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Abstract

The quest towards low-energy buildings renews interest in Concrete Core Activation
(CCA), because its low heating and high cooling temperatures harmonise with low-
exergy production systems. However, CCA is characterized by a large thermal capac-
ity and thus large time constant, which hampers adequate control. Model based con-
trol strategies can overcome this challenge if accurate CCA thermal models are avail-
able. But, computation time reduction in applied optimization routines compel sim-
plified models. A sound trade-off between computation speed and accuracy needs thus
to be found. In this paper a 1D controller model for an inhomogeneous CCA floor
slab with air cavities is constructed. Initial model architecture is based on an availa-
ble 1D-model for a homogeneous CCA slab and the physical properties of the inho-
mogeneous CCA slab determine the initial parameters. Firstly, experimental temper-
ature and heat flow data from a full-scale test setup in a controlled environment are
used to validate a detailed 3D finite element (FE) model of the CCA floor slab. Sec-
ondly, this 3D-FE-model generates multiple response data sets, that are used as train-
ing and validation data sets for the parameter identification of the modified 1D con-
troller model. Compared to the 3D-FE-model, the 1D-model predicts steady state heat
fluxes with an error smaller than 7.5%, while the time constants of surface heat flux,
induced by a step in water supply temperature, are predicted with a maximal error of
6%. The adopted grey-box approach ensures that physics is adequately incorporated
in the 1D-model creating model robustness against small dimensional variations.

Keywords — Concrete core activation — TABS — model based control — grey-box
model — finite elements — measurements

1. Introduction

Concrete Core Activation (CCA) — also called Thermally Activated
Building Systems (TABS) — is a heating and cooling emission system where
water tubes are embedded in concrete building floor slabs to ensure thermal
comfort in adjacent zones. The large heat exchanging surface allows a low
temperature difference with respect to the zone, both for heating and cooling.
This on its turn creates opportunities for low exergy production systems, such
as heat pumps, direct ground cooling or free cooling using direct outside air.
CCA differentiates itself from floor heating systems in the sense that there is
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no insulation layer separating the embedded tubes from the constructional part
of the floor slab. Moreover, since different types of floor slabs exist, also dif-
ferent types of CCA exist, of which 3 examples are shown in Fig. 1. To reduce
weight, hollow cores or air boxes are integrated in the, regarding strength,
neutral zone of the slab.

Water tube Hollow core Air box

Fig. 1 Comparison between different lay-outs of CCA floor slabs. [1]

However, due to the large thermal mass, the system reacts very slowly to
control actions. CCA time constants are in the range of or larger than heating
and cooling loads, which seriously hampers an adequate control [2]. The sys-
tem would benefit from a model-based controller such as not to overheat or
undercool the floor, taking into account predictions of future disturbances (e.g.
solar irradiation, occupancy) [3]. A Model-based Predictive Controller (MPC)
calculates an optimal sequence of control signals to the system, ensuring ther-
mal comfort at the lowest energy cost, taking into account the dynamics of the
building and predicted disturbances [4]. The controller model used in the MPC
is crucial: it needs to be simple to avoid high computation times, but accurate
enough to avoid large discrepancies between the controller model and the ac-
tual behavior of the building [5], [6].

The application of MPC in buildings with CCA or floor heating has been
studied by several authors ([1], [7]-[15]) where different control formulations
are adopted that are however all based on models of the building, CCA and
HVAC system. Detailed models calculate 3D or 2D temperature distributions
by numerically solving the heat transfer equations [16]-[22], but these are too
complex to be used as controller models in an MPC framework.

Fundamental work leading to simplified 1D-modelling of a homogeneous
CCA floor slab has been done by Koschenz and Lehmann [23]. They have
developed an equivalent resistance network for steady state analysis of TABS,
which was extended to a transient RC-model by Weber and J6hannesson [24]
and Weber et al. [25]. A shortcoming of their models is that they are valid only
in the case of a homogeneous (solid) floor. Sourbron et al. [26] suggested an
improvement in order to model a floor with cylindrical hollow cores (Fig. 1
middle) based on a 2D FE model and measurements on a scale model of the
floor. The influence of the hollow cores is limited to changing the values of
the equivalent resistances.

Similarly, a low complexity model has been derived by van der Heijde
et al. [27], in order to predict the state of charge (SoC) of a homogeneous CCA
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slab (Fig. 1 left) with a minimal set of sensors. The authors used grey-box
model identification with simulation data from a virtual experiment (3D-FE-
model). Here, it was found that a model with two states and the measurement
of the surface temperatures and energy leaving/entering the water circuit was
sufficient to accurately predict the energy content of the floor.

However, for the current floor lay-out, the air boxes (Fig. 1 right) disturb
the layered temperature profile too much (more than the cylindrical hollow
cores due to their position in the concrete, size and shape), and the need for a
changed model architecture is apparent. This paper studies how the methodol-
ogy used to develop a grey-box model for SoC determination can be applied
to a floor with a slightly different lay-out, namely a floor with air cavities
formed with polypropylene boxes having a trapezoidal prism shape.

The aim of the current paper is to construct a simple 1D-RC-model,
suited to be used in the optimizer of an MPC of this CCA with air boxes. 2D
or 3D effects such as floor-to-wall-corners or ventilation exhaust grills are not
accounted for. This model should be able to accurately predict heat flows to
and from rooms adjacent to the activated building element. The 1D-RC-model
architecture is adopted from the existing 1D homogeneous CCA slab model
[3]. Initial parameters are derived from the physical properties of the CCA slab
with air boxes. An experimental setup generates calibration and validation
data for a detailed 3D FE thermal model. This validated 3D-model is used to
provide several response data sets that enable the identification of the param-
eters of the 1D-model.

2. System description

The investigated CCA floor slab has a thickness d (see Fig. 1) of 0.35 m.
The air boxes are 0.23 m high and are shaped a trapezoidal prisms (Fig. 1
right). They reduce the floor weight by a factor of 25% to 30% w.r.t. a solid
floor and are inversed polypropylene boxes which are inserted in the concrete
plate during prefabrication of the floor slab. Furthermore, steel rebar in the
lower (12 mm bars) and upper (6 mm bars) concrete layer and welded steel
lattice girders are embedded in the floor for constructional reasons. A double
polyethylene tube water circuit in the middle part of the slab is considered for
the work in this paper. Polypropylene air-boxes, steel rebar, steel lattice gird-
ers and polyethylene water tubes all generate inhomogeneity in the CCA floor
slab that have to be dealt with while modelling the slab.

3. Methodology

For the floor model, three different layers are considered: a lower layer of
reinforced concrete, a middle layer consisting of concrete, steel lattice girders,
water tubes and air boxes and an upper layer of again reinforced concrete.
Results from the experimental setup are used to tune and validate a detailed
3D-FE-model. Based on this FE-model, calibration data is generated to adapt
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the initial values of resistances and capacitances in the simplified 1D-RC-
model.

A. Experimental setup

In order to generate experimental data for calibration and validation of the
detailed 3D finite elements model, temperature and heat flow measurements
are performed on a square CCA floor slab module with sides of 1.2 m. The
experimental test floor contains three water circuits at different heights in the
slab (one at the bottom, two in the middle) of which only the two middle cir-
cuits are considered in this work.

The slab is suspended in the middle of a heat transfer test room: an insu-
lated room of 4 x 4 x 3 m® of which the walls are covered with radiator panels,
constructed according to EN244-2. The radiators allow for complete control
of the room temperature. The temperature of the test room walls is set by con-
trolling the water flow through the test room wall panels. The CCA water cir-
cuit temperature is controlled by a separate hydraulic circuit of which the set
point can be changed independently. A set of 40 T-type thermocouples at rep-
resentative locations in the CCA slab provides an accurate thermal image of
the slab. The calibration of sensors and data-acquisition indicates a measure-
ment error of 0.5°C. White noise is filtered using Matlab’s smooth function.
Furthermore, water entrance and exit temperatures as well as water flow rate
are measured for the CCA slab circuit to provide heat flow data from the water
circuit to the slab. The hydraulic circuits are fed by pumps that can be switched
on or off by the controller. The temperature of both CCA slab and test room
circuits is controlled by three way valves and a hot and a cold water storage
tank. Step inputs in water supply temperature are applied to the CCA slab cir-
cuit. Each measurement starts by equalizing slab and room temperatures, after
which the temperature step is applied. Two heating step (15°C to 45°C and
20°C to 30°C) and two cooling step (40°C to 10°C and 25°C to 15°C) experi-
ments are performed. The mean value of the measured water in- and outlet
temperatures is used as boundary temperature for the 3D-FE-model. At the
upper and lower surface, the measured air and test room wall temperatures
serve as boundary temperatures.

B. Finite elements modelling

In a first approach, computational fluid dynamics (CFD) was considered
to model the heat transfer in the CCA slab with air boxes. Based on a varying
density with temperature according to the Boussinesq equation (1), the natural
convection process in the air boxes was represented in addition to the transfer
by conduction and radiation:

9(p = po) = gBpo(T —Tp). @

However, due to the small temperature differences the CFD code could
not easily reach convergence. Hence, a different approach was sought in FE
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modelling, where, for each inhomogeneity (air boxes, steel rebar, steel lattice
girder an water tubes), an equivalent conduction coefficient 4., is derived.

The steel rebar, steel lattice girders and water tubes are all modelled in
detail in the 3D-FE-model. The convection from the water to the pipe wall is
calculated according to Gnielinski’s [29] correlation for turbulent flow inside
a cylinder. Finally, convection and radiation at the slab’s surfaces are mod-
elled using standard natural convection and radiation equations.

C. Equivalent conduction coefficient 4, for the air boxes

To model convection and radiation inside the air boxes, existing correla-
tions for convection and radiation in cavities are used. Convection inside the
air cavities is approximated by a correlation of Jakob [30] which describes
natural convection in a cuboid cavity with insulated side surfaces as in (2) and

3):

Nu =" =0.195Ra'/*, )
for4-10* < Ra<4-10%and 0.5 < Pr <2
3
Ra = 28Tk 3)

via

Here, h is the convective heat transfer coefficient, L. the characteristic
length (i.e. the height of the cavity), A the heat conductivity of the air, g the
gravitational acceleration, AT the temperature difference between the top and
bottom surface, § the compressibility of air, v the kinematic viscosity and «
the thermal diffusivity in air.

In parallel, radiation is modelled by applying the grey body radiative heat
exchange equations (¢ 0.85 for concrete, 0.97 for polypropylene) and view
factors to the air box’s geometry. Together with the thermal conductivity of
the polypropylene box walls, this leads to a total equivalent thermal conduc-
tion coefficient A, of the boxes.

Since two parallel water tube circuits are positioned in between the air
boxes, leading to approximately equal temperatures at the side walls of the air
boxes, convection and radiation between the vertical surfaces are not consid-
ered and the air boxes are modelled as a homogeneous material with an equiv-
alent horizontal thermal conductivity 4,;, = 0.026 W /mK.

D. Modification of 3D-FE-model thermal conductivity and capacity
values using measurement data

Starting from initial material property values, a sensitivity analysis is per-
formed to determine the influence of material property variations on the re-
sulting temperature distribution in the CCA floor slab. Hence, the material
properties that cause temperature variations larger than the measurement error
in the experimental setup, are varied in order to find appropriate material prop-
erty values for the 3D-FE-model (calibration process).



E. 3D-FE-model equivalent conduction coefficient 4,, for concrete
with steel rebar, lattice girders and water tubes

Since the measurement setup does not supply information on the heat
flows within the CCA floor slab, the 3D-FE-model is used to derive tempera-
ture and heat flux data which lead to the determination of equivalent conduc-
tion coefficients A4 for each layer of the CCA floor slab. For the inhomoge-
neous layers of concrete with steel rebar, with lattice girders and with water

. . ATg; AT
tubes, A, is determined from qg;p, = ;”" = T;”". These A, values are
eq

used to determine the thermal resistance values in the 1D-RC-model of the
CCA floor slab.

F. 1D-RC-model

The most commonly used simplified model that represents transient heat
transfer in concrete slabs is the resistance-capacitance network. Each material
layer is represented by a temperature node using a thermal capacity. The nodes
are connected by thermal resistances. In reality the capacitance is spread over
the entire layer, therefore the model is called the lumped capacity model. The
number of capacitances defines the order of the model [1]. The lumped capac-
ity model is typically valid for cases where the thermal conductivity inside a
body is much larger than the heat transfer to the surroundings, which is re-
flected by a small Biot number (Bi = hoy:L/Aint)-

However, for the floor under study, Bi is rather close to 1 (0.53 and 0.78
for the bottom and top layer, which indicates the presence of a temperature
gradient in the floor and contradicts the assumption of lumped capacities. This
limits the validity of RC-representations of the layers of the floor. It is argued
that the gains in calculation speed outweigh the limited loss in accuracy [23]-
[25].

The 1D-RC-model proposed in this paper is built up by three layers: the
bottom layer, the top layer and the layer in between, containing the air boxes,
see Fig. 2. The upper and lower layers are represented by a capacitance in the
middle of the layer, bisecting the resistance of that layer. The middle layer is
a parallel network of one branch representing the air boxes and a second
branch representing the concrete with water tubes and steel lattice girders.

All resistances are derived from the 3D-FE-model (see 3.E) in which the
air boxes have been replaced by homogeneous material with equivalent ther-
mal conductivity . The accuracy of thermal resistance values is determined
by comparing the steady state heat fluxes of the 1D-model and the 3D model,
as these are influenced by the resistances only.

The initial value of the thermal capacity of each layer is calculated based
on its mass and specific heat of the material. The model only considers the
capacity of the concrete and the air box, since the other capacities are negligi-
ble.




In Fig. 2, resistances with subscript t
denote a top layer, b a bottom layer. Y de-
notes the result of a star-triangle re-
sistance transformation (see [1]). p stands
for polypropylene cladding, a for air; wp
denotes the interface between water and
concrete. The resistances with h refer to
convective/radiative surface resistances.
The middle layer m is divided in a top and
bottom part.

The conditions for the 1D-RC-model
at the upper and lower slab surface
boundaries and at the water boundary in-
side the tubes are defined by existing cor-
relations from the literature.Convection
and radiation from the top and bottom
surfaces of the floor are defined by the
European standard 15377 [31] to obtain a
general 1D-RC-model. This amounts to
11 and 6 W/m?K — convection and radia-
tion combined — for the top, respectively
bottom surface in a heating case. For
cooling, the values are switched. Con-
vection from the water to the pipe wall is %
calculated according to Gnielinski’s [29]  Fig. 2 Schematic of 1D RC-model with
correlation for turbulent flow (Re ~ 10%) water supply in middle layer
inside a cylinder.

4, Results

A. 3D-FE model equivalent conductivity 4., for the air boxes

When applying the Jakob correlation (3) to the air boxes with an assumed
temperature difference of 1 K, a Nusselt number (Nu) of 7.27 is found which
corresponds to a convective heat transfer coefficient of 0.82 W/m?K between
the top and bottom surface of a cavity with a height of 0.23 m. The equivalent
conductivity for convection is in this case 0.187 W/mK. Using another corre-
lation proposed by Hollands et al. [32], a similar Nusselt number of 7.38 is
found.

Applying the radiation heat exchange model and using an assumed tem-
perature difference of 1 K, an equivalent conductivity for radiation of 1.12
W/mK is found. Together with the thermal resistance of the polypropylene
box wall (2 mm thickness, 4,,,, = 0.1 W/mK) this leads to an equivalent ther-
mal conductivity for the air boxes: 4., = 1.16 W/mK, which is about 50% of
the conductivity of concrete. The thermal conductance of the air boxes is
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0.176 W/m2K (per square meter of floor surface). Radiation is the dominant
heat exchange process inside the air boxes.

B. Calibration of 3D-FE-model thermal conductivity and capacity
values using measurement data

The 3D-FE-model is calibrated and validated using measured tempera-
tures from the experimental setup described in Section 3-A. 97% of the 3D-
FE-model data correspond with the measurements, considering a measure-
ment error of + 0.5 °C. The deviation of the remaining data is due to differ-
ences between the 3D-FE-model and the measurement setup. Firstly, differ-
ence in the thermal behaviour of the concrete granules (@ 3 cm) and the ce-
ment in between in the real floor causes local temperature gradients, while the
thermal properties of the concrete in the 3D-FE-model are assumed uniform.
Secondly, the sensor mounting material and cable-wiring are not included in
the 3D-FE-model. Finally, the symmetry assumed in the model is not com-
pletely satisfied in the real floor. Initial material parameters are taken from
technical documentation and literature (see initial values in Table 1).

Table 1 Initial and modified material parameters in the 3D-FE-model

Material 2 [W/mK] p [kg/m?] ¢ [J/kgK]
Steel 60.50 7850 434
Concrete (initial) 1.80 2300 780
Concrete (modified) 2.30 2000 700
Polyethylene (initial) 0.35 930 2250
Polyethylene (modified) 0.24 930 2250
Polypropylene 0.10 900 1900

Firstly, a sensitivity analysis on the material properties shows that the in-
fluence of the properties of steel rebar, steel lattice girders and polypropylene
box walls on the temperature profile is smaller than the measurement error of
the test setup. Hche, these material properties are not modified.

—e—Al-mea
—=—Al-sim

—+—B2-mea

B2-sim

—=—C24-mea|

C24-sim

0 200 400 600 800 1000 1200 1400 1600 1800

Time [min]

Fig. 3 Measurement (mea) data of three sensors and the corresponding 3D-FE-model (sim)
results



Secondly, in the transient behaviour only the concrete will have a signif-
icant influence since it represents 95% of the total thermal capacity. Therefore,
the concrete capacity is modified (see Table 1) to match the measurement data
(see Fig. 3).

Thirdly, the steady state values of the measurements are used to update
the thermal conductivity values of concrete and polyethylene (water tubes).
Increasing Aconcrete and reducing A, (see Table 1 for modified values) yields
a temperature profile for the 3D-FE-model simulation results, which approxi-
mates the measurement values within the measurement accuracy of 0.5°C.

C. 3D-FE-model equivalent conduction coefficient 4,, for concrete
with steel rebar, lattice girders and water tubes

Using steady state simulation results of the 3D-FE-model, the equivalent
conductivity of the lower and upper layer of concrete with steel rebar is deter-
mined. While A pncrece = 2.2 W/mK in the vertical direction, an equivalent
conductivity 4., of 2.30 for the lower layer, 2.36 W/mK for the upper layer is
found for concrete with steel rebar. In the horizontal direction, this is 2.82,
resp. 3.10 W/mK.

The influence of the steel lattice girders and water tubes is less important:
for the steel lattice girders an equivalent conductivity 4., of 2.36, 2.33 and
2.32 W/mK is found for the directions vertical, horizontal (parallel to rebar)
and horizontal (normal to rebar). The PE-water tubes decrease the thermal
conductivity slightly by 2-3%. The equivalent thermal conductivities are used
as initial values for the 1D-RC-model of the CCA floor slab.

D. Modification of 1D-RC-model resistance and capacitance values
using 3D-FE-model simulation data
As described in the methodology section, the comparison of the 1D and
3D-models’ results is used to fine-tune or calibrate the model parameters of
the 1D-model by scaling. From the steady state results of the 3D-FE-model,
the thermal resistances are calculated as presented in Table 2.

Table 2 Thermal resistance parameters for 1D-model per m? of floor surface, in Km?/W

Rym,w Rymp Rym,t Ra Rp Rb Rt
0.024 0.034 0.060 20.414 0.046 0.030 0.020
Table 3 Thermal capacitance for 1D-model per m? of floor surface, in kJ/Km?
Cb Cmb Cmt C[ Ca
Original 98 148.4 148.8 70 3.7
Scaled 117.6 178.1 178.1 84 3.7

The maximal error on the steady state heat flux is 7.5% for the 1D-RC-
model. This can be explained by the fact that in the 1D-RC-model the upper
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and lower layers are homogeneous in temperature, while in the 3D-FE-model,
there is a temperature variation due to the presence of the air boxes.

In order to align the transient behaviour of the 1D-RC-model and the 3D-
FE-model, the thermal capacity values are increased by 20% (see Table 3);
this results in a time constant error of maximal 6% between both models.
Fig. 4 presents the comparison between the 3D-FE-model, the original 1D-
RC-model and the adapted 1D-RC-model.

20

3D-model

= = == 1D-model

Heat flux [W/m?]

—— I1D-model scaled

Time [h]

Fig. 4 Comparison of the resulting mean upper surface heat flux from the 3D-model and the
original and scaled 1D-models

5. Conclusion

This paper shows how a simple 1D-resistance-capacitance (RC) model
can be derived in order to be used for the control of a CCA floor with air
cavities. Experiments have been performed on a real setup in a controlled en-
vironment, the results of which led to the calibration and validation of a 3D-
finite element (FE) model. Using this model, the parameters of a simplified
RC model could be derived using a white-box modelling strategy. Special at-
tention was paid to modelling the convective heat transfer in the air cavities,
which distincts the current research from previous work. The simulation re-
sults from the 1D-RC model have been found to be in accordance with those
from the detailed 3D-FE model.
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