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Abstract

The choice of heating systems in buildings is primarily guided by the desired comfort level
and energy saving concerns. Radiant floor heating systems are suitable for satisfying these
requirements by considering the trade-off between minimizing the thermal inertia of the
radiant slab and maintaining the surface temperature below a certain value. In this study, a
new simplified model based on an analytical correlation is proposed to evaluate the heating
radiant slab surface temperature and examine its thermal behavior under dynamic conditions.
A full-scale test cell, monitored by a set of sensors, was used to obtain measurements under
transient conditions. In addition, numerical models based on the finite difference method and
the finite volume method were developed and validated under transient conditions. The design
of experiments method is used to derive meta-models for the time constant and the delay time
in order to compute the surface temperature. The sensitivity analysis indicated that the
specific heat capacity of the slab material and the heating water flowrate significantly affect

the time constant as opposed to the insignificant effect of the thermal conductivity and the

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
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heating water pipe inner diameter. In additionwas found that all of these parameters,
except for the heating water flowrate, have a $igamt impact on the delay time. Compared
to the experimental results, the maximum relatiwviations on the computed surface

temperature were within 2% for the numerical made 4% for the semi-analytical model.

Keywords: floor heating system, experimental test cell, sanatytical model, finite

difference method, finite volume method, desigexjeriments

Nomenclature

A; Surface area of wall “i” [m?]

Ag Surface area of the FHS [m?]

Cp s Specific heat of the water [J-kd<"]

Cy Specific heat of the anhydrite slab [J*kig™]

Coa Specific heat of the ambient air [J-k&™"]

Dy Pipe outer diameter [m]

D; Pipe inner diameter [m]

e Thickness of anhydrite slab [m]

Gr Grashof number

h Total convective heat transfer coefficient [WAi{™]

h, Air convective heat transfer coefficient [W?nK™]

hy Water convective heat transfer coefficient [W- "]

h, Radiative heat transfer coefficient [W?nk™]

L Length of radiant slab (x-direction) [m]

l Distance between pipes [m]

Ty Water mass flow rate [kg's

Nu Mean Nusselt number for air

Nuy Mean Nusselt number for water

Pr Prandtl numberPr = p’;—lff

Ra Rayleigh number% (T, — T)L3,

Re Reynolds numbeRe = %

R, Total thermal equivalent resistance [K*W

Rconv Thermal resistance regarding the convective haaster [K- W]
R,qa Thermal resistance regarding the radiative heastea [K-W"]
Rcona Thermal resistance regarding the conductive haaster [K- W]
Ry, Thermal resistance of the pipe [K*V

Pipe cross-sectional area [m?]
Surface temperature of radiant slab [°C]

o1



Tso Surface temperature of radiant slaly &t 0 [°C]

Ts o Surface temperature of radiant slab at the steaty EC]
T, Depth temperature of the radiant slab [°C]

T, Ambient air temperature [°C]

Tai Ambient air temperature at= 0 [°C]

Tao Ambient air temperature at= L [°C]

Traa Radiant temperature [°C]

Ty, Inner surface temperature of the tube [°C]

Tpo Outer surface temperature of the tube [°C]

Ts Inlet water temperature [°C]

Tr o Outlet water temperature [°C]

T_f Average water temperature [°C]

T, Average Surface temperature of radiant slab [°C]
ty Delay time [s]

€ Radiative emissivity of radiant slab [-]

g Air thermal conductivity [W-rif-K™]

A Thermal conductivity of anhydrite slab [W-AK™]
As Water thermal conductivity [W-mK™"]

p Thermal conductivity of pipe [W-hK?]

p Density of the anhydrite slab [kg-in
Pa Density of the ambient air [kg-th

ps Water density [kg- ]

o Stefan-Boltzmann constant567 x 1078 [W-K™]
T Average time constant [s]

O}

Total heat flux [W]

Doy £ Convective heat flux between the water and thedensube surface
W]

Dpe Conductive heat flux between the inside and thsidettube surfaces
W]

DPona Conductive heat flux of the radiant slab [W]

Donva Convective heat flux between the slab surface hadinbient air [W)]

D04 Radiative heat flux between the slab surface aedtinroundings [W]

33 1. Introduction

34 The building sector is currently experiencing angigant increase in the use of floor

35 heating systems (FHS). The FHS technology has besimpler because of the usecadss-
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linked polyethylene PEX-tubes. In addition, thegstams offer optimal thermal comfort and
improved living conditions for the occupants congghrto conventional systems [1,2].
However, for design and control purposes, a speamihasis had to be placed on the heating-
slab surface temperature and the heat flowrate [3].

Lightweight or heavy radiant slabs perform diffahgrbecause of the thermal inertia
characteristics of the slab material. In the lighityht systems, aluminum panels with bottom
insulation are typically used, which ensures a hgeneous surface temperature distribution.
They are also characterized by a rapid thermabresg lower heat losses, and less floor load
because of their low mass [4]. Heavy systems aimgpily constructed with concrete or
anhydrite materials integrated with embedded pipés. drawback of heavy radiant slabs is
their low thermal response, particularly for intétently occupied rooms [5]. However,
heavy systems can be used as “thermal batteriesheathermal energy is stored by the mass
concrete slab and radiated to the indoor environmh a time delay. Using heavy heated
floors in covered structures under controlled im&ir temperature conditions can moderate
the heating demand [6-8].

In all cases, irrespective of the type of FHS ahd tlimatic and building dynamic
conditions, the heating slab surface temperaturgt il maintained below a maximum value,
i.e., 28 °C/29 °C, as specified by the Europeanmitee for standardization [9], and in the
same time, the surface heat rate provided by thle steds to satisfy the heating power
requirement of the building.

The FHS thermal behavior has been an ongoing r&@séapic for a number of years [10-
19]. Various analytical, numerical, and simplifietbdel approaches have been used for this
purpose. Analytical models were developed by a ramalb authors [18-22] using a detailed
mathematical description of the heat transfer gec&he aim of these models was to derive

the critical parameters, namely the radiant slatiasa temperature and total heat rate. In
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these approaches, the heat transfer equationisldib are solved using the separation of
variables method, the Fourier decomposition metloodhe Laplace transformation method.
However, the analytical approach is less used tsecafi the complexity of solving two-

dimensional (2D) and three-dimensional (3D) heatngfer problems under transient

conditions.

Following the development of fast and high-capacynputers, numerical approaches
have become the primary tool to achieve detailedl @rcurate multi-dimensional thermal
analyses of heating slabs. Finite difference, diniblume, or finite element methods are the
typical classical robust techniques to solve tramtsheat transfer problems. Numerous authors
have used a numerical approach to obtain disdnetenial responses in steady- and unsteady-
state conditions for heating slabs [12, 17, 21]sfe their relative accuracy, the numerical
simulations require significant computation timberefore, they are not compatible with
quick engineering designing of heating slabs, $padly when optimization of the thermal
behavior of the building envelope and heating deviainder actual external climatic
conditions are required.

Simplified models are based on simple energy balamcon the analysis of the thermal
resistances and capacitance of slab layers [22T28se models are useful, simple to build,
can offer significant flexibility for design and mwol purposes, and can also be combined
with other numerical models. They require less cataon time and could provide a level of
accuracy comparable to the analytical or numerinaldels. Jin et al. [22] developed a
numerical correlation for the thermal conductivitythe embedded-pipe floor layer and used
it in the proposed surface temperature calculatmdel. The steady-state results obtained
were in good agreement with their experimental daié numerical simulations. Zhang et al.
[23] reported a simplified method to solve the heatduction problem of the concrete slab

by considering the thermal capacity and the unifgriof the radiant surface temperature. The
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results were in good agreement with the measuresvaant the numerical simulations. They
also reported that the thermal conductivity andkhess of each layer constituting the slab
had a significant impact on the performance ofrtddiant slab. Tian et al. [24] performed a

numerical and analytical modelling combined withumped parameter method (RC) based
on the concept of the core temperature layer aderusix different unsteady-state conditions.
The RC model exhibited a good agreement with theegmental and numerical results. Li et

al. [25] reported a simplified thermal calculatiomethod adapted to a multilayer floor

structure. This method was based on the analysichition of the Fourier law and on the

thermal resistance of the floor layers. They alsported an equivalent thermal resistance
concept to evaluate the floor surface temperatisteilslition. Wu et al. [26] reported a novel

simplified model using the conduction shape factoder steady-state conditions. The effects
of pipe spacing, slab layer thickness, and avevegfer temperature on the derived surface
temperature and heat flux were analyzed. The oddaiesults indicated that the screed
thickness has no impact on the surface temperatsirepposed to the pipe spacing and
average water temperature.

From previous studies, simplified models appear enfavorable than analytical or
numerical approaches as they allow for a quickeduation of the thermal behavior of the
FHS, which can help to establish optimal desigrapeaters in the early stages of the heating
system design. However, further aspects should tesidered for complete thermal
characterization of the FHS radiant slab: (i) thertal behavior of the radiant slab should be
studied under transient conditions in order to mersthe alternating conditions between day
and night and abrupt variations in surroundingghsas an unscheduled overcrowd, or an
unexpected direct solar heating of the slab surfdiea parametric study of the radiant slab
thermal performance must be performed considefimey simultaneous interactions of the

design and the thermo-physical properties. Theeefarfull sensitivity analysis exploring the
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impact of each single parameter, as well as themulsaneous interactions, had to be

performed in order to determine the optimal thermaponse of the FHS. To date, it appears
that there are few published studies that analleetiermal dynamic behavior of the slab

with a practical and simple model.

The aim of this study is to contribute to the erigtstate-of-the-art by providing a valid
and simplified calculation model of the heating yhite slab thermal behavior considering
all primary design parameters. The design of expemis (DoE) method is used in
conjunction with the experimental data obtainedtf@r floor heating surface temperature and
a 2D finite difference model is developed and \atkdl. The obtained results would be of
significant practical use for building engineersd aesigners, and allow accurate thermal
behavior predictions of the FHS for design or colnpurposes.

In the second section, the monitored full-scaleeeixpental test cell incorporating the
FHS is discussed. The 2D finite difference mod&NH, which was developed by Merabtine
et al. [6], is then improved and adapted for owsecstudy. In addition, a 3D numerical model
of the FHS based on the finite volume method (FVM)presented and validated under
transient conditions. A simplified analytical modeth time constant and delay time for the
average floor heating surface temperature is thepgsed. A multi-objective sensitivity
analysis based on the DoE method is then perfortoemhalyze the effects of the design
parameters and physical properties of the FHS entithe constant and the delay time,
yielding unique meta-models. These meta-modelsesemt the correlations that relate the
time constant and the delay time to the differemsigh and physical parameters.
Subsequently, the complete simplified model equaito obtained and validated using the

meta-models as its coefficients. The proposed ndetbgy is shown in Figure 1.

Figure 1: Schematic diagram of proposed methodology
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2. Experimental section

2.1.Overview of the test cell facility

The experimental facility is a full-scale test c@fig. 2a) that is designed with a dual
purpose allowing both the study of the charactéomeof the building envelope materials and
the thermal comfort assessment. The 2.1-m-higkcedbenvelope is a wooden structure with
a total heated area of 11 m2 and insulation maol® fnemp wool and wood fibers. These
materials were selected for their good thermal lat&n properties and considering the
French building standards. Figure 2b shows thecesdimensions, as well as the envelope
material types and the location of the sensors. f€se cell comprises two controlled and
monitored hygrothermal zones: the inside test zaidch simulates the indoor environment,
and the outside zone, which simulates a numberuwdioor conditions. The rooms are
separated by a partition with an opening to accodate building materials to study their
hygrothermal behavior when subjected to differdimhatic conditions. The behavior of the
envelope materials is not addressed in this stlitlis partition is considered as an exterior
facade and not as an interior wall. Therefores gubjected to a warm atmosphere on the left-

hand side and an air-conditioned atmosphere orighehand side.

(@)

(b)
Figure 2: Experimental test cell: (a) outside viawd (b) plane view
As shown schematically in Figure 3, the test celéquipped with a number of heating,

ventilation, and air conditioning (HVAC) systemsnoected to a regulator allowing complete
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control of both indoor and outdoor conditions. Teating of the indoor environment is by
means of a heat pump (1) supplying three distieett lemission systems (4, 5, and 6). The
heat pump provides the required heat to the whédrflows in the system. The buffer tank (2)
installed between the heat pump and the circulaiomps (3) provides additional water
storage in the heating system to prevent boilertstycling. The first circuit supplies the
radiant slab (6), the second one supplies the t@adig5), and the third one supplies the
convective radiator referred to as the variablevailume (VAV) (4). Each circuit is equipped
with its own circulation pump to ensure the chosamperature and volume flow rate of the
hot water. A three-way valve and a thermostaticvevahre put to control the water
temperature at the inlet of the radiant slab. Anbiami thermostat monitors the room
temperature and controls the heat pump. The ouiide is cooled by an air conditioning
system (7). The HVAC systems characteristics ageented in Table 1.

2.2.Experimental procedure

In order to validate our proposed numerical modedgardless of the input conditions,
two scenarios were experimentally simulated in ¢higly. In the first scenario, the inlet water
temperature was adjusted in two successive levats27.5 and 29 °C, during pre-defined
times (Table 1). In the second scenario, the inbger temperature was kept constant at 31.5

°C..

Figure 3: HVAC systems

Table 1: Test cell facility overview

The measured data was recorded at five-minuteviateby an acquisition system and

could be visualized over extended periods. The oredsparameters are the average air
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temperaturel, and the relative humidity (RH) of each room, theameadiant temperature
neas, the inlet and outlet water temperaturég and Ti,o, respectively, the surface

temperatureds; andTs,, the depth temperaturdg; and Ty, of the floor heating radiant slab,

and the emitted heat flux rapeof the FHS. Table 2 depicts the measuring instnimas well

as its measuring range and accuracy.

Table 2: Measuring instruments

The air temperature and RH of the inside zone wezasured by two different sensors,
located at 1.8 m and 1.5 m from the floor, whichrevéixed in the center of the wall and in
the geometric center of the room. The main reasdixing one of the two sensors into the
wall allows checking if there is any substantiap deetween measurements due to the natural
convection. The air temperature and RH of the detgione were measured by one sensor
located at 1.8 m from the floor and fixed to thellwéhe surface temperatures of the floor
heating radiant slabls; and Ts; were measured by two sensors. The heat flux messr w
placed as close as possible to the surface teropersgnsors. The depth temperature sensors,
Tq1 and Ty, were embedded inside the screed, and were p&ic2@ cm and 3.6 cm from the
insulation panel, respectively. It must be notedt tliegarding the validation process, we
averaged all of the above measured temperatureelnd,, Ts, andTy. The floor heating

radiant slab dimensions and the sensor locatianskawn in Figure 4.

Figure 4: Sensor locations and slab dimensiongr@ss-sectional view, and (b) top view

3. Numerical modelling
3.1.2D Finite difference method
In a previous study [6], a 2D FDM model was develbpnd experimentally validated to

estimate the radiant floor surface temperaturethadeat flowrate under transient conditions
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in the case of a reduced scale and non-covered FFHBis study, we aim to improve on the
model by making the required modifications to adapd a full-scale covered test cell. Once
validated, this model could serve as an accuratefast numerical tool for heating floor
design purposes and sensitivity analyses.

The model of Merabtine et al. [6] included a numbkassumptions, essentially similar to
the assumptions in other previous studies [12,14,27

i.  The slab material is homogeneous and the propargnpeters are kept constant
ii.  The pipe-wall thermal resistance is neglected
iii. The floor is thermally insulated all around (bottand vertical sides)
V. The heat transfer in the pipe (water region) is-dimensional (radial heat transfer)
v.  The heat transfer in the slab is transient and 2D

The last assumption will be further discussed inaase study. The first natural direction
through which the heat flows is vertically from thigpe to the radiant surface, namely, the y-
axis. The other dimensions are the lengthwisend,widthwise, z, . These lasts will later be
combined in one direction, the x-axis, by assunthmgt the slab contains only one straight
pipe. In fact, the coil-shaped pipe, with a totdthL, is theoretically unrolled to yield a
long slab of the same lengthheated with a straight pipe. Therefore, the FDMlel@pplied
to this physical domain is developed to providehbatdepth and surface floor temperatures
for the region above the pipe. A full descriptiontloe physical domain and the developed
numerical model is provided by Merabtine et al. [6]

In this study, a number of modifications of the rabdre made to consider the variations
with time of a number of parameters. In additidre, measured inlet water temperature and air
temperature of the inside zone were implementedhé model. The total heat transfer
coefficient h(t) between the radiant slab surface and both the eamhbair and the

surroundings can be estimated by summing up thgeobine and the radiative coefficients



239  h.(t) andh,(t). h.(t) is calculated using a correlation of the transimsselt numbeNw(t)
240 for a turbulent flow which is given by [28].

241 Nu(t) = 0.14 * Ra(t)%33 (1)

242 whereRa(t) = Gr(t) * Pr, whereGr(t) = 2228 *([:Sz(t)_T“(t)], andPr = ”A—:”

243 OnceNu(t) is calculatedh,(t) is estimated as follows [28]:

244 h.(t) = Nu(t) * ’1L—“ 2
245 The calculation process is repeated for each tieete obtairh.(t) as a function of time
246  to be implemented in the 2D FDM model.

247 The value ofh,.(t) between the floor surface and the surroundingrenmient is given
248  by:

249 hy(t) =0 (Ts(t) + Traa(®)) (Ts(t)? + Traa(t)?)

250 (3)

251 The mean radiant temperature sensor, which isliedta the inside test zone, displays a

252 temperaturd5* that includes the influence of all surroundingfacesA;, with i runs from
253 1 to n, including the floor heating surface. Théueaof T,5q iS calculated by subtracting this

254  floor heating surface radiative contribution asdat:

BYTA;
: (4)

255 Trad =

256  whereB = Tjne* — (—TS(,?AS>,
Zi Aq

257  andC = (X1 4;) — A

258  whereT,2¢* is defined as:
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i Ti(O)*A;
Trad™(6) = %5 — ®)

As can be seen in Figure 5, the measured radianpeaturel,.,; and the air temperature
of the inside zond, are approximately similar. Therefore, we can sulistT,,4(t) in
equation (3) with, (¢). It should be noted that this similarity is notidéor all case studies
since this depends mainly on the outdoor tempezathe thermal insulation and the room

size.

Figure 5: Air ambient and radiant temperature peefin inside zone

3.2.3D Finite volume method (FVM)

The 3D FVM model was developed using computatidhatl dynamics software to
consider the thermal losses through the z-axis.flbloe heating geometry was represented by
a parallelepiped crossed by a tube representinghyideaulic coil. The floor dimensions
correspond to the actual dimensions of the hedlbag.

The general equations governing the thermal andmjaresponse of the fluid and solid

parts in the simulated model are as follows:

2 +v.(p7)=0 (6)
2 (p9) + V. (pi)=- Vp+pg )
2 (ph) + V. (Bph)= V. (kVT) (8)

The boundary conditions were chosen to match,raasfapossible, the actual configuration
while adhering to the following assumptions:
i.  The underside in contact with the insulation pamel the four side faces is considered

adiabatic.
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ii.  The inlet hot water is subjected to the experinmetaimperature implemented in the
3D FVM model via a User Defined Function (UDF) irmaplented in the used CFD
software. The UDF is a subroutine implemented i VM model that contains a
customized data in a matrix form to fit with theasarements.

iii.  The upper surface of the anhydrite radiant slabuigjected to convection with the
ambient air and the radiation with the surroundings

iv.  The measured air temperature of the inside tes m@s implemented as a UDF in the
3D FVM model.

As the meshing level has a significant impact @nabcuracy of the numerical simulation
and the CPU time, it is essential to identify th@imal meshing in terms of the generated
mesh number and the computing time. For this reasenconducted three simulations with
successive increase in the refined mesh refinimgcampared them in terms of the thermal
response of the FHS. Table 3 presents, for eacln hegsl, the simulated average surface
temperature at steady state together with the redjmumber of nodes and the corresponding

CPU time.

Table 3: Comparison between three mesh levels

It can be seen that mesh #2 is the most optimal leagarding a trade-off between the

accuracy of the results and the CPU time. Theretbis mesh level, as shown in Figure 6,

has been adopted in this study.

Figure 6: Domain meshing
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4. Results and discussion

4.1.Validation of improved 2D FDM model

As mentioned in Section 3.1, the 2D FDM model ih\Was validated for the case of a
radiant slab operating in an open space wherenidh@or room temperature variations were
not considered in the model. The validation wasedoy comparing the calculated hot water
outlet temperature, the average radiant slab suti@amperature, the average heat flow, and
the in-depth slab temperature at different locatitm the experimental results. The model
exhibited satisfactory performance; however, thesmained scope to improve the
performance. In the present study, the FDM modémjsroved by incorporating the actual
measured values of the hot water inlet and thedndar temperatures into the model. The
heat transfer coefficient to the ambient air andaindings is also modified by considering
the radiative part, as discussed in Section 3.2.

In order to validate the improved 2D FDM model, Wuest compared the numerical
simulations with those of Merabtine et al. [6] amith the experiments conducted in the test
facility therein reported. As can be seen in Figuréhe improved 2D FDM model is in good
agreement with the experimental data regarding aberage surface temperature, with a

maximum relative error of 1%.

Figure 7: Average surface temperature profile (cangpn with Merabtine et al. [6])

In the next step, the improved model is validatgadmparing the numerical simulations
with the measurements performed in the full-scaleeoed test cell with regard to the two
scenarios discussed in Section 3.

4 .2.Validation of 2D FDM and 3D FVM models for scenario#1



332 In order to maintain the maximum average surfaogggature at 28—-29 °C according to
333 the French standard NF DTU 65.14 P1-1 [29] andEilm®pean committee for standardization
334 CEN [9], the heat pump was set to supply the iht#twater at a maximum of 35 °C. The
335 entire system was controlled by a regulating sydiemeet the requirements of scenario #1,
336  which has two temperature levels (27.5 °C and 222CC). The 2D FDM model considers
337 the measured inlet hot water temperature, while3ibd-VM model approaches it by a curve
338 fit as it uses an UDF. The measurements were regetiree times under identical
339 experimental conditions. Figure 8 compares the ex@atal and the simulated average

340 surface temperature profiles.

341

342 Figure 8: Average surface temperature profilesé@nario #1

343

344 The simulation results remained within the rangethsd error bars and are in good

345 agreement with the experimental data, with a mawrinmelative error of 1.6% for both
346 models. For this scenario, the temperature takés5~B to reach the steady state, which
347  means that the thermal inertia significantly imgabe radiant slab thermal response and must
348  be carefully analyzed.

349 4.3.Validation of 2D FDM and 3D FVM models for scenario#2

350 In this scenario, we used the same thermo-physicdl dimensional parameters as for
351  scenario #1. However, the inlet water temperatuss experimentally and numerically kept
352 constant at 31.5 °C £1 °C as the regulating sysskms a certain amount of time to maintain
353 the heated water at the required temperature. &i§ucompares the experimental average
354  surface temperature with the numerical results. Mieasurements were repeated three times.
355 As can be seen, the temperature profile followsiasglogarithmic curve with a small delay

356 timetqy that is estimated as 9 min, which is because efalulator and the thermal inertia of
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the slab. The transient surface temperature evolviéls a time constant. The latter
characterizes the thermal inertia of the mateuakd in the hydraulic tube and in the screed.

The average surface temperature attained a stéadyas ~30 °C within 15 h.

Figure 9: Average surface temperature profile é@msrio #2

The estimates of the average surface temperatutieeb®D and the 3D numerical models
were satisfactory, and there was a good agreemighttiie measurements with maximum
relative errors of +2% and +2.5% for the 2D FDM &id FVM models, respectively. The
errors could be related to the fact that the imiater temperature implemented in the 3D
FVM model was kept constant. In addition, the sidiésvand the bottom surface of the
heating floor were considered adiabatic.

Once both numerical models were validated for therage surface temperature, other
simulations were conducted to estimate the temyergarofile inside the radiant slab so as to
analyze the floor heating temperature gradienturieéidl0 compares the experimental and the
numerical estimated temperatures for different sefecations at the steady- and unsteady-
states. The following parameters were comparedpéeatures inside the scre&gh and Tgp,
which correspond to a height of 2.6 cm and 3.6 mmfthe water pipes, respectively; the
average surface temperature of the anhydrite radiab, and the ambient air temperature that
corresponds to a height of 150 cm. Notice thatatimdient air temperature was used in both
models as input data, as the numerical models wele developed for the floor heating

system and excluded the surrounding environment.

Figure 10: Floor heating temperature gradient fuaaer pipes to ceiling (scenario #2)
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With regard toly; andTq,, the 2D model correctly estimates the tempergtunéle with
a maximum relative error of 3%. The 3D simulatiesults differ from the measured values
with a maximum relative error of 8% under the transstate. The reason for this error could
be because the inlet hot water temperature diffenadginally from the beginning of the
heating at t = 0 min until t = 100 min, and thisulbaffect the transient phase.

In addition, for the same water inlet conditioris simulated and measured emitted heat
fluxes, which are expressed as the sum of the cbioveand radiation heat fluxes, are shown
in Fig. 11. The radiative heat flowrate (not preéedrhere) is more criticab@2/3 of the total

heat flux) than the convective heat flowratel(3).

Figure 11: Heat flowrate profile (scenario #2)

Regarding the radiant slab surface temperatureitdisbn, figure 12 shows similarities
between the infrared thermal imaging and the sitedlaurface temperature field with the 3D
FVM model at t = 30 min. It is noteworthy that,timee 3D model, the shape of the water pipe
was approached by a regular shape (as comparée tctual one) in order to make easy the
manner of drawing on the CFD software. In the otieard, we sought to keep identical tube
length and the same general pattern (coil) adhtattual configuration.

(a) (b)
Figure 12: Surface temperature distribution aB0-min (same temperature scale): (a)

numerical simulation, and (b) infrared thermal imngg(scenario #2)

5. Transient simplified semi-analytical modelling

5.1. Semi-analytical modelling
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One of the significant results of the study by &ver and Padet [30] was that the water
temperature evolving in a heat exchangers (HEX)&eh&zgarithmic profile. Therefore, they
proposed a transient simplified formula which coblel universally used for a HEX that
characterizes its thermal behavior. The theoreticad experimental studies conducted by
Pierson and Padet, show that the inlet and owthepératures of two water streams, a cold
one and a hot one, evolving in a heat exchangeairsient conditions fulfills a logarithmic
profile before reaching steady state conditionsaA®at exchanger, the FHS is considered as
a water-based system that exchanges heat from twadenbient air and the surroundings with
a quasi-logarithmic thermal response. Therefoseir@nsient thermal behavior can be studied
using the Pierson and Padet approach [30].

While this semi-analytical approach is applied be tFHS, variations in the surface
temperature is a time function that includes a teoastant and a delay time that could be
estimated experimentally. This function is exprdsae follows:

Tso t<ty
T.(t) = (t-tg) 9)
s Tyoo + (Tso — Tsm)e” * t>t,

whereT; , is the average surface temperature att & Q is the average surface temperature
at the steady statejs the time constant; ang is the delay time. The values oandt,; will
be determined using the DoE method based on tigatadl 2D FDM numerical model.

To derive the surface steady-state temperaflirg, we can consider the entire heat
exchange between the hot water and the ambiem #we inside zone. The calculations are
performed by Equations 10-18.

The thermal convection between the water and thidérsurface of the pipe is given by:
Peonv_r = heDiL (Ty — Tpy) (10)
whereL andD; are the tube length and inner tube diameter, réispggc Tr, T,; are the hot

water bulk temperature and the inner surface teatper of the tube, respectively; and



Nuflf

430  hy = is the heat transfer coefficient which can beaolsd from the dimensionless

431 Nusselt numbeNu, based on the Dittus—Boelter correlation [19]:
432 Nuy = 0.023Re%8pro4 for 0.7 < Pr < 100 and Re > 10* (11)
433 The thermal conduction between the inner and ther@urfaces of the tube at the steady-

434  state is expressed as:

(T o~ T i)
435  Ppype = ”R—p” (12)

Do
ln(Di)

436 whereR,= v

is the thermal resistancg, is the thermal conductivity of the tub®, is

437  the outer tube diameter; affig}, is the outer surface temperature of the tube.

438 The 3D thermal conduction through the heating Eajiven by:
439 Diona = AcF (TpoTseo) = 22 (13)

440  whereR onq :ﬁ is the thermal resistanc@,is the thermal conductivity of the anhydrite

441  slab; andF is the shape factor which can be expressed &s [31

T[L

442 F= (14)

2me

in|-2- h(—)]
443  wheree is the thickness of heating sldbs the distance between pipes; dnid the length in
444  the x-direction of the radiant slab.
445 The thermal convection and radiation between tlaig slab surface and the ambient air

446  are given by:

— (Ts00—Ta)
447 (I)Conv_a - R_ (15)
conv_a
448 And, assuming thaf,,,..~T,, the radiative heat flux is:
449 @, = Lo Tourr) (16)

Rrad
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1 . .
whereR ony o= andR, 4= ———are the thermal resistances of the convective and

hconv_a4s hradAs

radiative heat transfer, respectivelyj, is the ambient air temperaturég,,, , is the
convective heat transfer coefficient; amg,; is the linearized radiative heat transfer
coefficients; Ty, is the surrounding temperature. The thermal @si&s can be combined

into a single thermal resistance coefficient expeddy:

Ra _ Rconv_aRrad (17)

B Reonv_atRrad
The steady-state surface temperafiyfgof the floor heating system is then derived from th
overall energy balance equation as follows:

(Tr-Ta)
Ra+Rconv_f+Rp+Rcond

Tg = R,+T, (18)

As the heating slab is considered as a heat exehgthg heat flux rate between the hot water
and the cold environment can be calculated usirg ltdgarithmic mean temperature
difference [28] as follows:

(Tfo0=Tao)=(Tri=Tai)_

$=U rro-ta My Cor(Tri = Tro) (19)
()
fi~Ta
whereU = 5 1R is the total heat transfer coefficient (from the Wwater to the ambient air);

Tr; andT, are the inlet and the outlet hot water temperafuespectivelyl,, ; andT, , are
the ambient air temperaturesvat 0 andL, respectively, both assumed equal’jdecause

of the high air volumer, is the water mass flowrate; agl, is the water specific heat.

Figure 13: Cross section of heating floor

From Eg. 19 the outlet temperature of the hot wederbe calculated:

Us

Tyo =To + (Tyi- To)e "%0s (20)
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The temperatur@, of the water aposition x (Fig. 13) of the pipe is given by:

UxSx

Ty =T,y + (T -Tp)e ™if (21)
where U, and § are the overall heat transfer coefficient andt leehange surface at
position x of the pipe.

As a final point, integration ofT, over the total length of the tuleyields the average

temperature of the hot watBr.

—_ 1 (L 1—-e~¢
Tp= 1 Jy T dx= To + (T - To () (22)

Uus
meCp,f

where{ =

5.2. Determination of T and t; using DoE method

Design of experiments is a systematic and rigorpisroach to engineering problem-
solving that applies principles and techniqueshatdata collection stage, so as to ensure the
generation of valid, defensible, and supportabtgrezering conclusions. The benefit of using
the DoE method is the provision of polynomial stital meta-models with correlation
factors and factor interactions for all respon$¥4.[In the present case study, the response
factors are time constamtand the delay time;, and the test will be conducted using the
validated 2D FDM numerical model. Numerous factmiuencing r and t; need to be
considered: those related to the ambient air ptigsep,, A,,C;q, and heony o.hy; the
anhydrite slab thermo-physical properties, 4 ,C,, ande; the thermo-physical properties of
the hot watepy, A¢,C,, ¢ ,hy, andV; and the geometric parameterandD;.
To simplify the process, a number of assumptionsehbeen made. The ambient air
temperature was set to lig =16 °C-28 °C. We assumed thaf,4,, and C,, remain
essentially constant in this temperature range asdq result, the heat transfer coefficients
(hconv_a hr, @andhyy,, f) resulting from these parameters are kept consgamilarly, the hot

water temperature was set between 27.5 °C-31.5fCGhé given experimental scenarios.
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Therefore, the values of, A¢, andC, r, undergoing small changes in this range, are taken
an average temperature of 30 °C. Table 4 presémetgange variation of the remaining
parameters based on the recommendations of thehmandard union AFNOR [29] as
recognized by the Centre of Scientific and TecHrBzalding Studies. For simplicity, and for

practical reasons, a label (from A to F) is asdigtoeeach parameter.

Table 4: Variations of FHS factors influencingndt, [29]

A full factorial plan was adopted to provide alethequired data from the DoE. As a
result, 26 = 64 simulations, including all interactions betweee tix parameters listed in
table 4, were performed. In addition, statisticatadwas obtained by implementing each
factor combination in the 2D model. The temperatorafiles obtained from the 2D FDM
model were then post-treated using a nonlineaessgrn method to obtain numerical values
of r andt,. Once all the values afandt,; were obtained, the meta-modelsraindty were
generated. The reduced statistical meta-modetsanfl t; obtained by the full factorial DoE
for the factors in Table 4 and in the given rangksariation, are expressed, respectively, as
follows:

T=(22.16 — 98 e — 1.34 1+ 0.00006 p + 0.0016 Cp — 23.3V + 1257 Di +

0.37 ep + 0.47 eCp — 15465 eDi + 0.000008 pCp — 0.76 pDi — 1.02 CpDi)?
(23)
ty = 1532 + 6586 e+ 3421 —0.0745 p - 0.0543 Cp + 3109V + 5390 Di —
6936 el + 5.14 ep + 8.88 eCp + 7533 ADi — 9.02 CpDi — 366133 VDi (24)
Because of using the DoE method, the sensitiviadyeis could highlight the effect of
each factor and their interactions on the time trig and the delay time,;. The Pareto

charts shown in Figs. 14 and 15 exhibit the infaeenf the parameters on the responses with
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a confidence level of 95%. It can be seen thatptimary factors influencing the thermal
inertia of the FHS (i.ez andty) are the slab thickness, the thermal conductivitg, specific
heat, the material density, and the volume flowrateother words, the thermal diffusivity of
the slab material and the water flow velocity dre primary parameters that should be used to

optimize the thermal response of the FHS.

Figure 14: Pareto chart of normalized effeats0(05) for time constant

Figure 15: Pareto chart of normalized effeats=(0.05) for delay timety

The effect of each factor anandt,; can be quantified by the slope of its plot obtdibg
changing the values of the factors while keepirgylévels of the other factors constant (Fig.

16). The slope indicates the variation of the respolt is observed thatincreases whea,
p, andC, increase, and decreases whendV increase, and vice versa. The influence of the

tube inner diameter d is not significant.

Figure 16: Primary effects for time constant

Figure 17 shows the influence of the different @niynfactors on the delay tintg.
It is observed that, increases whea, p, and(, increase, and decreases wieandV

increase, and vice versa. The influence of the ither diameteD; ont, is not significant.
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Figure 17: Primary effects for delay timg

5.3. Validation

The input parameters obtained from these caseestudlere implemented in the meta-
models (Egs. 23 and 24) to provide both the timastantt and the delay time,.
Considering the shape of the experimental curvé ¢xpresses the time evolution of the

surface temperature of the slalgorresponds to the time required for the tempesgbuofile
to reach(l — i) ~63% of its value at the steady state. Once the suttzo@eraturd’ ., has

reached the steady state, the time constand the delay timg; are calculated using Egs. 23
and 24, respectively. Their values are substititénl Eq. 9 to estimate the time-dependent
average surface temperature of the radiant slaleTacompares the calculatedand dt,

with the experimental ones.
Table 5: Comparison between calculated and measinnecconstant and delay time

Figure 18 compares the semi-analytical model withaD FDM and the 3D FVM models
as well as with experimental data for the averaggase temperature under steady- and
unsteady-state conditions. The semi-analytical rhedaibits a relatively good agreement
with the experimental data, as the maximum errdr.1s°C (4%). This deviation is primarily
related to the assumptions of the model, which idensa logarithmic profile for the surface
temperature. However, given the simplicity of thedw®l, which represents a significant
advantage when looking for fast and reliable resuttcan be considered as a useful tool for

the estimation and analysis of the thermal behadfiarradiant slab.
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Figure 18: Average surface temperature obtained Binplified model. Comparison with

measurements and simulation results

6. Conclusions

This study devoted to the heating floor surface perature in transient condition
proposed an innovative simplified semi-analyticaldal using a logarithmic temporal profile
with time constant and delay time as the primancftional parameters. The proposed model,
which was experimentally validated, was able to etdde thermal behavior of the FHS in
the full-scale test room under transient conditidiiee experimental tests were repeated three
times for two different scenarios considering théet water temperature set points. The
average surface temperature, the in-depth slabaenpe, the outlet/inlet water temperature,
the indoor temperature, and the heat flow rate weeprimary parameters that were directly
measured. Both the time constant and the delay, timeee derived from the experimental
data. The response factors of the simplified maukielyr and t;, were obtained by a DoE
method and a validated 2D FDM. The numerical vahfabe delay and constant times were
in close agreement with the experimental values. FbM model yielded satisfactory results
for this case study as the relative deviation an dkierage surface temperature and the in-
depth temperatures were smaller than 2% and 3%ectsgely. In addition, a sensitivity
analysis was conducted to show the effects of ifiereint factors on the time constant and
the delay time. It was shown that thickness, thérooaductivity, specific heat, material
density, and the water volume flowrates had a @it influence on the thermal inertia of
the FHS (characterized by and t;), whereas, the inner tube diameter had no infleenc

Using the developed correlations for the time camstind delay time, the semi-analytical



596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

model was able to estimate the average surfaceetatuype with a relative error of 4%
compared to the experimental results.

From the obtained results, the developed simplifrextiel will be beneficial as it provides a
useful and accurate way for a fast estimation efftbor surface temperature, the total heat
flux, as well as the thermal inertia parameterghefFHS under dynamic running conditions.
In addition, the developed DoE/FDM methodology colbé used for the optimization of the
FHS response and to obtain the optimal physicaldasign parameters and, thereby, improve
its efficiency. Therefore, the simplified model tbbe a powerful tool for practicing building

engineers and designers.
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Figure 1: Schematic diagram of proposed methodology
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694 Table 1: Test cell facility overview

Designation, devices
and scenarios

Characteristics

Insulation materials

HVAC systems

Regulation system

Experimental
scenarios

Hemp woolp = 25 kgm™3 ; A = 0.04 Wm™1K!
Wood fibersp = 40 kgm™3 ; A = 0.04 Wm™1K?!

Air ventilation systen consisting on a dual-flow ventilation equippediwit
enthalpy wheels
Air conditioning systemis set to maintain the cold room at a temperature
between -18 °C and 25 °C
Heating systemconsisting of a VAV, four radiators and a FHS. Té& consists
of a tube coil placed on a wood fibers insulatiangl and covered with an
anhydrite screed
» Anhydrite screed:e = 50 mm ; p = 1900 kgm ™3 ;
A=12Wm K™t ; C,=1000]Jkg™'K™" ; £ =0.94; Spys =55m? ;
floor to ceiling = 2.1m
+ Insulation panel:e = 60 mm ; p = 40 kgm™3 ;
A=0.04Wm™K~*; C, = 2100 Jkg 'K ~*
* Tube coil is a cross-linked polyethylene tubg = 16 mm ; D; = 13 mm ;
L=51m ; p=933kgm™ ; A=04Wm™K~! ; V=0.021s"' ; The
distance between pipes varies between 0.1 m abd®.1

The regulation system controls the inlet water terajure supplied in the FHS.
This regulation is done by controlling a three-weajve that mixes both of the
storage tank water and the return water from tlaig floor.

Scenario #. the inlet water temperature follows two differsteps, 27.5 °C +
1°C between 0 and 600 min and 29 °C % 1°C betw&&d &nd 2330 min.
Scenario #2 the inlet water temperature is kept at a cong@mperature of 31.5
°Ct 1°C.
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696 Table 2: Measuring instruments

Instrument Amount measured Measuring Accuracy
parameter range

Air RH and

temperature 1 outdoor RH and [0, 100] % 2% at 25°C

sensor temperature [-50, 50] °C t0.5°Cat0°C

(KLU 100)

Air RH and

temperature 1 indoor RH and [0, 100] % 2 9% at 25°C

sensor temperature [-50, 50] °C 0.5 °C at 25°C

(KLH 100)




Surface RH
and

temperature 1 Indoor RHand [0, 100] % 3% at 25°C
_ o + o o
sensor temperature [-50, 50] °C *0.5 °C at 25°C
(KLK 100)
Globe
temperature mean radiant
sensor 1 temperature [-30, 75] °C +0.5 °C at 25°C
(ASTF- P
PT1000)
Surface
surface
Temperature temperature of the
sensor 2 remp [-20, 80] °C
inlet and the
(TEPK outlet water pipe
PT1000) PP
Temperature surface
sensor 2 temperature of the [-20, 100] °C t0.3°C at0°C
(PT 1000) slab
Temperature depth temperature
sensor 2 of {)he slabp [-20, 100] °C t0.3°Cat0°C
(PT 1000)
Infrared
thermal infrared thermal
camera 1 imaain [-20, 150] °C t0.1 °C at 30°C
(FLUKE ging
TR105)
Flux meter [-260, 260] mV  0.01 mV
(AHLBORN corresponding corresponding
FQA019C) 2 surface heat flux 0 o
<120 °C *0.12 °C
697
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700 Figure 4: Sensor locations and slab dimensiongré®s-sectional view, and (b) top view
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Table 3: Comparison between three mesh levels

Mesh number Nodes number  Average surface temperater(°C)  CPU time (hours)

#1 1756 742 28.28 24
#2 2144 428 28.94 36
#3 3 856 820 29.02 50

sl

0000 0ps0 0100 (m)

Figure 6: Domain meshing
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Figure 7: Average surface temperature profile (canson with Merabtine et al. [6])
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714 Figure 8: Average surface temperature profileséanario #1
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716 Figure 9: Average surface temperature profile éengrio #2
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718 Figure 10: Floor heating temperature gradient freater pipes to ceiling for scenario #2
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721 Figure 11: Average heat flow rate profile for saem#?2
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732 Figure 13: Cross section of heating floor
733 Table 4: Variations of FHS factors influencingndt, [29]
Factors influencingt and ¢ Labels Levels
¢ d min (1) max (+1)
Slab thickness, e (m) A 0.04 0.06

Thermal conductivity of the slai,(W.m-1.K-1) B 1.2 2.6
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Figure 16: Primary effects for time constant
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Figure 17: Primary effects for delay timg

Table 5: Comparison between calculated and measianecconstant and delay time

Parameter Measurements (s) Meta-model (s) Relative deviation (%)
Time constant 9353 9188 1.76 %

Delay timet, 503 527 477 %
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747 Figure 18: Average surface temperature profileséamnario #2
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