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Abstract: To provide excellent thermal comfort in an energy-efficient manner, the radiant floor cooling and heating system
has become an attractive technology. In this work, an intermittently-operated radiant floor heating system combined with a
ventilation system for use during the weekdays is proposed via a transient two-dimensional computational fluid dynamics
model that takes into account the variation of the indoor heat gain. Additionally, intermittent controls based on the minimum
outdoor air temperature and the average water supply and return temperature are proposed. Six specifically-designed
outdoor air temperature values ranging from -15°C to 15°C are taken as examples to evaluate the thermal comfort
performance using the operative temperature and local thermal discomfort criteria, including the vertical air temperature,
floor temperature, and radiant asymmetry. Meanwhile, the percentages dissatisfied induced by the local discomfort
parameters above were analyzed.. Results show that for the case with a minimum outdoor air temperature of -14.2 °C, the
earlier shut-off of the water supply (e.g., 18:00) cannot contribute to maintaining a comfortable environment at 7:00. To
eliminate the effect of the indoor heat gain, a water supply shut-off after 20:00 and the pump starting to recirculate water in
the concrete slab at 00:00 are encouraged in the case of an insufficient indoor heat gain during the next daytime. The
maximum operative temperature commonly occurred between 4:00-6:00 p.m. A trade-off between the percentages
dissatisfied and the operative temperature is finally identified. The control strategy of the shut-off of the water supply for two
hours at noon and at least four hours during the nighttime is ultimately obtained to yield the acceptable thermal comfort
performance in the intermittent operating mode of a floor heating system while effectively reducing energy consumption.

Keywords: Radiant floor heating system, Intermittent heating, Thermal comfort, Convective heat gain, Computational

fluid dynamics.

1. INTRODUCTION

With the acceleration of urbanization, building
energy consumption has been paid more and more
attention [1, 2]. The rapid urbanization of the world
caused changes to global energy use patterns and
building-related carbon emissions [3, 4]. Therefore, the
low-carbon energy development mode, utilization of
renewable energy, and more efficient heating,
ventilation and air conditioning (HVAC) system are
effective ways to solve the problem of energy shortages
[5, 6]. Radiant floor cooling and heating systems have
been extensively studied due to their high level of
thermal comfort and energy-saving potential as
compared to conventional systems [7-10]. Due to the
high thermal mass of building structures and possible
intermittent use [11, 12], especially for office buildings,
an optimal control strategy for floor heating systems
integrated with the thermal mass of building should
better be taken into account to enhance thermal comfort
and reduce energy use [13, 14].
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The operation mode of an intermittently-operated
control strategy for radiant floor heating systems can be
designed to effectively utilize the thermal storage of
concrete floors [15-17]. Cho and Zaheer-Uddin [18]
proposed a forecast of the outdoor air temperature and
implemented an intermittent predictive control strategy
in a residential building using TRNSYS software, and
achieved an energy reduction of between 10% and 12%
during the cold winter season. Yeom et al. [19] provided
a control strategy for residential energy demand and
achieved an approximate 4% reduction in heating
energy consumption as compared to the conventional
fixed-temperature and outdoor temperature reset
control method. Shin et al. [20] proposed an occupancy
inference method that was used for the optimal start and
stop control of radiant floor heating systems. The results
showed that the optimal start and stop control can
reduce the heating energy consumption by up to 3.1%
and thermal discomfort times from 62.5 h to 8.3 h.
Gwerder et al. [21] utilized an intermittent operation with
pulse width modulation accounting for the automatic
switching between cooling and heating modes for
variable comfort criteria, and conducted a laboratory test
to outline the operation procedure.
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Most previous studies accounted for the outdoor
climatic conditions and the intermittent characteristic of
the building type, especially residential buildings [22];
however, evaluations of fluctuating thermal comfort due
to varying outdoor and indoor climatic conditions were
not carefully considered [23]. Moreover, an air
ventilation system should be used in conjunction with a
radiant floor heating system in an office building, which
significantly affects the indoor thermal environment, e.g.,
vertical temperature stratification and thermal comfort.
The vertical air temperature difference is attributed to
the effect of the radiant heating system that can be
combined with a displacement ventilation system with
lower-temperature supply air, thereby effectively
extending the free cooling period of the air ventilation
system [24]. From this perspective, the numerical
method could be an alternative way to evaluate both
thermal comfort and indoor thermal stratification while
taking into account the transient internal usage and
outdoor climatic conditions [25-27].

Numerical modeling has previously been used to
assess thermal comfort or provide accurate boundary
information for the energy consumption of radiant heat-
ing systems in full-scale building models [28, 29]. Gao et
al. [30] used the three-dimensional (3D) modeling to
investigate the differences of vertical air temperature
gradients and thermal homogeneity across the floor for
different layouts of under-floor heating pipes. Zheng et
al. [31] established the 3D heat transfer model of a
radiant floor heating system using the computational
fluid dynamics (CFD) method to calculate the floor sur-
face temperature, and analyze the effect of non-heating
surface temperature on the heat output. Despite the
realism and accuracy of 3D modeling for radiant floor
systems, increasing the details of the physics of a model
will inevitably increase the computational effort [32].
Moreover, this radiant floor system implies the use of
thermal mass resulting in transient simulation required
to represent the accuracy of system performance.

Therefore, the two-dimensional (2D) numerical
modeling is an important tool to prevent a high
computational effort, considering the symmetry of
boundary conditions and specific assumptions of
uniform and isotropic for building materials and heat
transfer. Tye-Gingras and Gosselin [33] employed a 2D
model coupled with a semi-analytic radiant panel model
to optimize a radiant ceiling and wall hydronic radiant
panel system in a typical residential building. Karabay et
al. [34] conducted a 2D numerical investigation of fluid
flow and heat transfer inside a room for floor-heating
and wall-heating systems to compare their system

performance. Zhang et al. [35] constructed a 2D model
to analyze the performance of a radiant floor heating
system under a transient external climatic condition and
obtained a pre-heating control strategy during a
weekend. Romani et al. [32] developed a transient 2D
numeric model for radiant walls by validating with
experimental data of a house-like cubicle and proposed
intermittent heating control strategies with different
supply periods from 0.5 h to 12 h. However, this study
neglected the indoor geometry model and assumed a
constant indoor air temperature of 21 °C.

Through literature review, this study reveals that
several studies of 2D numerical modeling have been
carried out due to the significant computational
resources required for the 3D modeling, especially
under transient conditions. However, few studies have
considered the practical application of a radiant floor
heating system combined with an outdoor air system
operated intermittently and operates within certain
thermal comfort limits. Moreover, the effect of internal
heat gains in an office building has not been sufficiently
accounted for in existing numerical models.

Therefore, the novelty of this study is to provide an
intermittent operation strategy during the weekday. A 2D
building model is created based on an existing office
building. The indoor climatic conditions, including the
ventilation condition and internal convective heat gains,
are taken into account. The effect of solar radiation on
the building enclosure is also considered. The thermal
comfort is comprehensively evaluated using the
operative temperature (7,,) and local thermal comfort
criteria [36], including the vertical air temperature
(ATg.4_1.1), floor temperature (Tg), and radiant asymmetry
(ATpr). Moreover, the percentages dissatisfied (PDs)
due to the discomfort parameters are compared. A
proposed intermittent control strategy is ultimately
obtained based on the relationship between the average
water supply and return temperature (T,,.) and the
minimum outdoor air temperature (Tpminou) in @ cold
climate zone to effectively reduce energy consumption.

2. METHODOLOGY

In this section, a 2D building enclosure model is
presented that is used to evaluate the performance of
the radiant floor heating system. The numerical method
is introduced with boundary and internal climatic
conditions. The proposed intermittent control strategy
and meteorological data are also presented. Moreover,
the indices of the thermal comfort evaluation are
presented. CFD validations are finally conducted via
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comparisons with the mixed convection determined by
an experiment and the transient flow in a heat-releasing
process determined by a field study.

2.1. Model Description and Geometry Assumption

In this study, a 2D building enclosure model of a
radiant floor heating system combined with a ventilation
system was proposed as shown in Figure 1. This is a
schematic representation of a typical office room with
indoor heat gains and exterior/interior envelopes taking
into account solar radiation, conduction, and convection
heat transfer.

The selection of an office building model presented
in Figure 2 was based on previous studies [17, 35, 37]. A

simplified 2D model was constructed, and exterior
window areas were assumed to be uniformly distributed
along the exterior wall in the crosswise section.
Moreover, the effect of interior walls in the spanwise
direction on the indoor environment was neglected. In
the modeling of the radiant floor, it was assumed
symmetry conditions, constant fluid temperature, and
homogenous thermal thermophysical properties along
the water flow direction.

The 2D building model is illustrated in Figure 3. The
original office building model had a 3D size of
6.4x4.3x4.0 m (LxWxH) with a 2D interior room size of
5.8x3.5 m (LxH). The corresponding building envelope
thicknesses for the exterior wall, exterior roof, interior

Figure 1: Schematic representation of a building model of a typical office room with a heating system (Qaq: solar radiation, Qer.
reflected solar radiation, Qconv: convective heat transfer, Qcong: conducted heat, Qi infiltrated heat, Qper: heat gain of occupant,
Qequ: heat gain of equipment, Qi air supply heat, Qsyp: water supply heat).

2D model

Figure 2: Simplification of a 2D geometric model of a case study office building [35].
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wall, and interior floor were 365 mm, 340 mm, 240 mm,
and 270 mm, respectively. To meet the Chinese design
standard for the energy efficiency of public buildings [38],
the U-values of 0.50 W/(m?-K) and 0.45 W/(m?-K) for the
exterior wall and roof were respectively used. A
double-glazed window with a 12-mm-thick air layer with
a U-value of 24 W/(m*K) was utilized. The

thermophysical parameters of the building components
are given in Table 1.

Figure 4 presents the schematic representation of
the geometry of the heated floor structure. Three layers
from outside to inside were structured above the ceiling
adjacent and included a 20-mm-thick insulation layer, a
40-mm-thick light concrete layer, and a 20-mm-thick
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Figure 3: CFD geometry model of a 2D simulation case with separate sections describing the supply diffuser (section A) and

indoor heat gain (section B).

Table 1: Thermophysical Parameters of the Building Components
— Components Thickness Density Conductivity Specific Heat
Building Enclosure (Inside to Outside) (mm) (kg/m?) (W/m-K) (J/kg-K)
Mortar 20 1780 0.94 1060
Exterior wall Concrete 300 800 0.41 1350
Mortar 20 1800 0.94 1060
Insulation 25 30 0.024 2400
Concrete 200 2400 1.81 950
Mortar 20 1780 0.94 1060
Exterior roof Insulation 80 25 0.043 5250
Mortar 20 1780 0.94 1060
Brick 20 1350 0.72 1100
Glazing 5 2400 1.5 850
Exterior window* Air 12 1.24 0.045 1006
Glazing 5 2400 1.5 850
Mortar 20 1780 0.94 1060
Interior wall Brick 200 1350 0.72 1100
Mortar 20 1780 0.94 1060
Tile 20 2000 2.1 950
Light concrete 40 1200 1.45 1000
Floor Pipe embedded 2 1050 0.4 1000
Insulation 20 35 0.022 4600
Concrete 200 2400 1.81 950

*A double-glazed window with an air layer was used, and the equivalent heat transfer coefficient of 2.4 W/(m*K) was designed for numerical simulation.
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cover layer. An inner pipe diameter of 16 mm and a pipe
spacing of 220 mm were used. A 2-mm-thick pipe with a
thermal conductivity of 0.4 W/(m-K) was considered. A
thermally-insulated office building model with a radiant
floor-cooling/heating system and a constant-air-volume
ventilation system was finally designed.

: 220mm i
I ]
20mm Tile
®20mm
40mm O Concrete )

20mm

Figure 4: The schematic representation of the geometry of the
floor structure.

2.2. Numerical Simulation

2.2.1. Model Description

Transient numerical simulations were carried out by
ANSYS Fluent 16.1 software based on the finite volume
method [39]. The shear-stress transport (SST) k-w
turbulence model was used to solve the continuity,
momentum, and energy equations [40], which enhanced
the performance of standard k-w in modeling the near
region of wall surfaces, and combined the advantages of
the k-¢ model in simulating the flow field in the outer
region [41]. The transport equation of turbulence kinetic
energy k and specific turbulence dissipation rate w are
calculated through Eq. (1) and (2).

a(pk) | 9(pUk) 9 e 0k —
at + 6Xj - 6Xj (u + O'k) an + Gk-Yk + Sk(l) (1 )

%+a(’;—ly=%<(y+i—;)%>+%—lfw+Dw+5w (2)
where G, is the production of k due to mean velocity
gradients, G, is the generation of w, Yy and Y, are the
dissipations of k and w due to the turbulence,
respectively, D, is the cross-diffusion term, S, and S,
are the under-defined source terms for k and w,
respectively, o and o, are the turbulent Prandtl
numbers for k and w, respectively. The turbulence
viscosity (u;) is correlated to k and w given by Egs.

(3)-(6)-
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where S is the strain rate magnitude, F; is the blending
function, y is the distance to the nearest wall surface.
The model constants of a;, a%, and «j are 0.31, 1 and
0.52, respectively.

The homogeneous, isotropic, and constant
thermophysical properties of solids were assumed in
this study. The contact thermal resistance between
solids was disregarded. Grey-diffuse walls were used
for radiation modeling. To model the heat transfer for the
exterior surfaces including the exterior wall, window and
roof, and interior surfaces including interior pipe surface
adjacent to flow water, the interior wall of the adjacent
room and interior ceiling of adjacent building stories, the
boundary conditions of the governing equations are set
as Eq. (7).

oT
/‘l _—
sol ay

hsurf(Tfree - surf) (7)
where Ay, is the solid thermal conductivity of the
interior/exterior surface layer, hg,ris the convective heat
transfer coefficient between the interior/exterior surface
and the fluid environment, T;.. is the free-stream
temperature of the surrounding fluid, and Tg,r is the
temperature of interior/exterior surfaces.

The semi-implicit method for pressure-linked
equations was adopted for pressure-velocity coupling.
The incompressible ideal gas model was used to predict
the buoyancy effect. PRESTO! discretization was
specified for pressure solution. The radiative heat
transfer between indoor surfaces was considered using
the discrete ordinates (DO) radiation model [42]. The
internal emissivities of the walls, floor, and ceiling were
set to 0.9. The second-order discretization scheme was
used for the momentum, energy, turbulent kinetic energy,
turbulent omega, and discrete ordinates. Convergence
was achieved when the residuals were less than 107° for
the energy term and 10™ for all other variables. The
thermal resistance of the exterior/interior solid region
was taken into account by solving the conjugate heat
transfer between the solid region and fluid region in the
simulation model. Note that, due to the thermal inertia of
the building envelope, the simulation case was first
made to reach convergence and run for 24 hours, then
the simulated results were analyzed.

2.2.2. Description of the Indoor Conditions

The internal heat gain in the office room was set
according to the relevant Chinese design standard [38].



A Transient Two-dimensional CFD Evaluation

International Journal of Architectural Engineering Technology, 2020, Vol. 7 67

Table 2 presents the occupant, lighting, and equipment
heat gains on weekdays. The watts-per-square-meter
(W/mz), which represents the power density, for the 2D
building model was calculated by multiplying the floor
length and width (1.0 m) in the spanwise direction. A
metabolic rate of approximately 1.2 met was considered
for predefined occupant body areas (1.45-1.80 mz) [28]
and predefined convective fractions (30%-60%) [28].
Ultimately, a total approximate internal heat load of 185
W (30 W/m? for the unit floor area) was accounted for in
this office model.

Table 2: Occupant, Equipment, and Lighting Heat Gains
on Weekdays [38]

Value (W/m?)

Occupant 16
Lighting 9
Equipment 15

Ventilation can remove the latent heat load and
provide the minimum outdoor air requirement to ensure
the indoor air quality in an office building [43]; therefore,
a mechanical air ventilation system must operate in
conjunction with a floor heating system. As a commonly
used advanced air distribution technique, displacement
ventilation is characterized by advantages in improving
both the temperature and ventilation effectiveness as
compared to other ventilation methods [28, 44, 45].

According to the EN standard 15251 [46], a minimum
ventilation airflow rate of 2.1 I/(s-m2), which is equal to
7.56 m®(h-m?), is recommended. In the Chinese
standard GB50189-2015 for office buildings [38], the
minimum acceptable outdoor airflow rate is 30
m3/(h-person). Therefore, both these conditions were
considered, and a ventilation rate of 20.5 m*h (1.5

ACH) was ultimately used in consideration of the
occupant density of 10 m2/person. A lower ventilation
rate is primarily used due to the typical problem of draft
risk at the ankle level and the increase of discomfort due
to large differences in the vertical air temperature in
displacement ventilation systems [47]. Therefore,
according to the variant fractions of occupant,
equipment, and lighting heat gains at different times, as
reported in Table 3, two constant airflow rates were used,
namely 20.5 m%h in the periods of 09:00 to 12:00 and
14:00 to 18:00, and 10.25 m®h in the remaining working
hours.

The range of 14 °C to 18 °C used for the air supply
temperature in the heating season was proven in a
previous experiment [24]; thus, the temperature
differences between the floor surface and inlet boundary
can vary between about 4 °C and 14 °C, as
demonstrated by previously reported measurements
[47]. Therefore, regarding the combined floor heating
and displacement ventilation system, an air supply
temperature with a lower value than the typical design
process can reduce the pre-heating period and reduce
the energy consumption in a cold climate zone. From
this perspective, 16 °C was used as the air supply
temperature in the present study.

To ensure the airtightness of a building envelope, a
constant infiltration rate using the number of air changes
per hour (ACH) was used in this study. Infiltration rates
in office buildings with minimum ACH values of 0.05
(system-on) [48], 0.1 [49], 0.16 [50], 0.2 [48], 0.2
(system-off) [51], and 0.311 [52] have been extensively
measured. Accounting for the airtightness required in an
office building, the air-conditioning system-off infiltration
rate of 0.2 ACH (2.73 m3/h) was used in this study, while
the system-on infiltration rate was set to zero. In other
words, the outdoor air ventilation system was

Table 3: Occupant, Equipment, and Lighting Heat Gains Schedules on Weekdays [38]

Time Slot Fraction of Occupant Heat Gain Fraction of Lighting Heat Gain Fraction of Equipment Heat Gain
00:00-07:00 0.00 0.00 0.00
07:00-08:00 0.10 0.10 0.10
08:00-09:00 0.50 0.50 0.50
09:00-12:00 0.95 0.95 0.95
12:00-14:00 0.80 0.80 0.50
14:00-18:00 0.95 0.95 0.95
18:00-20:00 0.30 0.30 0.30
20:00-24:00 0.00 0.00 0.00
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considered to maintain a positive-pressure condition
when the system was on.

2.2.3. CFD Boundary Conditions

According to the CFD benchmark test [53-58], the
prediction accuracy of CFD simulation depends on the
understanding of the fundamentals of fluid dynamics
and the setting of appropriate boundary and numerical
conditions as well. Moreover, better understandings of a
specific  simulation  problem regarding indoor
thermal/pollution environment are also requested. In this
study, constant volumetric heat generation rate (qsource)
was used to model the thermal boundary of the indoor
heat source [59], in contrast with the commonly used
constant surface temperature and constant surface heat
flux methods reviewed by Liu et al. [28]. To prevent the
effect of an isolated heat source on the local thermal
environment, two heat sources with the same volumetric
heat generation rate were imposed in the 2D geometry
model, as shown in Figure 3. Two square surfaces with
sizes of 0.10x0.10 m were respectively located 1.9 m
from the exterior or interior wall and 0.45 m above the
heated floor. Correspondingly, the source term for each
heat source defined using the calculated qsouce Was set
as 10200 W/m®, e.g., when the fraction was 0.95 during
the periods of 09:00-12:00 and 14:00-18:00 according to
Table 3.

Moreover, as given by Eq. (8), a source cover layer
with a thickness of 0.01 m was set to indicate the varying
thermal conductivity; in other words, when occupants
switch off the computers and lights and leave the office,
the thermal conductivity of the cover layer (Kcover) Was
considered to decrease substantially (10™). Additionally,
the volumetric heat generation was set to zero, as given
by Eq. (9). A user-defined function (UDF) was used in
ANSYS FLUENT software to simulate variations of the
Qsource TOr the occupant, equipment, and lighting heat
gains schedules.

_ {200' if Gsource # 0 8)
cover 1074, if Gsource = 0’

Qsource = Z?:l Bi "Qisourcer L = 0~1,n=3, 9)

where B; is the fraction of the different heat source types
and i indicates the source type.

Interior/exterior convection boundary conditions
were set for the inner surface of the pipe and
interior/exterior building surfaces using the surface
convective heat transfer coefficient and free-stream
temperature, as given by Eq. (10).

Qeov = hsurf ' (Tfree - Tsurf) (10)

For a floor heating system, the convective heat
transfer coefficient between the inner surface of the pipe
and the flowing water (h,.,) is calculated according to
Eqg. (11) [60, 61]:

hwater =

a\1/32
186(Re - Pr)/3(2) 722 (Re = 2300)
2/3
0.012(Re®%7 — 280)Pr0* (1 +(%) )%”(2200 < Re < 10000) -

0.023Re®®Pr®3 2 (10000 < Re)

(11)

where L is the pipe length (L = 5 m) and d is the pipe
radius. In this study, when the water supply velocity was
set to 0.5 m/s, hyaer Was approximately 2618 W/(m*K)
[61]. As this study proposes intermittent control
strategies, an on-off control coefficient (Bcyrc) was
predefined to calculate the realistic heat transfer
coefficient (h,,q:er ), @s given by Eq. (12):

\IA/ater = ﬁCHTC ' hwater ) (12)

where Bcyrc is equal to 1 when the system is on;
otherwise, it is equal to 0. T,, was set as the
free-stream water supply and return temperature that
varied with the heating control strategies. It must be
noted this average value is a more realistic condition
than the water supply temperature, as the pipe length is
neglected in the 2D building model. According to the
suggestions from the Chinese Standard of Technical
Specification for Radiant Heating and Cooling
(JGJ142-2012) [62] and the real operating conditions of
an office building [63, 64], a maximum T, value of 35
°C was set.

For the heat gains that transferred through the
exterior wall, roof, and window surfaces, the varying
outdoor air temperature (T, was used as the
free-stream temperature, and the value of the external
surface heat transfer coefficient (hey) was selected as
25 W/(mZ-K) [65]. Moreover, the surfaces in adjacent
office rooms, e.g., the interior walls of adjacent rooms
and the ceilings of adjacent building stories, were
assumed to have a constant temperature and
predefined heat transfer coefficients. The heat transfer
coefficients for interior walls (h;;) of an adjacent room
and the ceiling (h.e;) of the adjacent story were assumed
to be 0.948 W/(m*K) and 5.0 W/(m*K) [66],
respectively, and the Tj,q00r representing the indoor air
free-stream temperature was set as 18 °C.
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The inlet air supply velocity (u;,) that accounts for the
outdoor air ventilation and infiltration ventilation is
defined as follows:

:Qﬂ— Qin _Qﬁ (13)

tin Ain Lin 1.0 B Lin
where Q;, is the volumetric airflow rate at the inlet
calculated by the outdoor air ventilation rate or
infiltration rate (m®%s), A;, is the inlet area (m?), and L;, is
the length of the inlet (m). In this study, the calculated
inlet velocities for supply air in the working periods
between 09:00 to 12:00 and 14:00 to 18:00, and in the
remaining working hours (07:00-09:00, 12:00-14:00 and
18:00-20:00), were considered as 0.21 m/s and 0.11 m/s,
respectively.

Additionally, the velocity in the infiltration period
(unoccupied period) was set as 0.028 m/s. It should be
noted that to simplify the geometry model, the infiltration
was coming from the DV diffuser when the fan was not
used. The CFD boundary conditions are summarized in
Table 4.

2.2.4. Computational Grid Distribution

Hybrid meshes were used, including triangular
meshes around the heating pipe and quadrilateral
meshes in other solid zones and the indoor air zone.
The thickness of the first layer with a 1.2 growth rate

Table 4: A Summary of the CFD Boundary Conditions

adjacent to the heat source and heated floor was made
very small (0.4 mm) to resolve the laminar sublayer,
where the non-dimensional wall distance (y*) was less
than 1. The grid sizes of the inlet and outlet openings
were 5 mm with total numbers of 8 cells, respectively.
Also, each component in the multilayer structures
maintained at least 3 cells in the heat transfer direction
from the inside to outside.

To ensure the quality control of CFD simulation [58,
67], a grid independence analysis was conducted by
adjusting the element sizes of the heating pipe and heat
source. As shown in Table 5, the heated floor
temperature and indoor air temperature at a height of
1.1 m were compared. The relative differences between
two adjacent grid distributions under the stipulated
parameters were very small (<1%) due to the rigorous
boundary layer distribution and the sufficient number of
cells, e.g., inlet and outlet, predefined in advance.
According to the maximum relative differences of the
floor surface temperature and air temperature at the
height of 1.1 m, 291,772 cells in total were ultimately
used for all further simulation cases. Figure 5 presents
the grid distributions specifically around the heat source,
the heated floor, and the heating pipe. Moreover, the
time step of 15 s was considered after taking into
account the tradeoff between computational resources
and simulation accuracy [35].

07:00-20:00 on Weekdays

Other Times on Weekdays

Inlet Uniform u;, (0.21 m/s or 0.11 m/s), constant T, (16 °C)

Uniform ui, (0.028 m/s), variable Tj,

Outlet

Pressure out

Pressure out

Pipe wall

Tave and hy,q.ervaried with the control strategies

Tave and hj,,..-varied with the control strategies

Heat sources

Qsource Varied with the schedules 0

Exterior roof

Variable T,y constant hey

Variable T, constant hey

Exterior wall

Variable T,y constant hey

Variable T,u, constant hey

Exterior window

Variable T, constant hey

Variable T, constant heyx

Interior walls of adjacent room

Constant Tingoor and iyt

Constant Tingoor and hin

Ceiling of adjacent building story

Constant Tngoor and heeir

Constant Tipgoor and heeis

Table 5: Grid Independence Analysis

Pipe Element Size/Heat Total Number Relative Difference of Floor Relative Difference of Air
Source Grid Size of Grids Surface Temperature Temperature at a Height of 1.1 m
Coarse mesh 1.5 mm/15 m 198,676 - -
Medium mesh 1 mm/10 mm 291,772 0.73% 0.94%
Fine mesh 0.8 mm/8 mm 344,672 0.26% 0.51%

Note: The boundary layers around the heat source, the grid numbers (28) of the inlet and outlet, and the grid number (=3) for each component in the multilayer

structures were kept constant for each case.
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Figure 5: Grid distributions of the 2D simulation model around the heat source at section A, and the heated floor and heating pipe

at section B.

2.3. Control Strategy and Meteorological Data

2.3.1. Meteorological Data

Numerical simulation was conducted under the
weather conditions in Jinan, China, which is located in a
cold climate zone. The daily temperature profile and
solar radiation variation were sourced from the Chinese
Standard Weather Database adopted in the EnergyPlus
simulation program [68]. Proposed daily weather
conditions including between December 11 and
December 21 were then created, as shown in Figure 6.
The maximum and minimum T, values were 4.3 °C at
15:00 and -4.2 °C at 05:00. The maximum direct solar
radiation (Qq;) was set to two different values of 736 and
446 W/m? at 13:00. The maximum daily temperature
difference was about 8.5 °C. It should be noted that this
daily temperature variation profile was used for the
subsequent control strategies. In other words, the daily
temperature difference was kept constant, while
temperature profiles varied depending on Tin out-

2.3.2. Control Strategy

An intermittently-operated heating strategy using
Tave based on different T 0 Values is proposed
according to existing studies [19, 69], as given by Egs.
(14-18).

If Tmin,out <-15 0C7 then
= lwater,high (14)

Tav e

If -15 °C < Trinout S 15 °C, then

6 = 800
—m
]
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Figure 6: The variations of predefined T, and Qui- (The blue
dash lines indicate the minimum or maximum Tout and Quir).

_ Twaterlow—Twaterhigh
amin,out T T (15)
out,high™ ! out,low
T; = (Twater,high + Twal.‘er,low)/2 (16)
Twve = Xmin,out " Tminout T Ti (17)

If Toin.out > 15 °C, then

Tave water,low ( 1 8)

In In Egs. (14-18), Tuateriow is the lowest set-point
temperature for the average water temperature (25 °C in
this study), Twaternign iS the highest set-point temperature
for the average water temperature (35 °C in this study),
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Toutiow iS the predefined lowest value of T, (-15 °C in
this study), Toutnign is the predefined highest value of T,
(15 °C in this study), dpminou is the slope of the control
method, and T; is the average reference temperature.
Figure 7 presents the control strategies for setting a
predefined water supply and return temperature with the
variation of T our-

40.0
variation ‘

‘. —T,,, setupwith T

min, out

375

32.5
30.0

27.5

225 |

20.0 ] | A 1 || ARl
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Figure 7: Proposed control strategies for setting the T, as a
function of Tiin,out.

In this study, different intermittent operation cases
were defined and the indoor thermal comfort condition
was evaluated according to the proposed control
strategies using the numerical method. As reported in
Table 6, six different T, .. values in different climatic
control zones were selected, and T,, was accordingly
defined. Note that this study excluded the extreme cold
and extreme warm climatic conditions with T out < -15
°C or Tpinout > 15 °C during the heating season in Jinan
city. In fact, a continuous operation should be carried out
in the climatic zone of Tpnow < -15 °C, and a
non-operational heating system may be considered in
the climatic zone of Tnou > 15 °C.

Table 6: Case Descriptions for Average Water Set-Point
Temperatures Selected Under Different Outdoor
Climatic Conditions

Climatic Control Zone Assumed Tpinout (°C) Tave (°C)
-15 °C < Thinout < -10 °C -14.2 347
-10 °C < Thinout -5 °C -9.2 33.1
-5°C < Thinout s 0°C -4.2 314
0°C < Tuinout < 5°C 0.8 29.7
5°C < Tminout < 10 °C 5.8 28.1
10 °C < Thinout < 15 °C 10.8 26.4

Considering the schedules of the occupancy,
equipment heat gain, and lighting heat gain in the office
building, intermittent operation strategies for noon and
nighttime are proposed. Figure 8 presents the values of
T.ve and the schedules under different conditions of T,,;.
For example, in Case T-14.2, when the forecast daily
minimum temperature was between -15 °C and -10 °C
(-14.2°C), as recommended in Figure (8a), the heating
water was supplied to the floor in three different periods,
namely 00:00-11:00 and 13:00-18:00 (total 16 hours),
00:00-11:00 and 13:00-20:00 (total 18 hours), and
00:00-11:00 and 13:00-22:00 (total 20 hours).

As the outdoor air temperature increases, the values
of T, and the operation schedules decrease differently.
Numerical simulations were conducted to compare the
indoor thermal comfort environment in different
intermittently-operated cases. By comparing the results,
the final floor heating system control strategies were
obtained.

2.3.3. The Effect of Solar Radiation

Existing revealed that the heat gains of exterior
surfaces from direct