflow configuration, there is only one
inlet and one outlet opening, while the simplified
counterflow configuration has up to 14 inlet and 14
outlet openings. In the figure, the water temperature
and velocity at outlet No. 1 are used as the boundary
conditions of inlet No. 2. Therefore, in sequence, the
water temperature and velocity at each pipe row inlet
No. n are the same as those of the previous pipe row
outletn - 1.

Moreover, the following assumptions for the
numerical simulation are considered.

(1) Homogeneous, isotropic, and constant thermo-
physical properties of solids are assumed.

(2) The contact thermal resistance between solids is
disregarded.
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Figure 4. Two configurations of water flow pipes: (a) counterflow; (b) simplified counterflow. Blue sequence numbers indicate the
inlet opening, and red sequence numbers indicate the outlet opening.

Figure 5. The sectional diagram of a typical radiant floor
structure (R20-w200-650/20/20).

(3) The bottom and the side walls of the floor are
considered adiabatic.

(4) The physical parameters of the supplied chilling
water are regarded as constant.

3. Numerical method
3.1. Description of simulation cases

This study considers the radiant floor structure with
a cover layer thickness of 10-30 mm, a screed-coat
thickness of 20 mm, a filling layer thickness of 40-
60 mm, a pipe outer diameter of 16-25 mm, and an
insulation layer thickness of 20 mm. A sectional dia-
gram of a typical radiant floor structure is presented
in Figure 5, where R20-w200-650/20/20 indicates
that this multi-layer floor structure has an outer

pipe diameter of 20 mm, a pipe spacing of 200
mm, and thicknesses of 50, 20, and 20 mm for the
filling layer, screed-coat, and cover layer, respec-
tively. Note that the insulation layer has a constant
thickness (30 mm) in all simulation cases.

To compare the effects of different thermal conductiv-
ities on the cooling performance, five different thermal
conductivities for the cover layer, filling layer, and pipe are
defined, as shown in Table 2. The pipe considers d/d,, of
12/16, 16/20, and 20/25 mm, respectively, so the pipe
thicknesses are respectively 2.0, 2.0, and 2.5 mm.

Detailed descriptions of the pipe length design with
different pipe spacings (0.15, 0.20, 0.25, and 0.30 m) are
presented in Table 3. Note that the curvature in the 90-
degree bend of the pipe extremities is more practically
considered as 20 mm.

Five floor surface area sizes, including 2 x 3, 3 x 3,4 x
3,5 % 3,and 6 X 3 m?, are selected to evaluate the effect of
the water flow path length on the floor cooling capacity.
Table 4 presents the pipe length design with different
floor areas when the pipe spacing is 0.20 m.

3.2. Numerical model

ANSYS Fluent 16.2 software was used for numerical
simulation (ANSYS Inc 2014). The averaged Navier -
Stokes equations including the continuity equation,
momentum conservation equation, and energy

Table 2. The predefined thickness and thermal physical parameters of the floor structure.

Floor component Thickness Density Thermal conductivity Specific heat capacity
(Inside to outside) (mm) (kg/m3) (W/m-K) (J/kg-K)
Cover layer 10, 20, 30 2000 0.2,05,08, 1.1, 1.4 950
Screed-coat 20 1700 0.9 1000
Filling layer 40, 50, 60 1800 08,1.0,1.2,14, 1.6 1000
Pipe 2,25 1050 0.28, 0.33, 0.38, 0.43, 0.48 1000
Insulation 20 400 0.035 2000




6 (& J.LIUETAL

Table 3. The descriptions of the pipe length design with different pipe spacings.

Length per pipe

Pipe spacing (m) Distance to the side wall (m) Total pipe length* (m) (m) Total sub-pipe number (-)
0.15 0.16 69.98 3.88 18
0.20 0.16 54.49 3.89 14
0.25 0.125 47.10 3.92 12
0.30 0.15 39.20 3.92 10

Note: * The curvature in the 90-degree bend of the pipe extremities is set as 20 mm.

Table 4. The descriptions of the pipe length design with different floor

areas when the pipe spacing is 0.20 m.

Floor surface area, LxWs Total pipe length

Length per pipe

(m?)

(m) (m)
2x3 26.62 1.90
3x3 4.36 2.88
4x3 54.49 3.89
5x3 68.44 4.89
6x3 82.54 5.90

conservation equation can respectively be expressed
as follows (Dastbelaraki et al. 2018):

ot ox;

éh+3@ML:Q M

ApU) O(pUY)  ap D o oy 2 U
o "o ox Tax [P \ag Tan 3%%
8 "
+ 8_)(] (—pu,uj), (2)

dpE) 9 9 ar  (aU AUy 2, U
o +a—x/_[u,(pE+p)]_a—xj keffa—xl_+U, 6xj+8x,- 36,,)(/ + Sk

®3)

where p is the static pressure, U is the eddy viscosity, kes
is the effective conductivity, —pu;u} is the Reynolds stress,
and Sy, is the source term. E is the total energy, which is
given as

E=h—"4—2, @)

oIS
NS

where h is the sensible enthalpy.

The shear-stress transport (SST) k-w turbulence model
was used in this study (Menter 1994). The model com-
bines the advantages of the k-w model in the near-wall
region and the k-w model in the far-field. The semi-
implicit method for pressure-linked equations (SIMPLE)
was used for pressure-velocity coupling. The numerical
simulations were based on the finite volume method. The
conjugate heat transfer was used to model the heat
transfer between the fluid medium and the pipe solid
surface. The least-squares cell-based method was used for
the gradient. Second-order discretization was specified
for other terms. Convergence was achieved when the
residuals were less than 107 for the energy term and
10~ for all other variables.

3.3. Calculation of heat flux

The total heat exchange between the radiant floor
surface and the indoor environment is constituted by
the radiation heat flux (Q,, W/m?) and convective
heat flux (Q., W/m?). Therefore, the total cooling
capacity (Q W/m?) can be expressed as follows
(ASHRAE 2012):

Ot = Or + QC7 (5)
Q, = e0(AUST™ — T}%), (6)
Qc = hc(Tair - Tf)» (7)

where € is the surface emissivity, o is the Stefan-
Boltzmann constant, 5.8 x 1078 W/(m%K*); h, is the
radiative heat transfer coefficient, W/(m2K); h, is the
convective heat transfer coefficient, W/(m2.K); AUST  is
the area-weighted average uncooled temperature, K;
AUST is the area-weighted average uncooled tempera-
ture, °C; T,;, is the indoor air temperature, °C; T#* is the
mean radiant floor surface temperature, K; and T¢is the
mean radiant floor surface temperature, °C.

According to ASHRAE standard (ASHRAE 2012),
when the radiant floor cooling system accounts for
the majority of heat exchange between the radiant
floor surface and the indoor environment, therefore,
the Egs. (6) and (7) can be changed as the following
ones that can respectively estimate the radiation heat
flux and the convective heat flux from the cold floor
surface.

Qr = 5.0 x 10 8[(AUST +273)* — (T¢ + 273)*], (8)

Q. = 0.87(T¢ — Tai)" %, 9)

For the convective heat flux, Eq. (9) mainly represents
the natural convection effect, and the forced



convection effect of mechanical ventilation is not
included in this study.

3.4. Boundary conditions

The simulation was conducted in a steady state. The
insulation layer was set as an adiabatic boundary, and
its thickness was 30 mm for all the cases. The settings
of the thermal physical parameter conditions for the
screed-coat, cover, and filling layers are shown in
Table 2. The different layers’ materials, including their
specific heat and thermal conductivity, were consid-
ered in this study. The inlet of the water pipe was set as
the velocity-inlet condition, and the variation of the
supply water temperature and the water mass flow
rate was taken into account, as shown in Table 5. The
turbulence intensity (/) and turbulence length scale (/)
were set according to the equations below (El-Behery
and Hamed 2011).

I = 0.16(Repy) " "/® (10)

,_007L

(1)

Table 5. The mean water supply temperature and mass flow
rate.

Parameters

Value

16,17, 18,19, 20
0.03, 0.06, 0.09, 0.12

Supply water temperature, Tsup (°C)
Water mass flow rate, mw (kg/s)
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Repy is the Reynolds number with the characteristic
length scale using the hydraulic diameter; L is the char-
acteristic length, C, is the constant with value of 0.09 in
the k-w turbulence model. The outlet of the water pipe
was set as the outflow condition. The water pipe surface
was no-slip, and the water was set as an incompressible
fluid. The floor was set as the mixed thermal boundary
condition, and the details are reported in Table 6.

3.5. Grid independence analysis

Hybrid meshes were used, including triangular meshes
around the heating pipe and quadrilateral meshes in
other solid zones and the indoor air zone. The grid
diagram is exhibited in Figure 6. To test the indepen-
dence of the grid, coarse, medium, and fine grids with
198,676, 291,772, and 344,672 computing units,
respectively, were selected to study the grid indepen-
dence. The air temperature at a height of 1.1 m and the
floor surface temperature were compared, as shown in
Table 7. With the increase of the computational units
from 198,676 (coarse grids) to 291,772 (medium grids),
the relative differences of the floor surface tempera-
ture and air temperature at a height of 1.1 m were
respectively 0.73% and 0.94%. With the increase of
the computational units from 291,772 (medium grids)
to 344,672 (fine grids), the relative differences of the
floor surface temperature and air temperature at
a height of 1.1 m were respectively 0.26% and 0.51%,
which are smaller. Therefore, medium grids were
selected for subsequent simulation.

Table 6. The mixed thermal boundary conditions for the floor surface (Ren et al. 2022; Zhu et al.

2022.).
AUST External emissivity € Indoor air temperature T;, Heat transfer coefficient h,
29 °C 0.9 26.5 °C 0.87 W/(mK)

——

Govering Iayef

- . . -

Screed4coat

Filng Tayer </ /

o

Figure 6. The grid distribution in the sectional diagram.
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Table 7. The grid independence analysis.

Pipe element size/Heat source grid

Total number of

AT (Floor surface

size grids temperature) AT (Air temperature at a height of 1.1 m)
Coarse mesh 1.5 mm/15 m 198,676 - -
Medium 1 mm/10 mm 291,772 0.73 % 0.94 %
mesh
Fine mesh .8 mm/8 mm 344,672 0.26 % 0.51 %

Note: The boundary layers around the heat source, the grid numbers (=8) of the inlet and outlet, and the grid number (=3) for each component in the
multilayer structures were kept constant for each case. AT means the temperature relative difference.

3.6. Validation of the CFD simplified counterflow
model

To verify the accuracy of the simplified counterflow
model constructed in this study, the simulated data
were compared with existing experimental data
(Acikgoz et al. 2019). The schematic diagram of
the laboratory used by Acikgoz et al. is shown in
Figure 7(a). Nine measurement points were evenly
distributed on the floor surface. Figure 7(b) shows
the pipe arrangement in the test room. Figure 8
illustrates the comparison between experiment
data and CFD simulation results regarding the
mean return water temperature (T,), the mean
floor temperature (T9, and the total heat transfer
flux (Q, W/m?). As shown in Figure 8(a,b), all the
values of T; and T, are within the range of £ 5%.

< >

H = 2.85

-

(a)L=1.8m

W=18m

Moreover, 88% of the values of Q; are in the +5%
range, as shown in Figure 8(c). As shown in Table 8,
the average relative errors between the experimen-
tal and simulation results for the three parameters
were respectively found to be 0.07%, 1.24%, and
2.21%, which are within the allowable error range.
The model established in this study was therefore
verified via comparison with the experimental
results (Acikgoz et al. 2019). The good consistency
demonstrates that the accuracy of the model is
sufficient for further study.

4. BP neural network

As the most widely used neural network learning algo-
rithm (Hsu 2015), the BP neural network is a multilayer

(b)

Figure 7. The schematic diagram of the laboratory: (a) the layout of measurement points; (b) the pipe arrangement in the test

room (Acikgoz et al. 2019).

24 110
22 2/ 100
90
4 fo o34
o s 204 £ 80
£ o o —~ o A& 3) ] Vs
O 1e §A y O s % ELi 70 5%
a /0 5% a S 5% Q 60 5%
g 16 516 & s 55
= = %
14 4 14 4 40 |
304
124 124
204
10 45 T T T T T T 10 r T T T T 10 T T
10 12 14 16 18 20 22 24 10 12 14 16 18 20 2 24 10 20 30 40 50 60 70 80 90 100 110
(a) Tiiexp (°C) (b) Tiexp (°C) (c) Qrexp (°C)

Figure 8. The CFD validation via comparison with the experiment: (a) mean return water temperature; (b) mean floor temperature;

(c) total heat transfer flux.



Table 8. The error analysis of the numerical data compared
with the experimental data.

T, (°0 T (0 Q W/m?)
Maximum relative error 0.23% 3.56% 5.54%
Average relative error 0.07% 1.24% 2.21%

feed-forward neural network, the algorithm of which
propagates backward according to the error during
training (Ye and Kim 2018). In this study, three neural
layers were used, including an input layer, a hidden
layer, and an output layer. The sigmoid function was
selected as the activation equation. Figure 9 presents
the structure of the BP neural network and the sigmoid
function.

There are multiple influencing factors of T¢,, and Q,
but there is no linear function to express the relationship
between T¢nin (or Q) and their influencing factors.
Therefore, in the BP neural network model, nine influen-
cing factors, namely the filling thickness (84ng), filling
conductive heat transfer coefficient (Agjing), cover thick-
ness (8.over), COVer conductive heat transfer coefficient
(Acover): Pipe conductive heat transfer coefficient (A,;e),
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pipe width (W), supply water temperature (T,), water
mass flow (m,), and pipe diameter (d,), were used as
input values. Moreover, T¢,i, and Q; were used as output
values for training, and the mapping relationship
between the input and output was obtained. Figure 10
describes the learning and training process of the BP
neural network.

Two statistical indexes are adopted for evaluation in
this study, namely the root-mean-square error (RMSE)
and the coefficient of determination (R?), as respec-
tively given by the following equations (Nasruddin

et al. 2019):
1 . 2
RMSE = {/— =il 12
SE= /=, i =i (12)
n ~ —\2
R—1_ >ico Vi = ¥i) (13)
n =27
Do Vi —Yi

where J; is the predicted value and y; is the simulated
value.

5rovering
'lcovering

6filling

Hidden layer

Input layer T

Sigmoid function

T Output layer |

Figure 9. The structure of the BP neural network (Zhang et al. 2020).

Simulation factors of &

fing, A g, & cover, A coner, A pive,

Wiz, Tsp, mw and do

Prepare data sets

[ Calculate Q: and T min ]
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g
P

Calculate the errors
of neurons in each
layer
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Calculate input and
output of neurons at
each layer
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No
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Stop
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Figure 10. The flow chart of the BP algorithm.
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5. Results
5.1. CFD simulation results

5.1.1. Floor temperature distribution

Figure 11 exhibits the floor temperature cloud at dis-
tances Y=0.8, 1.6, 2.4, and 3.2 m from the pipe inlet.
The shape of the temperature field is roughly a group
of concentric circles centered on the pipe. The tem-
perature changes sharply near the pipe, and the farther
away from the pipe, the more slowly the temperature
changes. Compared with the vertical Z-direction, there
is no significant temperature variation along the
Y-direction of the pipe length. Figure 12 shows the
temperature distribution of the pipe at different values
of d,, from which can be seen that the water flow
temperature in the pipe gradually decreases with the
increase of d,. Furthermore, the variation of the water

temperature is more drastic at the inlet and outlet, and
is not obvious at greater distances from the inlet and
outlet.

5.1.2. Total cooling capacity

Table 9 describes the effect of the water supply with
and without pipe wall thickness on T,,, T;, and Q.. When
d/d,=12/16 mm, the pipe wall thickness is 2 mm. As
can be seen from the table, the pipe wall thickness has
a certain influence on T,, T; and Q.. When the pipe
with wall thickness is considered, T,, T and Q; are
respectively 19.10 °C, 23.82 °C, and 34.26 W/m?.
Compared with the pipe without considering the wall
thickness, the relative errors are respectively 0.38%,
1.33%, and 6.42%. When dy/d, =20/25 mm, the pipe
wall thickness is 2.5 mm, and T,,, T5, and Q; exhibit the
same trends. The relative errors between these

Y=3.2m
““‘-"”4.,-“.‘
=2.4m

Y=1.6m

Y=0.8m

175 18 185 19 195 20 205 21 215 22 225 23 235

Figure 11. The distribution diagram of the floor temperature (°C) at different sections.

Figure 12. The distribution diagram of the floor temperature (°C) at different values of d,: (a) d, = 16 mm; (b) d, = 20 mm; () d, =

25 mm.

Table 9. The effect of the water supply with and without the pipe wall thickness.

T, (°Q) T (°0 Q: (W/m?)
d/d, = 12/16 mm With 19.10 23.82 34.26
Without 19.18 23.50 36.46
Relative error (%) 0.38 1.33 6.42
d/d, = 16/20 mm With 19.13 23.72 3493
Without 19.19 23.46 36.75
Relative error (%) 0.28 1.1 5.23
di/d, = 20/25 mm With 19.19 23.51 36.43
Without 19.26 23.21 38.50
Relative error (%) 0.35 1.28 5.70
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parameters for the pipe with and without considering
the wall thickness are respectively 0.35%, 1.28%, and
5.7%. It can be concluded that the cooling effect of the
pipe without considering the wall thickness is better
than that of the pipe for which the wall thickness is
considered. Furthermore, when the pipe wall thickness
is 2mm and d/d, varies from 12/16 to 16/20 mm, Q;
varies from 34.26 to 34.93 W/m?, a variation of 1.91%.

Therefore, increasing the pipe diameter can also
enhance the cooling effect, but decreasing the pipe
wall thickness has a significant effect. Figure 13
shows the distribution of Q; for different floor sur-
face areas (Ap). With the increase of the A i.e., with
the gradual increase of the length of the pipe, Q;
gradually decreases. When As=6 m?, Q; varies from
33.2 to 43.3 W/m?, and when A;=18m?, Q; varies

B 25%~75%

T Range within 1.51QR

50 — Median Line = Mean
a Maximum v Minimum
45 .
-
| .
¢
(\/I\ 40 4
£
2
N
G 35
1 *
.
-
30
25 T T T T
A=6m?  A=9m?’ A=12m?> A=15m?
- - - -
Figure 13. The distribution of Q; for different floor surface areas.
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Figure 14. The validation results of the simulated and predicted data: (a, b) the comparison results of the total cooling capacity; (c,

d) the comparison results of the minimum temperature.
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from 31.5 to 36.4 W/m?; thus, the variation range of
Q; is gradually decreasing.

5.2. Model validation and prediction program

5.2.1. Validation of the prediction model

Note that 80% of the data were randomly selected
for neural network training, and the remaining data
were used for validation. The number of iterations
of the neural network was 1000, and the learning
rate was 0.05. After repeated training, a better
model was obtained. Figure 14 exhibits the valida-
tion results of the prediction model. It can be seen
from Figure 14(a,c) that the predicted and simulated
data exhibit good consistency. Figure 14(b) shows
that the R? and RMSE values for the total cooling
capacity were respectively 0.9117 and 1.5849. By
comparing the differences between the predicted
results and the simulated original data of the Q,
the maximum error in the validation of Q; was
found to be 10 W/m?, and the error in other valida-
tion samples was smaller.

Figure 14d shows that the R? and RMSE values for
the T pin were respectively 0.9435 and 0.9751. By com-
paring the differences between the predicted results
and the simulated original data of the T, the max-
imum error in the validation of T, was found to be
2.5 °C, and the error in the other validation samples
was smaller. These findings indicate that the prediction
model established in this study can well reflect the
relationship between the outputs and inputs.
Therefore, the model can be saved for the later direct
invocation of predictions. In future practical applica-
tions, the BP neural network can be used for the accu-
rate estimation of Q; and T¢.,;, according to the
operating parameters of the floor environment.

5.2.2. Establishment of prediction program

As shown in Figure 15, the prediction program was
established based on the trained BP neural network,
which can quickly predict Q; and T¢p,;,. Figure 15(a)
exhibits the interface of the single prediction. The case
with SPECiﬁC value of (Scoverr Acovr—zrr 6ﬁllingr )\ﬁllingr Tsp: my,
Bpiper Apiper Whpipe and d, were taken as an example to
input into the interface. The difference of Q, between
predicted value and simulated value was 1.05 W/m?,
and the difference of T¢n, was 1.14 °C, which were
within the permissible range. Figure 15(b) exhibits the
interface of the batch prediction, which can read
a large amount of data for prediction. Figure 15(c) is
the image display interface of predicted Q; and T¢pin.
The steps for application of this program are as follows:

Step1: when the single predict interface is opened,
enter the corresponding value in the parameter input

box, and then click predict button to predict Q; and Ty,
Finally, click reset button to return each parameter to 0.

Step2: when the batch predict interface is opened,
click the import data button to locate data file and
open it. Subsequently, click predict button to predict
the Q; and T¢p,;, in batches, and click the download
button to download the predicted values to the appro-
priate path.

Step3: when the image display interface is opened,
click the display button to show an image of the pre-
dicted values, and click the download button to down-
load the image.

5.3. BP prediction results

5.3.1. Total cooling capacity

Figure 16 shows the 3D diagrams of the variation
trends of Q,. Figure 16(a,b) present the effects of the
cover and filling floor structural layers on Q, respec-
tively. The thickness and heat transfer coefficients of
the two structural layers are considered. It can be seen
from the figures that with the increase of 8., and
Osiiings Qr decreases. When Acoyer = 0.5 W/(m-K), with the
increase of 8.y from 0.005 to 0.05m, Q; decreases
from 33.95 to 30.97 W/m?, a variation of 8.77%. When
Afining = 1.0 W/(m-K), with the increase of &gyng from
0.02 to 0.065 m, Q; decreases from 38.46 to 30.19 W/
m?, a variation of 21.5%. The reason for this phenom-
enon is that with the increase of 6o, and bgying, the
floor surface temperature decreases slowly. The
greater the thickness, the higher the temperature of
the floor surface. According to Eq. (12), with the
increase of the floor surface temperature, the differ-
ence decreases, and Q; decreases.

However, with the increase of Acyer and Agjing: Q;
increases. When 6.over =0.03 m, with the increase of
Acover from 0.2 to 1.55 W/(m-K), Q; increases from
27.58 to 39.72 W/m®. When &gjng =0.03 m, with the
increase of Agying from 0.8 to 1.7 W/(m-K), Q; increases
from 32.52 to 42.49 W/m?Z. The reason for this phenom-
enon is that with the increase of Acover and Agjing, the
floor surface temperature decreases rapidly. The
greater the heat transfer coefficient, the lower the
temperature of the floor surface. According to Eq.
(12), the temperature difference increases, and Q;
increases.

Figure 16(c) shows the effects of T, and m,, on Q..
With the increase of T, Q; decreases, and with the
increase of m,,, Q; increases. With the variation of T,
from 14 to 20 °C, Q; varies by 24.3%. With the variation
of m,, from 0.02 to 0.12kg/s, Q; varies by 7.39%.
Figures 16(d) and 15(e) present the effects of the
water pipe features Wppe, Apjpes and d, on Q.. It can be
seen that Q; decreases with the increase of Wp..
Taking d, = 20 mm as an example, with the increase of
Wpipe from 0.05 to 0.5 m, Q; decreases from 35.75 to
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Figure 15. Interfaces of the prediction program: (a) single predict; (b) batch predict; (c) image display.

32.91 W/m?. With the increase of Apipe and d,, Q; exhi-
bits an increasing trend. Taking d/d, = 16/20 mm and

Wopipe: Q: €xhibits the opposite effect.

Wpipe = 1.3 as examples, with the increase of A,;,. from

0.026 to 0.66 W/(m-K), and with the increase of d, from
16 to 32 mm, Q; respectively increases by 10.05% and
19.89%. This is because with the increase of A,j,. and
d,, the floor temperature drops rapidly, and the

5.3.2. Minimum floor temperature

temperature difference increases. With the increase of

Figure 17 presents the 3D diagrams of the variation
trends of T¢min. Figure 17(a) shows the effects of
Acover and Bcover ON Tepmin. With the increase of
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Figure 16. The 3D diagrams of the variation trends of Q; for different influencing factors: (a) the effects of 6.y and Acovers (b) the
effects of 64ying and Aging: (C) the effects of Ty, and m,,; (d) the effects of W,,;, and d,; (e) the effect of A,

Acoverr Temin increases. When A,y =0.35 W/(m-K),
with the increase of 6.y from 0.005 to 0.05m,
Temin increases from 20.68 to 23.23 °C, a variation
of 10.97 %. When 8.4yer=0.035 m, with the increase
of Acover from 0.2 to 1.55 W/(m-K), T¢ni, decreases
from 22.49 to 21.54 °C. Figure 17(b) shows the
effects of Aguing and Sfjing ON Temin, from which it
can be seen that the trends of the influences of
Ading and Sgying ON Temin are consistent with the
trends shown in Figure 17(a). With the increase of
the thickness of the cover and filling layers, the
temperature transfer becomes slow, and T¢pmin

increases gradually. Conversely, with the increase
of the heat transfer coefficient of the cover and
filling layers, the temperature transfer becomes
rapid, and T, decreases gradually.

Figure 17c shows the effects of Ty, and m,, on Tgpmip.
With the increase of T, Temin increases. When m,, =
0.03 kg/s, with the increase of T, from 14 t0 20 °C, T¢ i
increases from 22.25 to 24.02 °C, a variation of 7.37%.
However, with the increase of m,, Te¢min exhibits
a decreasing trend. Figure 17(d,e) present the effects
of the water pipe features Wype, Apipes and do 0N T iy
With the increase of A,,. and d,, the temperature
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Figure 17. The 3D diagrams of the variation trends of T¢,;, for different influencing factors: (a) the effects of 8.5yer and Acoyers (b) the
effects of 64ying and Aging: (C) the effects of Ty, and m,,; (d) the effects of Wy, and d,; (e) the effect of Appe.

transfer becomes rapid, and Ty,;, decreases gradually,
which will enhance the cooling effect. With the
increase of A,jpe from 0.26 to 0.66 W/(m-K), T¢min
decreases from 24.34 to 22.02 °C. With the increase of
Wpipes the temperature transfer becomes slow, and
Temin increases gradually, which will weaken the cool-
ing effect. When d, = 25 mm, with the increase of W,
from 0.15 to 0.5 m, T¢,;, increases from 21.52 to 22.86
°C, a variation of 5.8%. When W), = 0.35 m, with the

increase of d, from 16 to 32 mm, T¢,,;, decreases from
23.16 to 22.08 °C.

6. Discussion

In this study, an artificial intelligence method was
proposed to rapidly predict the values of Q; and
Temin- The advantages of this study compared to
similar studies are the simplification of the 3D
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model of a radiant floor, which accelerates the
simulation, as well as the combination of CFD with
a neural network model. However, there are some
limitations, e.g., the different forms of the pipeline

layout and the phase-change materials (PCM) were
not sufficiently considered. Compared with tradi-
tional concrete, PCM has a higher latent heat sto-
rage capacity which can achieve significant energy
saving and improve the thermal comfort of occu-
pants in lightweight buildings (Mohammadzadeh

and Kavgic 2020).

Furthermore, solar heat gain was not considered
while it was an important factor to influencing the
cooling load of a building (Zhao et al. 2022). The
radiant floor cooling capacity is related to the solar
radiation distribution (Cui et al. 2023). The locality,
fluidity and intensity variation were shown when the
sunlight on the floor surface, which has an important
impact on the floor surface temperature (Tang et al.
2018). More comprehensive factors will be considered
in the future studies.

7. Conclusion

CFD was used to generate a database based on
a simplified 3D radiant floor structure, and the BP
neural network was used to predict the Q; and T¢pjn.
Moreover, a prediction program was established based
on the trained BP neural network. This study provides
an artificial intelligence method for the rapid predic-
tion of Q; and T¢nmin. The main conclusions are as
follows.

(1) The simulation results showed that the cool-
ing effect of the pipe without considering
the wall thickness is better than that of the
pipe for which the wall thickness is consid-
ered. Additionally, with the increase of the
As i.e., with the gradual increase of the
length of the pipe, Q; gradually decreases.

(2) The data predicted by the established predic-
tion model based on BP neural network were in
good agreement with the CFD simulated data.
The R? values of Q; and Temin Were respectively
0.9117 and 0.9751, and the RMSE values were
respectively 0.9751 and 1.5849. Besides, the pre-
diction program established based on the
trained BP neural network could quickly predict
Q; and Tgpmin-

(3) The prediction results showed that with the
increase of the thickness of the floor structural
layers, T¢min increase and Q; increase gradually.
However, with the increase of the heat transfer
coefficient of the floor structural layers, the cool-
ing effect is enhanced. With the increase of 8.yer

and ing: Temin respectively increases by
10.97% and 11.01%. With the increase of Aover
and Agjing, Q; respectively increases by 30.56%
and 23.46%.

(4) Regarding the water pipe characteristics, with
the increase of d, and Apjpe, Temin decreases and
Q; increases; thus, the cooling capacity is
enhanced. With the increase of W, the cool-
ing capacity is weakened. Furthermore, with the
decrease of T;, and the increase of m,, Q;
increases gradually and T¢,,, decreases
gradually.
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