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ABSTRACT

Radiant floor heating systems (FHS) are considered as reliable heating systems since they ensure maintaining
inside air temperature and reduce its fluctuations more efficiently than conventional heating systems. The
presented study investigates the dynamic thermal response of an experimental FHS equipped with an anhydrite
radiant slab. 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. In order the
validate the developed analytical model, an experimental scenario, under transient conditions, was performed
in a monitored full-scale test cell. 2D and 3D numerical models were also developed to evaluate the accuracy
of the analytical model. The method of Design of Experiments (DoE) was used to both derive meta-models,
to analytically estimate the surface temperature, and perform a sensitivity study.

INTRODUCTION

Optimizing the building sector energy consumption has become a matter of extreme priority ensured through
several types of enhancement measures who must consider thermal comfort conditions inside the building.
Furthermore, for commercial buildings, inside thermal comfort conditions are maintained basically through
Heating, Ventilation and Air Conditioning (HVAC) systems, where their energy consumption account for
more than 60% of the total consumption. Therefore, this high dependency on such system in order to maintain
thermal comfort conditions inside a building has drawn the attention of countless research studies aiming at
maximizing the efficiency of such systems while lowering the rate of electricity consumption.

In this context, floor heating systems (FHS) has been the subject of several studies focusing on analyzing their
effect on inside comfort conditions [Olesen, 2002], determining the factors that are influencing their
performance [Wang, 2018] as well as predicting their dynamic performance under different conditions in order
to adapt a more efficient functioning mode of such systems [Merabtine, 2013]. The main advantage of the FHS
is their ability to maintain comfortable inside air temperature degree varying between 22-26°C for the summer
season and 21-24°C for the winter season regardless of the internal loads and external climates [Werner-
Juszczuk, 2018]. Furthermore, for the case of radiant heating floors it is essential to keep the floor surface
temperature within a range of 27°C to 29°C in order to not reach overheating conditions [Zhang, 2013].

The FHS thermal behavior modeling has been an ongoing research topic for a number of years [Kollmar, 1957;
Athientis, 1997; Merabtine, 2018; Shin, 2015; Tahersima, 2018; Thomas, 2011;]. Analytical, numerical, and
simplified-model approaches have been used for this purpose. Analytical models [De Monte, 2000;
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Holopainen 2007; Jin, 2010; Koschenz, 2000] use a detailed mathematical description of the heat transfer
process. The purpose is to derive the critical parameters, such as the surface temperature and the heat flow
rate. However, the analytical approach is less used because of the complexity of solving two-dimensional (2D)
and three-dimensional (3D) heat transfer problems under transient conditions. However, simplified semi-
analytical models, that used a hybrid numerical-analytical method, appear more favorable than analytical or
numerical approaches as they allow for a quicker evaluation of the thermal behavior of the FHS, which can
help to establish optimal design parameters in the early stages of the heating system design.

The aim of this work is to fill the gap sensed in the existing state of the art through providing a valid and
simplified calculation model of the heating anhydrite slab thermal behavior considering all primary design
parameters. The design of experiments (DoE) method is used in conjunction with the experimental data
obtained for the floor heating surface temperature and a 2D finite difference model is developed and validated.
The overall objective is to help designers to a better conception and optimization of such systems.

FULL-SCALE EXPERIMENTS AND DATA COLLECTION

As shown in Figure 1, the test cell facility is composed of two climatic chambers with an overall area of 11 m?
and a height of 2.1 m. The left chamber, called inside zone, is equipped with a floor heating system comprising
51 m of embedded cross-linked polyethylene tube placed under an anhydrite screed slab of 5 cm of thickness,
and above 6 cm of an insulation layer essentially made from wood fibers. The main purpose of this climatic
chamber is to reproduce conditions of a warm heated inside environment by means of the radiant heating floor
usage.

On the other side, the chamber in the right side, called outside zone, is equipped with a powerful cooler capable
of reproducing cold weather conditions. It must be noted that both cells of the test facility are equipped with
different HVAC systems and the majority of this system are located in the heated cell where we find radiators
and a convective radiator installed along with the radiant slab. All the HVAC systems attached to the test
facility are presented in Figure 1b. The test-cell facility is monitored by a number of sensors that are depicted
in table 1.

Data collection from measurement was performed each five minutes thanks to the acquisition system and could
be visualized over extended periods. Measurements concern namely average indoor air temperature (T.) and
its relative humidity (RH), mean radiant temperature (T/¢*°), inlet and outlet water temperatures (Ti, and
Tout), respectively, average surface temperatures (Ts) with regards to the local surface temperatures and the

total heat flux rate (¢) emitted by the radiant slab.
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Figure 1. Experimental set up. (a) outside view; (b) Overall view.

Table 1. Measured parameters, sensors and equipment characteristics.

Measured parameter Number Range
outdoor RH and air temperature 1 [-50,50] °C
sensor [0,100] %

[-50,50] °C
[-20,100] °C
[-20,100] °C
[-30,75] °C
[-20,801°C
[-20,150] °C
[-260, 260] mV,
[-50,50] °C

Indoor RH and air temperature
Surface temperature sensor
Depth temperature

Mean radiant temperature

Inlet and outlet water temperature
Infrared thermal camera

Surface heat flux meter

Indoor RH and ambient air

— N =N =N =

TRANSIENT SIMPLIFIED SEMI-ANALYTICAL MODELLING

As a heat exchanger, the FHS is considered as a water-based system that emits heat from water to ambient air
and the surroundings with a quasi-logarithmic thermal response. Therefore, its transient thermal behaviour
may be expresses using Pierson and Padet approach [Pierson, 1988], as follows:

Ts o t<ty

Ts(t) = _(t=tg) (1)
Tsow + (Tso — Tsoo)e * t>ty

where Ty, is the initial condition of average surface temperature; T o, is the average surface temperature at
the equilibrium ; T is the time constant; and t; is the delay time. The values of T and t; will be determined
using the DoE method based on the validated 2D FDM numerical model.

If we can consider the entire heat exchange between the hot water and the ambient air in the inside zone. Tg o,
can be calculated based on the heat energy balance as follows:
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(T_f_Ta)
Rg+Rconv_f+Rp+Rcond
and the heat flux rate between the hot water and the cold environment can be estimated using the logarithmic
mean temperature difference:

(Tfo=Tao)~Tri=Tai)_ .

Ts,oo: R,+T, ()

¢ =U Tro—Ta mep,f (Tf,i — Tf,o) (3)
In( Tri- Ta)
where U = 5 1R is the total heat transfer coefficient (from the hot water to the ambient air); Ty ; and T , are

the inlet and the outlet hot water temperatures, respectively; T, ; and Ty, , are the ambient air temperatures at
x = 0 and L, respectively, both assumed equal to T, because of the high air volume; m; is the water mass
flowrate; and C,, f is the water specific heat.

From the last equation, the outlet temperature of the hot water is the following:

Us
Tf,O = Ta + (Tf,i- Ta)e mfCp.f (4)
The temperature T, of the water at position x of the pipe is given by:
__UxSx
Ty =Tq+ (Tr; -To)e " f (5)

where U, and Sx are the overall heat transfer coefficient and heat exchange surface at position x of the pipe.
As a final point, integration of T, over the total length of the tube L yields the average temperature of the hot

WaterTf:
— 1L 1-e~%
Tr=1Jo T dx= Ty + (Tpi - Ta (<) (©)
where { = ,US .
mfCp,f

Design of experiments (DoE) is a systematic and rigorous approach to engineering problem-solving that
applies principles and techniques, at the data collection stage, so as to ensure the generation of valid, defensible,
and supportable engineering conclusions. The benefit of using the DoE method is the provision of polynomial
statistical meta-models with correlation factors and factor interactions for all responses [Khanna, 2016]. In the
present case study, the response factors are time constant 7 and the delay time t;, and the test will be conducted
using a validated 2D FDM numerical model. In previous studies [Merabtine, 2018], both 2D FDM and 3D
FVM models were developed and experimentally validated regarding the given experimental scenario to
estimate the radiant floor surface temperature and the heat flowrate under transient conditions. The FDM model
will be used hereafter to derive meta-models.

Numerous factors influencing 7 and t; need to be considered: those related to the ambient air properties; the
anhydrite slab thermo-physical properties; the thermo-physical properties of the hot water; and the geometric
parameters. To simplify the process, a number of assumptions have been made as mentioned in [Merabtine,
2018]. The ambient air temperature was set between 16 °C and 28 °C. We assumed that all thermo-physical
properties remain essentially constant in this temperature range and, as a result, the heat transfer coefficients
are kept constant. Similarly, the hot water temperature was set between 27.5 °C and 31.5 °C for the given
experimental scenarios. Table 2 presents the range variation of the remaining parameters based on the
recommendations of the French standard union AFNOR as recognized by the Centre of Scientific and
Technical Building Studies.

Table 2. Variations of FHS factors influencing 7 and t,

Labels Levels

min (-1)  max (+1)
0.04 0.06

Factors influencing 7 and t4

Slab thickness, e (m)
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Thermal conductivity of the slab, A (W.m'.K") B 1.2 2.6

Slab density, p (kg.m™) C 1500 2500
Specific heat of the slab, C,, (J.kg'.K™) D 1000 2000
Volume flow rate, V (L.s™) E 0.02 0.06
Tube inner diameter, D; (m) F 0.012 0.02

A full factorial metamodeling plan was used to provide all the required data from the DoE. As a result, 26 =
64 simulations, including all interactions between the six parameters listed in table 2, were performed. The
meta-models of 7 and t; obtained by the full factorial plan are as follow:

1= (2216 — 98¢ — 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)? (7)
t; = 1532 + 6586 e + 342 1 — 0.0745 p - 0.0543 Cp + 3109V + 5390 Di — 6936 eA + 5.14 ep +
8.88 eCp + 7533 ADi — 9.02 CpDi — 366133 VDi (8)

The comparison between the measured and the calculated response factors are presented in Table 3.

Table 3. Calculated and measured time constant and delay time.

Parameter Measurements (s) Meta-model (s)  Relative deviation (%)
Time constant T 9353 9188 1.76 %
Delay time t,4 503 527 4.77 %

In Figure 2, analytical transient average surface temperature is compared to the numerical and experimental
ones. One can see the good agreement with the experimental data, as the maximum error is 1.1 °C (4%). Such
deviation is mainly due to assumption of logarithmic profile. However, given the simplicity of the model,
which represents a significant advantage when looking for fast and reliable results, it can be considered as a
useful tool for the estimation and analysis of the thermal behaviour of a radiant slab.
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Figure 2. Experimental, numerical and analytical average surface temperature.
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CONCLUSION

In this study, a new simplified semi-analytical model, based on a numerical-analytical approach with a constant
and delay times is developed and validated to investigate the transient thermal behavior of an experimental
floor heating system. The simplified semi-analytical model showed a good accordance with experimental data.
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