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ABSTRACT. This paper entails an empirical and computational assessment of the air flow field in
the close proximity of a vertically positioned radiant cooling panel. This radiant cooling solution
differs from the conventional large-area radiant cooling systems (e.g., ceiling panels). It involves rather
small-sized vertical panels positioned close to occupants. Moreover, the panels are designed so as to
manage potential surface condensation of water vapor via integrated drainage elements. Hence, the
panels can be operated with relatively low surface temperatures. The low panel surface temperature
and its proximity to the occupants are intended to compensate for the potential lower cooling power
due to the relatively small panel size. In this paper, we specifically explore the air flow field close to the
local radiant cooling panel via laboratory measurements and CFD (Computational Fluid Dynamics).
Thus, possible issues regarding discomfort due to draft and turbulence risk close to the radiant panel
can be examined. To this end, a prototypical local radiant cooling panel was installed in a mock-up
office room of a laboratory. During the experiments, the air flow speed was measured and simulated
at several heights (between 10 and 110 cm from the floor) and distances (ranging from 1 to 50 cm
from the radiant panel). The results allow for the evaluation of the draft discomfort risk as well as the
reliability of CFD in reproduction of the measurement results. A further step involved the numeric
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analysis of the effect of the human model on the air flow patter.
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1. INTRODUCTION AND BACKGROUND

It has been suggested that climate change due to
greenhouse gas (GHG) emissions is one of the most
significant challenges facing humanity [I]. Specifically,
the global reliance on non-renewable energy sources
leads to an increasing concentration of greenhouse
gases in the atmosphere and thus contributes to cli-
mate change. In this respect, particular attention
should be given to the household sector as a major
consumer of energy [2]. The move from uniformly
conditioned indoor environments to smaller, individu-
ally controlled zones, can be advantageous in view of
thermal comfort and energy efficiency [3]. Limitations
of traditional cooling systems, such as noise, draft,
vertical thermal gradients, and high energy demand
necessitate the investigation of alternative cooling sys-
tems. In this context, the application of water in
chilled radiant panels can be of interest [4]. These
panels can be broadly classified based on their in-
stallation location. The most common form is the
ceiling-mounted cooling panel.

Radiant cooling ceiling systems were investigated,
among others, in the laboratories in European coun-
tries in the early 1990s [5]. They have been shown to
have the potential to provide adequate thermal condi-
tions [6]. In some systems, the pipes are inserted in
the surface layer of a wall, ceiling, or floor [7]. Lately,
the integration of radiant cooling into furniture (e.g.,
in desks) has received attention [8]. Thereby, the
chilled water could circulate through the table top

to remove the sensible heat, while latent heat is re-
moved by an all-air cooling system [6]. As compared
to conventional cooling systems, radiant cooling pan-
els have the potential to offer smaller vertical tem-
perature gradients, lower air movement velocity, and
reduced local discomfort [9]. Whereas conventional
air-conditioning systems are mainly based on convec-
tion, radiant panels utilize a combination of radiation
and convection [I0].

The thermal performance of the cooling panels has
been investigated via both experimental and compu-
tational methods. The thermal comfort of five human
subjects in a laboratory test room equipped with cool-
ing ceilings was analysed by Nagano and Mochida [IT].
In their experiment, the temperature difference be-
tween the ceiling and the room air was less than
5K. According to their findings, the mean radiant
temperature for a supine human body should be ap-
plied in the design of ceiling radiant cooling. Another
study compared the radiant cooling systems with air-
conditioning systems in terms of thermal comfort,
energy consumption, and cost. The results suggested
that the radiant ceiling panel system is capable of cre-
ating a smaller vertical variation of air temperature
and a more comfortable environment [12].

Experimental studies are of course highly instruc-
tive, but also rather expensive and time-consuming. If
carefully applied, CFD-based numeric simulation can
provide alternative or at least complementary means
of investigation. Computational fluid dynamics has
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become an important tool in the prediction of ther-
mal comfort in occupied spaces [I3]. Compared to
the experimental techniques, CFD simulations can
provide detailed values regarding the flow distribution
and concentration fields in the whole domain, rather
than just targeted points for data collection [T4HI6].
Nevertheless, proper CFD application necessitates suf-
ficient grid resolution, accurate choice of numerical
models, estimation of numerical errors, and control
over other numerical parameters for precise verifica-
tion and validation [I7HI9]. Despite the dramatic
progress in its application, CFD has not replaced ex-
perimental and theoretical analyses, but represents
a highly useful complementary tool [20H22]. As such,
experimental studies have been conducted to probe
the precision of numerical simulation of the indoor
thermal environment [23].

Myhren et al. [24] applied CFD simulations for two
office rooms equipped with separate heating and ven-
tilation systems, to investigate potential cold draught
problems, the differences in vertical temperature gra-
dients, and air speed levels. Another study compared
the energy efficiency of the cooling panel with the
all-air cooling system via CFD simulation and experi-
mental method. Thereby, the cooling panel was found
to be more energy efficient [25]. Predicting thermal
comfort by applying virtual human manikins in the
CFD simulation has been reported by numerous stud-
ies [I3]. According to our observation, there are no
relevant standards in CFD simulations for the sizes,
shapes, and postures of human model, and their appli-
cation mostly depends on the purposes of the research
works [26H29]. Because of the excessive simulation
time, the majority of CFD studies have applied simple
(e.g., rectangular) shapes. In some cases, the nature of
the study necessitated a complex human model [30].

Within the framework of a recently completed re-
search study, the potential of vertical radiant panels
in the proximity of users was investigated and related
technological requirements regarding envelope tight-
ness and ventilation systems as well as water vapor
condensation risk were evaluated [27]. As mentioned
before, the personal radiant cooling panels are de-
signed so as to manage potential surface condensation
of water vapor via specific elements. One option is to
remove the condensed water via a drainage system.
However, in our experience, a much simpler option
would be sufficient in most case, namely the placement
of an easy to clean metal container underneath the
vertical cooling panel.

In the present contribution, we explore the potential
of CFD simulations to analyse the airflow patterns and
the velocity fields inside a test room with a vertical ra-
diant panel positioned in the close proximity of a work-
station. Simulated results were compared with previ-
ously obtained measurements. The objective of the
numeric analysis was to capture the air flow patterns
and local discomfort risk. The study included also the
air velocity field around a simplified human model.
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F1GURE 1. Test room equipped with a cooling panel.

2. APPROACH

Predicting the thermal performance of a cooling panel
is not a trivial task. In general, this system represents
a mixed convection heat-transfer mode, including hu-
man body buoyancy-driven thermal plumes, and ra-
diation through the panel and wall surface. To this
end, a prototypical local radiant cooling panel was
installed in a mock-up office room of a laboratory (see
Figure . To deal with potential surface condensa-
tion, a metal container was positioned below the local
cooling elements.

During the laboratory experiments, the ambient air
temperature and relative humidity in the room were
kept at 30 + 0.5°C and 40 + 3%, respectively. The
target panel surface temperature was 10 °C. For these
indoor air and panel surface temperatures, the cooling
power of the radiant element was estimated to be
roughly 100 W per square meter panel area [27]. The
air flow speed was measured and simulated at several
heights (10, 35, 60, 85, and 110 cm above the floor)
and distances (1, 1.5, 2, 3, 4, 5, 10, 15, 20, 30, 40, and
50 cm from the radiant panel) (see Figure [2) [31].

In this study, the potential discomfort risk due to
draft was explored and was not found to be signifi-
cant [31]: At a distance of 10 cm and more from the
panel, the air flow velocity was never found to be
above 10cms™1.

The CFD model’s boundary conditions were
adapted from the thermal conditions of the labora-
tory. Note that during the experiment the surface
temperature of the panel’s frame was higher than the
chilled part of the panel. Within the CFD model,
the cooling element was simplified and no distinctions
were made between the surface temperature of the
frame and the chilled part of the panel. As a result,
for the CFD simulations the whole panel temperature
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FIGURE 2. Floor plan and sensors locations at the test room.

was considered to be 11 °C.

CFD model was implemented in the finite volume
code ANSYS FLUENT 19.0 [32]. The model involves
the vertical cooling panel mounted in the test space
and a simplified human model for some simulation
cases. Ansys design modeler and Ansys meshing were
applied as a pre-processor to create the geometry,
mesh, and the computational domain. In this model,
a mesh with hexahedral element was generated. Buoy-
ancy due to density change was applied in the energy
equation. The discrete ordinates (DO) model was
applied as the radiation model. The pressure-based
solver was applied. The SIMPLE segregated solver
was used for pressure-velocity coupling.

Various studies have assessed the performance of
turbulence models. For RANS-based models, select-
ing a proper turbulence model is essential for heat
transfer analysis. The answers to the question of the
best-performing turbulence models are not always con-
sistent. For instance, the standard k-¢ or the RNG k-¢
turbulence models are widely implemented for CFD
simulations of cooling panel, while SST-K w model
has been applied in other studies. In addition, some
studies applied a Laminar flow model. The results
of the literature review revealed that the k-¢ family
of turbulence models presented similar results con-
sistent with laboratory data [33H35]. The SKW and
SST turbulence models showed a lesser performance
level in predicting air velocity [36], B7]. This dispar-
ity can be due to the physical features of the case
studies, as well as different computational parameters
and settings applied in different studies. Hence, for
each specific simulation study, the selection of the
turbulence model may have to be reassessed. In the

present study, CFD simulations were carried out us-
ing the same geometry but with different turbulence
models (RNG k-¢ and SST-K w). To check the relia-
bility of the turbulence model, the simulation results
were compared with experimental. Note that we used
the discretization scheme employed for the energy,
momentum, turbulent kinetic energy, and specific dis-
sipation rate was the second order upwind scheme.
Pressure Staggering Option (PRESTO) was used for
the pressure discretization scheme.

3. RESULTS AND DISCUSSION

The air velocity could be an influential parameter
for the thermal comfort: Increased airspeed can aid
the evaporation of sweat thus leading to a cooling
effect, particularly if loose clothing is worn. Neverthe-
less, too high air velocity may cause discomfort and
a draughtiness sensation. Average air speed is typically
recommended not to exceed 0.15ms~! in the occupied
zone to prevent discomfort [38]. The CFD method
can complement the experimental results by allowing
the detailed examination of the velocity field at differ-
ent spots. Given the complexity of the physical pro-
cesses involved, a candidate simulation model should
ideally incorporate complete three-dimensional pro-
cesses, suitable turbulence models, realistic boundary
conditions, and temperature-dependent material prop-
erties. In this study, to gain confidence concerning
the model’s reliability and the employed turbulence
model, we first compared the computational results
with the laboratory measurements. Subsequently, the
study covered the human model analysis.
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FIGURE 3. Velocity as a function of distance from the panel for two different turbulence models.
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3.1. TURBULENCE MODEL
Two different turbulence models (k-¢ and k-w) were
applied for the CFD simulation. During the exper-
iments, air velocity was measured at 75 locations.
Figures [3 and [ illustrates the velocity distribution
profile (on the sensors location) obtained from the
CFD simulation for two different turbulence models,
together with the measured velocity values in the test
room. The effect of turbulence models on the air
velocity distribution can be seen in this Figure. As
such, the k-¢ and the k-w family of turbulence models
overestimated the values by up to 0.05 and 0.1ms™!
respectively. In this study, the CFD simulation re-
sults obtained while using the k-¢ family of turbulence
models were found to more closely correspond to the
experimental results.

The air velocity values were below the limits of
the standards at the assumed seating position of the
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4. Simulated velocities plotted against corresponding measurements for two different turbulence models.

occupants [38].

As mentioned earlier, in this study we considered
a highly simplified human model (body temperature
35) in three distances from the cooling panel (20 cm,
35cm and 55cm). The cooling was provided by radi-
ant panels and the manikin acted as the source of heat
generation in the room. The flow in the room is domi-
nated by buoyancy. The solver settings were identical
to those used for the aforementioned comparison with
the experimental results. The main objective of this
query was to explore the potential influence of the
human presence on the air flow pattern around the
radiant cooling panel.

Figure [f illustrates the simulated velocity contours
for the aforementioned simulation scenarios. The
results indicate that the velocity in the vicinity of
manikin lies in the range of 0.10 to 0.28 ms~!. The
velocity range in the zone can be suggested to be
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FIGURE 5. Simulated velocity contours around a human model at three distances from the radiant panel, namely
distance of human model from panel, namely 20 cm (a), 35cm (b), and 55cm (c).

within the recommended maximum velocity range to
avoid draft [39]. With increasing distance from the
cooling panel, its effect on the velocity field clearly
diminishes.

4. CONCLUSION

Using local radiant cooling panels has been suggested
to be a potentially promising alternative to tradi-
tional air-conditioning system. Our study involved
the thermal analysis of a prototypical local cooling
panel installed in a laboratory test room. The thermal
performance of the model was evaluated numerically
by a commercially available CFD. To gain confidence
concerning the model’s reliability, its performance was
first compared with laboratory measurements. The
air velocity fields obtained from the CFD study were
found to be acceptable. In addition, the simulated flow
around a virtual manikin (simplified human model)
at three different locations yielded ranges of velocities
than can be suggested to be below the recommended
maximum velocity in the test zone.
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