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Abstract

Thermal output, surface temperatures, and supply and return water temperature were measured for a wall cooling system involving
pipe attached to a wall section made of thermally insulating blocks. The experiment was performed for warm climatic conditions
typical of, e.g., summer in Central and Northern Europe. The outdoor environment was simulated by a climatic chamber while the
indoor climate was simulated by attaching a hotbox to the wall surface. The sensitivity of thermal output to several design parameters
was investigated by 2D numerical simulations. The measurements showed a fast thermal response of the wall system. The cooling
output was 38.3 W per m? of the cooling area which equalled about 4.8 W/m? per 1 K temperature difference between water and
hotbox. The lowest surface temperature of 19.6 °C was measured at the pipe. Thus, the cooling output could be enhanced by reducing
the surface temperature closer to the dew point temperature. The temperature of water in the pipe was very close to the surface

temperature. It was illustrated how this characteristic of the wall cooling system tested positively affects the efficiency and cooling

capacity of an air-to-water heat pump.
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1 Introduction

One of the key global problems in the 21 century is cli-
mate change and the resulting weather instability and
hotter summers. Consequently, space cooling is becom-
ing a major energy consumer even in regions where space
heating has traditionally been the dominant energy end-
use. The cooling load can be covered by a convective or
a radiant cooling system [1-3]. An important advantage
of radiant systems is their suitability for integration with
renewable energy sources [4, 5]. Promising technical solu-
tions that could reduce the environmental impacts include
the combination of the radiant system with a ground
heat exchanger [5, 6], heat pump [7-9] or solar cooling
system [10—12].

In certain situations, wall cooling systems can be prefer-
able to the more frequently used floors and ceilings. In an
insulated building with mechanical ventilation, a wall sec-
tion may be enough to create thermal comfort [13, 14].
Compared to cooling floors, wall systems can be more
suitable for building retrofit because they do not reduce
the story height and can be casily attached to existing

structures. Radiant walls have a higher cooling capac-
ity per surface area than floors (70 W/m? as compared to
40 W m?) [3]. Besides, wall cooling can lead to a more
homogeneous distribution of room temperature and reduce
the risk of thermal discomfort due to cold floors [15, 16].

Previous studies showed that a particular design involv-
ing pipes attached to an insulated thermal core has certain
advantages such as high thermal output, ease of control,
and affordability [17, 18]. This design can be used both for
heating and cooling and can be applied on both walls and
ceilings. However, detailed information about the thermal
performance of this wall system is lacking. The thermal
performance of a wall cooling system involving a pipe
attached to a wall section made of thermally insulating
blocks was therefore tested using climate chambers and
a hotbox. Heat flux and surface and water temperatures
were measured for a representative cooling situation.
The sensitivity of the thermal output to several design
parameters was investigated by 2D numerical simulations
of heat transfer in the wall.
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2 Heat exchange coefficient between surface and space
The relationship between heat flow density and mean
differential surface temperature depends on the type of
emitting surface (floor, wall, ceiling) and the surface tem-
perature relative to the room temperature (heating or cool-
ing) [3]. The heat exchange coefficient is the parameter
that affects the amount of heat transferred between the
surface and space. For radiant wall systems, the default
value of the heat exchange coefficient is 8 W/(m2.K) [19].
Using this value, the thermal output of a wall system is
determined from the Eq. (1):

q=8.(|T ~Ts.0)) (1

where T is the room operative temperature (°C) and 7

is the average surface temperature (°C). For sensible cool-
ing, the ceiling has a capacity of up to 100 W/m? whereas
the wall has a capacity of about 70 W/m?. Acceptable sur-
face temperatures to avoid thermal discomfort and the risk
for condensation, and typical values of the heat exchange
coefficient between radiant surface and room are shown
in Table 1 [3].

The heat exchange coefficient between surface and
space also depends on the location of pipes in the struc-
ture, pipe spacing, and differential temperature [3]. Fig. 1
shows examples of walls with different locations of the
pipe in the structure. Type A is a wall with the pipe in
inner plaster insulated from the exterior by thermal insu-
lation. Type B represents a wall with pipes in thermal insu-
lation located between wall structure and inner plaster [3].

Type C in Fig. 1 represents a wall system with pipes
arranged in a massive concrete slab and Type D is a wall
with pipe arranged in inner plaster coupled to the ther-
mal core. Construction of the wall Type D is similar to
the radiant wall cooling system investigated in this study.

The heat flux density ¢ at a surface depends on the
parameters such as pipe spacing 7, thickness s , and ther-
mal conductivity 4, of the layer inward of the pipe, pipe
external diameter D = d , and the thermal conductivity
of the pipe 4,. These parameters are explained in Fig. 1
(Type C).

As an example of the influence of the design parameters
on the heat flux density, Fig. 2 [3] shows the heat exchange
for wall radiant system Type A expressed as the function
of differential temperature and pipe spacing, where AO,, is
heating/cooling medium differential temperature. The limit
curve in Fig. 2 represents the maximum cooling capacity of
the wall system and R, ((m?-K)/W) is the thermal resis-
tance of surface covering assumed in the calculation [3].

The heat flux between embedded pipes (heating or cool-
ing medium) and space or surface is calculated using ther-
mal resistances. These thermal resistances can be deter-
mined by calculation or by testing. The concept is shown
in Fig. 3 [3].

Table 1 Total heat exchange coefficient between surface and space,
acceptable surface temperature and capacity for heating/cooling [3]

Total heat exchange ~ Acceptable surface Maximum
coefficient (W/m2.K)  temperature (°C)  capacity (W/m?)
Heat. Cool. Heat. Cool.  Heat.  Cool.
Wall 8 8 ~40 17 160 72
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Fig. 1 Walls with different locations of pipe in the structure [3]
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Fig. 2 Heat exchange for wall system expressed as the function of

differential temperature and pipe spacing [3]

Fig. 3 Heat transfer resistance network through the wall structure,

simplified network of three thermal resistances [3]



The thermal output to the room is described as follows [3]:

q;, =Ky A6y, Q)

Ky =1/(Ryc +R;), (€)
where ¢, is thermal output to the room (W/m?); AO,, is
the heating/cooling medium differential temperature (K);
K, is equivalent heat transmission coefficient (W/(m?.K));
R, is equivalent resistance between the medium and fic-
tive core or heat conduction layer (m*>.K)/W); and R, is
thermal resistance above the heat/conducting layer, e.g.,
from the heat-conducting plate to the conditioned room
((m2.K)/W); Re is thermal resistance beneath the heat-con-
ducting layer, from the heat-conducting plate to a neigh-
bour room or the outdoor air (m>.K)/W) [3].

3 Experimental setup

3.1 Experimental system

The system studied was a wall section that represented
an outer perimeter wall consisting of aerated concrete
masonry 200 mm thick and thermal insulation 100 mm
thick. A higher masonry and insulation thickness would
have only a small effect on the thermal performance of the
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wall system [20]. The dimensions of the wall section were
1200 mm x 1 200 mm. The pipe was placed in the interior
plaster and pipe spacing was 100 mm.

3.2 Location of the sensors

The surface temperature was monitored using PT100
resistance thermometers type CRZ2005100A-1-Ni placed
at selected locations along the experimental wall, as shown
in Fig. 4 [20].

The temperature sensors were classified into accu-
racy class 1 and their accuracy was variable in the range
+ (0.15 + 0.002 x ) °C. At points A to D, the temperature
was recorded at four depths to obtain cross-sectional tem-
perature profiles. The heat flux was monitored by a ther-
mopile sensor type FQAO017CSI for the study of radiation
and convective heat flux with an accuracy level in the
range of + 5% of the value measured [20].

3.3 Climatic chambers and hotbox

The experimental wall was built into a partition wall that
divided two climatic chambers with controlled air tem-
perature and humidity. One chamber simulated the indoor
environment, whereas the other simulated the climatic
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Fig. 4 Location of sensors and photo of the active layer of the experimental wall [20]
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conditions. The airflow in the climatic chambers was
ensured by fans. To create the desired conditions, a hotbox
with precise air temperature control was attached to the
inner surface of the experimental wall [20].

3.4 Testing of the wall system in cooling mode

The following boundary conditions were set: air tempera-
ture in the chamber simulating the outdoor environment
was T, =40 °C, air temperature in the hotbox (HB) was
T,. =26 °C, and the water temperature in the pipes was
T, = 18 °C. The measurements started on 25 February
2020 at 8:04 pm and the cooling system was started on
26 February 2020 at 7:12 pm. The wall surface tempera-
tures were measured at selected points A4-1, B-1, C-1, D-1.
Supply and return water temperatures were measured as
well (T, T') as shown in Fig. 4 [21].

4 Numerical model of the radiant wall system
Two-dimensional stationary simulations were performed
to investigate the sensitivity of the thermal output to some
of the design parameters and boundary conditions.

4.1 Physical model of the wall

Fig. 5 shows the physical model of the wall section with
material characteristics and thermophysical properties of
the wall materials.

4.2 Stationary simulations

The results were obtained by solving a set of equations
of two-dimensional heat transfer by conduction, using
a dedicated CalA software [22, 23]. The calculation was
based on a detailed numerical solution of a two-dimen-
sion stationary temperature field by the method of rect-
angle-shaped control volumes, each representing a sin-
gle temperature [24]. The distribution of the temperature
in the Cartesian coordinate system was described by the
Fourier equation of thermal diffusion:

i(la—Tj+i Aa—T +S=p.c.a—T, )
ox\ ox) oy\ Oy ot

where 7' is the temperature (K); S is an internal heat source
(W/m?); 7 is time (s); 4 is thermal conductivity (W/(m.K));
p is bulk density (kg/m?); and c is the specific heat capac-
ity at a constant pressure (J/(kg.K)) [22, 23].

The thermophysical properties of the materials were
considered to be constant, isotropic, and tempera-
ture-independent in all simulations. The boundary con-
ditions defining the specific heat flux on the surface of
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Fig. 5 Physical model of the wall and material properties. TI — thermal
insulation

the computational domain were calculated according to
Newton's law of cooling (Eq. 5), assuming adiabatic wall
section boundaries (Eq. 6):

or

—A.(E)W =h(T,-T), Q)
or

%'[EJW =0, 6)

where w is an index indicating the surface of the object;
f1s an index indicating the surrounding fluid index; # is an
index indicating the vertical direction to the surface; and
h is the heat transfer coefficient (W/(m?.K)), including con-
vection and heat radiation from the radiant surface to the
environment [22, 23]. The default convective heat transfer
coefficient between water and pipe was considered to be
1000 W/(m?*.K).

The effects of wind and rain were not explicitly con-
sidered. With respect to the higher level of thermal insu-
lation, ignoring climatic conditions was assumed to have
a small impact on the applicability of the results. The
effect of solar radiation can be expressed through sol-air
temperature (7'

snl—air)'
preted as the outside air temperature which, in the absence

The sol-air temperature can be inter-

of solar radiation, would give the same temperature distri-
bution and rate of heat transfer through a wall as exists due
to the combined effects of the actual outdoor temperature
distribution plus the incident solar radiation. It is calcu-
lated as follows [22, 25]:

T,

sol—air

=T, +(a.lg)/ he—(e.R)/he, (7

where T is the ambient temperature, i.e., the outside air
temperature (°C); a is the absorptance of surface for solar
radiation (-); Ig is the total solar radiation incident on sur-
face (W/m?); h, is the coefficient of heat transfer by long-
wave radiation and convection at outer surface (W/(m?.K));



¢ is the hemispherical emittance of surface (-); AR is differ-
ence between long-wave radiation incident on surface from
sky and surroundings and radiation emitted by blackbody
at outdoor air temperature (W/m?) [ 22, 25].

Fig. 6 shows an interpretation of the air temperature in
the climatic chamber simulating the outdoor environment
(T,,) in terms of sol-air temperature at variable solar radi-
ation on the wall (Ig). The air temperature on the interior
side of the wall was 26 °C.

5 Results and discussion

5.1 Results of experimental measurements

Fig. 7 [20] shows the course of supply and return water
temperatures, surface temperatures at points 4-1, B-1, C-1,
D-1, and heat flux at the inner side of the wall. In steady
state, the heat flux reached a value of 38.3 W/m?. The
corresponding supply water (7)) and surface temperature
(T,,,.4p) Was 179 °C and 21 °C, respectively. This shows
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Fig. 6 Interpretation of air temperature on the external side of the wall (7, )

in terms of sol-air temperature at variable solar radiation on the wall (lg)
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Fig. 7 The course of surface temperatures and heat flux at 7, = 40 °C [20]
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that the thermal output of the wall could be enhanced by
further decreasing the wall surface temperature down to
the dew point temperature. However, the surface tempera-
ture at point A at the pipe (7, urf A
This should be considered to avoid

) was about 1 °C lower than
the average (T, o )
the risk of condensation on the wall surface [20].

The heat exchange coefficient 4, depended in particular
on the air velocity at the cooling surface. The value derived
from the experimental measurement was 7.0 W/(m?2.K).

This value can be considered to be low but realistic.

5.2 Results of parametric simulations

The stationary simulations were performed for warm cli-
matic conditions. They were focused on the effect of indi-
vidual parameters on the heat flux. Fig. 8 shows the effect of
sol-air temperature on heat flux. The blue curve represents
the heat flux to the room and the red curve represents the
heat flux to the exterior. The effect of the sol-air tempera-
ture on the heat exchange between wall and room is negli-
gible, and its effect on the heat exchange between wall and
exterior is relatively small due to the high thermal resis-
tance of the wall.

The parametric simulations also showed the substan-
tial influence of hi on the heat exchange between wall
and room. An increase in hi by 1 W/(m2.K) resulted in
an increase in the thermal output by 3.4 W/m? for hi in
the range between 6 and 14 W/(m2.K). The heat exchange
coefficient between wall and exterior he had virtually no
effect on the thermal output of the wall system because of
the high level of thermal insulation.

Fig. 9 shows the effect of room temperature on the heat
flux. The room temperature has almost no effect on the
thermal losses, however, its effect on the thermal output
is very important. A rise of the room temperature by 1 °C
increases the thermal output by 7.2 W/m?. For example, at
room temperature of 20 °C, the output is about 5 W/m?,
but it rises to 69.9 W/m? at the room temperature of 29 °C.

Effect of sol-air temperature T, ;.
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Fig. 8 Effect of sol-air temperature on heat flux
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For radiant heating and cooling systems, the cooling out-
put is controlled by the "self-control" effect meaning that
a small decrease in room temperature will significantly
decrease the temperature difference between wall and
space and thus the cooling output of the wall.

As shown in Fig. 10, the heat exchange coefficient

between water and pipe () has almost no influence on

watei
the heat flux at the inner and outer side of the wall in the
range between 1000 to 14 000 W/(m2.K).

It should be noted that in the present study, the effect of
pipe spacing on the thermal output was not explicitly con-
sidered. A previous study [26] showed that pipe spacing
has a significant effect on cooling output. The value of 10
cm used in this study was considered to be representative.

Fig. 11 shows the cooling output of the radiant wall sys-
tem for various areas of the cooling surface and room tem-
perature of 26 °C. For example, the cooling output of the
wall system with a mean water temperature of 18 °C is
48.3 W per 1 m2 of the cooling surface. At higher cooling
loads, a relatively large wall cooling area may be needed
due to the limited permissible temperature difference
between the wall surface and room temperature. For this
particular wall cooling system, the surface temperature
was close to the water temperature because the pipes were
placed underneath the wall surface.

Effect of room temperature
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Room temperature (°C)

Absolute value of heat flux
(W/m?)
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Fig. 9 Effect of room temperature on heat flux
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Fig. 10 Effect of heat exchange coefficient on heat flux

Table 2 [27] shows the maximum cooling capacity (CC)
and coefficient of performance (COP) of an air-to-water
heat pump type RLQOO for leaving water evaporator tem-
perature (L,,,) of 16 to 22 °C and outdoor air temperature
(T) of 25 to 40 °C.

For example, at the leaving water evaporator tempera-
ture L, = 18 °C and 7, = 30 °C, the maximum cooling
capacity of the heat pump is 6.25 kW and the COP is 3.64.
The leaving water evaporator temperature corresponds to
the water temperature supplied to the cooling pipes. At the
water temperature of 18 °C, the wall surface is above the
dew point temperature if the relative humidity is not too
high. This illustrates the fact that an air-to-water heat pump
can attain reasonable COP when combined with the wall
cooling system studied. A higher COP can be expected for
the combination with ground- or water-source heat pump.

6 Conclusion

The results of the experimental measurements showed
a fast thermal response of the radiant wall system. The
measured heat flux at the inner wall surface in the cooling
operation mode was 38.3 W per m? of the cooling area.

Effect of water temperature on cooling output
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Fig. 11 Effect of mean water temperature on cooling output

Table 2 Maximum cooling capacity and COP of the heat pump [27]
T [°C] 25 30 35 40

LWE CcC Ccop CcC cop cCcC cop cCc cop
rCl kWl [ kW] [ [kW] O[] [kW]  [-]

16 652 410 601 343 550 288 436 253
17 6.64 421 613 354 562 297 447 262
18 675 432 625 364 575 3.06 458 272
6.87 443 637 375 587 316 4.69 281
20 703 458 6.53 387 6.02 327 483 292
21 719 473 6.68 400 6.18 340 496 3.03
22 736 489 6.84 413 633 352 510 3.15

RLQO0
o




The corresponding temperature difference between water
and hotbox (representing room) was about 8 K. This equals
about 4.8 W/m? per 1 K temperature difference between
water and hotbox. The thermal output was measured
under warm climatic conditions typical of, e.g., summer
conditions in Central and Northern Europe. The surface
temperature was lowest at points A-1 and D-1 at the pipe,
equal to about 19.6 °C, which was well above the conden-
sation limit. This means that the cooling output could be
increased by further reducing the surface temperature.
The parametric simulations of the radiant wall system
were focused on the effect of sol-air temperature, room tem-
perature, heat exchange coefficient between inner (4) or
outer (/) wall surface and interior, heat exchange coefficient

between pipe and water (A and mean water tempera-

water) >

ture on the heat flux. The sol-air temperature had negligible
effect on the cooling output due to the thermal resistance
of the aerated blocks and thermal insulation. Similarly, the
heat exchange coefficient between wall and exterior and
between water and pipe (in the range between 1000 and
14 000 W/(m2.K)) had no notable influence on the cooling
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