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ABSTRACT

The Centre Scientifique, et Technique du Bétiment
and Gaz-de-France carried out a comprehensive study
for providing professionals with dimensioning rules
for hot water floor heating systems.

In the first phase we used a general purpose finite
element analysis program called MARC and
developed a three-dimensional mesh integrating the
different floor heating components.

In asecond phase, simulation results were compared to
an experimental result data set created for this study
from a test cell specialy dedicated to heating floor
assessment.

Finally, the numericd model was compared and

validated against experimenta results in both
steadystate and dynamic regime.

INTRODUCTION

The constant decrease in heating loads induced by the
improvement of building thermal performances, the
application of new standards such as acoustic (which
made necessary the use of floating concrete slab in
multi-storey buildings), have boosted the hot water
floor heating market.

In order to avoid repeating the errors which at the end
of the sixties nearly discredited this heating
technique, the Centre Scientifique et Technique du
Batiment (Scientific and Technical Building Centre)
and Gaz-de-France (French gas supply company)
carried out a comprehensive study for providing
professionals with dimensioning rules for hot water
floor heating systems. These rules are based on the
strict compliance with thermal comfort conditions
(French regulations limit the maximum floor surface
temperature to 28°C for a standard indoor room
temperature of 19°C).
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'NUMERICAL APPROACH

'We used a general purpose finite element analysis

program called MARC [1] to model the coupled
problem of heat conduction in solid type structure
(heating floor) and convective heat transfer in the
fluid channel (heating pipe).

‘The numerical technique used in MARC is based on a

finite element approximation scheme derived from
the Galerkin version of the method of weighted
residuals which was applied by ZIENKIEWICZ and
PAREKH [2].

FORMULATION
OF HEAT CONDUCTION PROBLEM

IN SOLID

Consider a structure of volume V and surface I’

which is subjected to a heat flow varying in time.
From the conservation of energy principle, a
parabolic differential equation can be derived
expressing the balance of heat within volume V for

all times:

: 3, ot ar|
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Where:

'T = Temperature; K

Qjnt = Rate of heat production per unit volume;
W/m3

p = Mass density per unit volume; kg/m>

¢ = Specific heat; J/kg.K

A j = Thermal conductivity in the distinct spatial

directions; W/m.K
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Using the finite element approximation scheme, the
overall temperature distribution is approximated by a
finite number of simple shaped temperature
distributions within the elements, as follows:

=]

= T
) T(x;,t) = 'ZNi(xi).Ti(t) =N.T

i=1
Where:

N = Vector of shape functions. i
T = Vector of time-dependent nodal point
temperatures.

n Number of nodes of element.

]

When the weighted residual-Galerkin concept is
applied, the following system of finite element
equations is obtained:

3) CT + (K+F).T=Q

The matrix C is the so-called heat capacity matrix. It
is related to the storage of heat in each element
during a transient heat transfer process:

T
0] C= T Jlye pe.N.Ndv

éléments

The matrix K is the so-called conductivity matrix. It
is related to the heat conduction effects in each
element. -

(5

. . W aNT
K= X IH < . _ dv
fements N BNT . aN oNT
Yoy oy Tt o)

The vector Q is the nodal heat flux vector which
consists of the following contributions:

[llye N.Qjp-dv+]fre N.ods +
5 Q= 3 2
© " céments | JIrg h-N-Tods

Where ¢ denotes a boundary condition- of the
Neumann type, h is the coefficient of surface heat
transfer and T, is the reference temperature of the
outer medium.

Finally, the form of matrix F is similar to the heat
capacity matrix C:

‘@ F= % firs hNNTGs

éléments
In steady-state regime, equation (3) is reduced to:
(8) K+F).T=Q
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'MATHEMATICAL

“Several

In transient regime, a backward difference method is

‘used and T ,, is approximated by:

®  Tno=—.(Th- Ty

At

‘Where At is the time-step.

7Rep1acing equation (9) with equation (3) yields:

(10) (C + At (K+F)). T, = C.Ty + AtQq

FORMULATION
FOR CONVECTIVE HEAT TRANSFER
PROBLEMS IN PIPE

two-and three-dimensional MARC heat
transfer elements are designed for the modelling of
convective heat transfer in fluid channel (heating or
cooling pipe).

7They are based on the following assumptions:

- heat conduction in the flow direction can be

neglected compared to heat convection,

- the heat flux associated with transient effects in the
fluid can be neglected.

"The one-dimensional, steady state, convective heat

transfer in the fluid channel can thus be expressed
as:

, ) oT ,
(1 Qf . Cp¢ —azi +hS.(Tf T) =0
“Where:

7 Qs =Fluid mass flow rate; kg/s

Cpf = Fluid specific heat; J/kg.K

‘T¢ = Fluid temperature; K

hf = Heat transfer coefficient; W/m2.K
S = Circumference of channel; m
Tg = Channel surface temperature; K

'EXPERIMENTAL APPROACH

‘Test room:

'All the tests were carried out in a high-insulated

climatic test cell, located at the CSTB in Marne-la-
Vallée, where ambient conditions are controled (see
figure 1). This experimental set up enables to test
under artificial conditions removable full-scale floors.

“The heat losses from the cell are simulated by air,
injected at slow speed, through a plenum.
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The air inflow temperature is controled in such a way
that the indoor air temperature of the cell will be
permanently from 18°C to 20°C.

The hot water production system was designed in
such a way that the supply temperature and the fluid
flow would be as stable as possible.

Test bench :

a) Description of the heating floor.

‘The floor, dimensions 3m x 3m, rests on a wood
support, mounted on rollers.

The heating pipes (HDP) are fixed to thermal
insulating panels with individual attachment studs
and are completely embedded in the reinforced
concrete slab (see figure 2).

‘Attaching systems raise the base of the heating pipes
15 mm above the plane of the insulation.

b) Laying of piping.

The heating pipes are distributed in the test bench in
order to constitute seven identical rows, mounted in
parallel on the distribution circuits (see figure 3).

An individual balancing system with flow regulating
valves located on the distribution circuits, makes it
possible to adjust to an identical water flow in each of
the rows.

¢) Instrumentation.

The central row of the test bench is finely
instrumented in three main zones:

“two peripheral zones, located on either side of the
edges of the heating floor (zones 1 and 3),
one central zone (zone 2).

Each zone receives instrumentation next to the supply
and return pipes as well as between the heating pipes
(see figure 3).

The heating floor is instrumented on five different
The heating floor is instrumented on five different
planes:

- floor covering surface,

- concrete surface,

- upper surface of heating pipe,
- lower surface of heating pipe,
- surface of insulation.

“To complete this instrumentation, an infrared motion
picture camera was used. This camera provides
precise mapping of the temperatures at the surface of
the floor.
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'VALIDATION

'We compared the numerical results predicted by the
MARC program to the experimental results obtained
during the various tests.

‘Conditions :

‘a) Study field.

‘The test bench includes a large dimension floor.

Given the symetries induced by the laying of piping
the problem’s study field can be reduced. Because of
this, the comparisons concern only the central row.

'b) Finite element discretization.

"The solid type structure (heating floor) has been

discretized using eight-noded, isoparametric, three-
dimensional brick elements (see figure 4).

Either the coordinate or temperature approximation

T can be expressed in terms of the nodal quantities
by the integration functions:

e
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‘¢) Mesh generation.

A three-dimensional mesh has been generated for the
purpose of analysis. The mesh is made up of
2570 eight-noded heat transfer elements (see figure
5).

'd) Boundary conditions.

We applied boundary conditions of the Fourier type
on horizontal surfaces of the heating floor:
FERNN g a

T
o, -~ An'é;l' ds = ffr. h(T-T.)ds
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The coefficient of surface heat transfer, h, can be
calculated as follows :

(13) h=h.+h,

Where:
h; = Radiative heat transfer coefficient; W/m2.K

h, = Convective heat transfer coefficient; W/m2.K

The radiative coefficient is assumed to be constant. It
has been evaluated at:

(14) h, = 5.9 Wm2K

The following expressions are used to evaluate the
heat transfer coefficient for convection:

* horizontal surface facing upward [3}:
(13) he = 1.50| T-T,, | 933 (W/m2.K)
* horizontal surface facing downward {4]:
(16) he =1 (W/m2K)

At the interface between the fluid and the heating
pipe, the heat flux estimated from convective heat
transfer is :

BT

an - loipe-Pn 3=

. ds = he. ffpipe(Ts — Tg). ds

The heat transfer coefficient hf could be calculated
using the following empirical law [5] :

lf(Qf Cpr ]O »
o\ Af-L

Where L is the length of the pipe from which the
assumption of a uniform fluid temperature is correct
and A, the fluid thermal conductivity.

18 hf = 1.75.

Results:

a) Steady-state analysis.

The simulations were carried out while setting the
values of a certain number of inputs to the model:

- Flow rate of fluid circulating in the central row,
- Flow supply temperature,

- Indoor air temperature of the room,

- Resulting dry bulb temperature under the ﬂoor

These values correspond to the values measured
during the various tests.

‘Figures 6 and 7 display a part of the results of this

comparison. The analysis of these results, in steady-
state brings out the following tendencies:

574

"The differences observed between the model’s
predictions and the experiments are small at the
surface of the insulation. The maximal difference
observed for all the simulations is 0.6°C, which is
located within the measurement’s uncertainty range.

At the surface of the floor, the differences found are
greater. The maximal difference observed is
approximately 1°C.

‘The difference between the temperatures at the
surface of the floor, calculated and measured, is
particularly large at the level of the first peripheral
zone (zone 1) and tends to become smaller for the
two following zones (zones 2 and 3).

'We have searched for reasons for such behaviour. To

do this, we used the results supplied by an infrared
motion picture camera which makes it possible to
gather more complete information for the
temperatures obtained at the surface of the floor.

On figure 8, we plotted the evolution of the

temperature range measured at the surface of the
floor along the axis of the pipe, next to the return

pipe.

“The pattern of points obtained demonstrates a strange

behaviour which can only be explained by the
sagging of the pipe. To support this explanation, we
noted on this diagram the exact locations of the
attachment studs which raise the pipe at a certain
height (15 mm). We found that the surface
temperature is maximal at the locations of these studs
and that it fluctuates between two consecutive studs.
It therefore would seem that, under the weight of the
concrete that the pipe did not remain horizontal
(assumption adopted during the modelling), but
deviated. We also remark that the magnitude of the
oscillations decreases as we move further away from
the edge of the floor. This is explained by a reduction
in the spacing of the attachments (as we come closer
to the pipe loop, the number of attachments was
increased).

‘Onto this diagram we have superposed the numerical

results predicted by the model. At the attaching
points, we see that the differences between the
numerical values and the experimental values
obtained by infrared camera are very small (a
maximum of 0.2°C).

To conclude, wherever we can guarantee a known

position of the pipe (this is the case at the attaching
points), we observe a good agreement between
numerical results and experimental resuits.
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b) Transient analysis.
Two tests were carried out:

‘short duration start/stop cycles of the fluid

circulating pump (alternating start/stop cycles of 30
min each).

‘long duration start/stop cycles of the fluid
circulating pump (10 hours off followed by 14
hours on).

Unlike the tests performed in steady-state where a
single value is enough to define each of the model’s
inputs, in transient, the inputs vary with time. These
inputs are therefore read in a data file.

Figures 9a and 9b display a part of the results of this
comparison. The analysis of these results, in transient
brings out the following tendencies:

‘The dynamic of the phenomena observed
experimentally is accurately reproduced by the
numerical model.

The effects of the deflection of the heating pipes
also appear in these simulations whenever the fluid
circulating pump is running (and, to a lesser degree,
whenever the pump is off).

Whenever the fluid circulating pump is stopped
(off) we observe an increase in the temperature
differences, the temperature measured then being
(whatever the measurement) always above the
corresponding calculated temperature.  This is
related to the hypotheses decided upon for
modelling the fluid flow in the pipe, that is:

“*no transient effects in pipe,
* no heat conduction in the flow direction.
In any event, the differences observed remain quite

acceptable and do not bring the hypotheses
fundamentally into question.

CONCLUSION

Unlike a theoretical approach, like the one developed
in the sixties in France by CLAIN and
CADIERGUES [6], a numerical approach is only
meaningful if the predicted results are able to be
successfully compared with the experimental results.

For this reason, the model used for this study was
subjected to many validation tests both in steady-state
and transient modes.
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"This procedure indicates that:

- the numerical model used is completely suitable for

" correctly re-expressing the thermal phenomena
observed experimentally, both from a qualitative
and quantitative point of view, for steady-state and
for transient modes,

- the differences observed are due to comparative
conditions which differ slightly from the test model
(position of the heating pipe).

'Finally, we should note that from this study , we have

also derived a major experimental knowledge base
concerning the thermal behaviour of floors with hot
water underfloor heating, a knowledge base which
will be able to serve for validating any other model.
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