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Abstract: We evaluate the heat transfer from radiant ceilings that have suspended

acoustical panels present for noise reduction. An upward-directed ceiling fan is added
to offset the reduction of heat exchange due to the acoustical panels. We
systematically simulate the indoor thermal environment and the changes to heat
transfer coefficients caused by the interaction between radiant ceiling panels,
acoustical panels, and ceiling fan under four influencing factors: (1) coverage ratio of
acoustical panels, (2) fan rotational speed, (3) radiation panel temperature and (4)
room height. The simulation method is validated with experimental data. Numerical
results show that the augmented air speed increases convective and total heat transfer
for radiant panel. Simulated temperature non-uniformity, air and operative
temperature in the occupied part of the room is reduced with increased fan speed, and
with decreased acoustical panel coverage ratio. The PMV increased with increased
acoustical panel coverage ratio and radiant surface temperature, and also with reduced
fan speed. When using fans, the radiant surface temperature can be raised 2 °C while
maintaining equivalent thermal comfort, allowing higher water supply temperatures.
The radiation heat transfer coefficient of the bare ceiling is decreased 25% by adding
63% acoustical panel coverage. The total heat transfer coefficient of radiant ceiling
increases with fan speed up to 106.2% over a no-fan base case, and decreases with
increased acoustical panel coverage ratio. The study indicates that an upward-directed
ceiling fan is a worthwhile method to enable raised radiant surface temperatures, save
cooling energy, and reduce surface condensation risk.

Keywords: Radiant system; Acoustical panels; Ceiling fan; Thermal environment;
Heat transfer coefficients; CFD
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Nomenclature
h, Convective heat transfer coefficient (W m™> K™)
h.  Radiant heat transfer coefficient (W m? K™

h Total heat transfer coefficient (W m? K™")

total
t,usr Average unheated surface temperature (°C)

g. Convective heat flux density (W m?)

g, Radiant heat flux density (W m™)

q,,.; Total heat flux density (W m?)

PMYV Predicted Mean Vote

U, Cooling capacity coefficient (W m* K ™)

M Human metabolic rate of thermogenesis (W m™)
W Effective mechanical power (W)

f., A factor of clothing surface area (clo)

t, clothing surface temperature (‘C)

F_ ; View factor between radiant surface and j-surface

& Emissivity (-)

t  Air temperature (°C)

t. j-surface temperature (°C)

¢t Radiant surface temperature (°C)
A, o000 Unshaded area of surface (m?)
A,,,, Total area of surface (m?)
A.oueq Shaded area of surface (m?)
PD Predicted draft sensation (%)

t,, Operative temperature ('C)

t . Mean radiant temperature (C)

mr

t,., Mean water temperature (C)

T, Turbulence intensity (%)

V' Air speed (m/s)

P the steam partial pressure (Pa)

&5, 010 Radiative heat transfer between surface 1 and surface 2 with the shield (W)

&5, unsnrers Radiative heat transfer between surface 1 and surface 2 without the shield (W)

&, ..., Heattransfer of the ceiling partially shielded by the acoustical panels (W)

1 Introduction

In 2021 the operation of buildings accounted for 30% of global final energy
consumption [1, 2]. HVAC energy conservation has become one of the most
important goals in the field of building energy saving [3]. In recent years, the use of
radiant cooling system is increasing due to the higher energy efficiency compared
with all-air systems [4-6].

However, the high acoustical reflectivity of the concrete exposed on the radiant
surfaces of ThermoActive Building Systems (TABS) causes noise problems [4]. Free-
hanging acoustical panels can be used to achieve acceptable sound absorption and
maintain a good acoustic quality in the space [7]. However, acoustical panels can
reduce the cooling capacity of radiant ceilings [7-9] and have a negative effect on the
indoor thermal environment [7, 10, 11]. Weitzmann et al. [8] established a cooling
capacity coefficient equation, and found that an 80% coverage of suspended
acoustical panels reduced the cooling capacity coefficient of a TABS by 30%.
Karmann et al. [7] found the cooling capacity coefficient reduced by 11% with an
acoustical panel coverage of 47%. Dominguez et al. [9] compared the influence of
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two kinds of acoustical panels on the TABS cooling performance. The cooling
capacity coefficient was reduced by 36% and 14% with 80% coverage of horizontal
and vertical acoustical panels respectively. These were accompanied by room
operative temperature increases of 1.6 °C and 1.1 °C respectively. In addition, field
studies of acoustical panels [10, 11] report increments in operative temperature of 1-
2 °C.

Hence, free-hanging acoustical panels have negative effects on the radiant ceiling
system performance. The heat transfer of the radiant system could be enhanced by
increasing its convective component [12]. Ning et al. [13] studied the impact of forced
convection on the cooling capacity of radiant ceiling panels, finding that forced
convection increased capacity by 43-46% in comparison to the radiation system only.
Another experimental test [14] studied the impact of a high aspiration diffuser on the
heat fluxes of a radiant ceiling system, finding the convective heat transfer of radiant
ceiling panels near a high aspiration diffuser to be increased by 4-17 %. Ye et al. [15]
investigated the heat flux changes of radiant cooling ceiling panels interacting with a
wall-attached jet, finding that forced convection increased heat transfer with increased
supply air speed. Kim et al. [16] united airbox convectors with a radiant ceiling panel,
found that the capacity of the cooling system increased by 3.2% at a fixed chilled
water flowrate. With the cooling energy consumption of the united system was
reduced 6.3% compared to the radiant system alone [16]. Zhao et al. [17] reported that
a more comfortable indoor thermal environment could be obtained via combining
radiant ceiling and mixed ventilation rather than using radiant cooling system alone.
Choi et al. [18] determined the impact of an air circulator with DC fans on the cooling
capacity of an open-type radiant cooling system. Choi et al. [18] found the cooling
capacity of the radiant ceiling can increase up to 16-22% in comparison to the radiant
system only.

In general, these above studies [13-17] indicate that the cooling performance and
thermal comfort from radiant ceiling systems can be improved by increasing
convection. Compared with conventional mixing convection caused by a room
ventilation system and/or natural convection [13-17], the air circulation from ceiling
fans has a larger effect on convective heat transfer because ceiling fan air speed is
typically higher than that created by ventilation systems. It is also typically more
energy efficient [19].

Surveys in buildings [20-22] have found that occupants generally prefer higher air
speeds in typical air-conditioned environments. The elevated air movements around
occupants caused by ceiling fans can compensate up to 4 °C of indoor air temperature
for equivalent thermal comfort [21, 23, 24]. Thus, a ceiling-fan-integrated radiant
system cools occupants both via surface temperatures in the room and directly by
increased convection from the skin to room air. Karmann et al. [25] experimentally
studied the effect of an upward-directed ceiling fan on the cooling capacity of a
radiant ceiling with acoustical panels. They [25] found the cooling capacity can
increase up to 22% with ceiling fan in comparison to the case without fan.
Nevertheless, the impacts of acoustical panels and ceiling fan on heat transfer
coefficients and thermal comfort need further description, because the study only
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covers a limited number of test conditions.

This paper aims to provide generalizable knowledge for design, and optimization of
the coupling operation parameters of ceiling-fan-integrated radiant ceiling cooling
systems. This simulation study systematically investigates the indoor thermal
environment and heat transfer coefficient changes of radiant ceiling system interacting
with a ceiling fan under different influencing factors including: (1) coverage ratio of
acoustical panel, (2) fan rotational speed, (3) radiant surface temperature and (4) room
height. The simulation method was first validated using experimental data, and then
employed to determine the above-mentioned factors.

2 Method

2.1 Geometry and CFD simulation

The size of the simulated office is 4.27 m x 4.27 m x 2.50 m. The simulated
office is without windows, the wall and the floor is approximately an adiabatic
boundary. The total heat load of the simulation is fixed at 1097 W. As shown in Fig.
1, the heat sources in the simulations include four computers (300 W, 16.5 W m?),
four screens (283 W, 15.5 W m?), four lights (214 W, 11.8 W m?) and four
occupants (300 W, 16.5 W m). A fixed heat flux was set as the boundary condition
of these heat sources. Room geometry, internal loads, and parameters of the radiant
panel and acoustical panel are the same as those described in the lab tests [25],
because the test data were used to validate the simulation method of this study. The
radiant panels are centered on the ceiling (Fig. 1). The coverage ratio of the radiant
panels is 73.5%, with an area of 13.4 m?. In order to simplify the geometry model,
the cold-water circulation pipes of the radiant ceiling were not directly modeled.
Since the mean cold-water temperature was kept constant in the tests [7, 25], as an
approximate method [18] the radiant ceiling surface is simulated at a fixed
temperature. Fig. 2 shows the four coverage ratios of the acoustical panel. The total
ceiling area (not the radiant panel area) is used as the base value to calculate the
acoustical panel coverage. The ceiling fan was mounted at 25 cm below the ceiling
surface and blowing upward. Due to the upward-directed ceiling fan can bring a
higher cooling capacity of the radiant cooling ceiling than the downward-directed
ceiling fan [25]. The diameter of the ceiling fan is 132 cm. Since the power of fan is
only 6 W [25], this heat load was ignored.

Grid independence tests were conducted using 0.7, 1.1 and 1.5 million grid cells
to compare simulated velocity and temperature profiles (see Fig. 3). Fig. 3 shows
that the medium grid (1.1 million) produced a negligible difference in comparison to
the fine grid (1.5 million). Therefore, medium grids were applied in the simulations.
The largest skewness of the medium grid is 0.84. The grid size growth rate is 1.2.

The simulations were conducted as steady-state calculations. The Realizable k-¢

model [26, 27] was employed to investigate turbulent airflow. This turbulence model
is commonly used for medium intensity swirling-flow. The radiant heat transfer in the
office was calculated by the surface-to-surface (S2S) model [15, 28]. The Boussinesq
hypothesis was utilized to solve the natural convection phenomenon to reflect the
change of air density with temperature. The second-order upwind scheme was utilized

<Energy and Buildings >, <August 2023>, <volume 297> pg4 doi.org/10.1016/j.enbuild.2023.113492
escholarship.org/uc/item/0w2289kw



to discretize the governing equations. The SIMPLE algorithm [15, 28] was used to
solve the discrete equations. The solver was set to an implicit scheme based on
pressure. The rotating motion of ceiling fan was simulated by the multiple reference

frame (MRF) method [27].
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Fig. 1. Geometry for the CFD simulation.
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This study analyzed the impact of four different factors on this combined system,
including the coverage ratio of acoustical panels, fan rotational speed (S), radiant
surface temperature (#;) and room height (H). Table 1 lists the simulated cases.

Table 1. Sequence of simulated cases.

Series  Case Acoustic panel coverage (%) Fan S (rpm) £, (°C) H (m)

A Al-A5 0. 16, 32. 47. 63 No fan / 20.6 25
B BI-B5 . 73

C  C1-C5 0. 16+ 32. 47. 63 . ;“alrd 146 20.6 2.5
D  DI-D5 P 219

E  EI-E5 18.6

F F1-F5 Fan 19.6

6 GLGs 0. 16. 32. 47. 63 wpward 146 o6 2.5
H  HI-H5 226

I 11-15 Fan 3
] e 0. 16, 32. 47. 63 wward 146 20.6 i

2.2 Thermal comfort indexes
PMV and PD index [29] were applied to estimate the thermal comfort in the
occupied zone. PMV can be calculated by equation (1) [29, 30].

PMV =[0.303exp(-0.036M ) +0.0275 |
(v -)

~3.05[5.733-0.007(M W)~ P, |-0.42(M —W —58.15) 1)
—1.73x10° M (5.867—-P,)—1.4x107° M (34—-1¢,)

_3'96X10_8 Xf;l |:(tcl +273)4 _(tmr +273)4j|_f;1h c (tcl _ta)

The M and clothing value f,, was set as 1.0 Met and 0.7 clo in the PMV model,

respectively. The relative humidity of air was set as 50%. PD was calculated by
equation (2) [29].

PD=(34-1,)(V -0.05)"" (0.37V o T, +3.14) )

Our previous study [19] has shown that the velocity fields driven by ceiling fans are
non-uniform, with higher flows near the floor. Thus, 0.1 m height is applied as the
first simulation point because of the draft sensation at ankle height.

2.3 Heat transfer coefficients determination

t ,usr 1S applied as the reference temperature to determine the /4, [24]. ¢, ,, can be

calculated by equation (3) [31].

tisr = \/Z(Fj (1, +273)") -273 3)

J=1

Equation (4) is used to determine the /4 from the radiant ceiling [32].
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tAUST - ts

The air temperature at 1.1 m height (¢ ) in the office is applied as the reference

temperature to determine the 4, [32]. The operative temperature at 1.1 m height

(¢ )is applied as the reference temperature to determine the #,,,[32]. Then, 1.1 m

height is applied as the second simulation point because of the draft sensation at the
head/neck for a seated person [33]. Considering the effect of air movement driven by

the ceiling fan, 7, is expressed as [25]:

tmr+(tao\/W)

Ly = ©)
g 1+/10V
The ¢ is derived from the ¢, by the following equation [30]:
by = Laysr =2 (6)
The #,,, from the radiant ceiling was calculated using equation (7) [32].
htotal = qmtal (7)

op ts

The g and g, from the radiant ceiling is directly calculated according to the

simulation results. The g can be calculated by equation (8) [32].

qc - qmtal _qr (8)

The A, from the radiant ceiling is determined by equation (9) [32].

ho=—te (9)

2.4 Cooling capacity coefficient determination

Under steady state conditions, the U_ of the radiant ceiling is determined by

equation (10) [25]:

qtotal
U =—>e 10
cc l l ( )

op w,m

It should be noted that the U . is only used to validate the numerical modeling,
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since water is not simulated in radiant systems. The ¢, for cases C was set at 17.1 °C,

the same as the experimental study [25].

3. Results

3.1 Validation of numerical modeling
The simulation method was first validated via the experimental data of reference

[25]. Fig. 4 compares the CFD simulated data (cases C, Table 1) with the measured ¢,

at 1.1 m height in the room centerline and cooling capacity coefficient. The simulated
air temperature is slightly larger than the experimental data, As shown in Fig. 4a. The
difference is within 5%, which is almost negligible. The curve slope obtained by CFD
simulation is consistent with the curve slope obtained by experiment. Fig. 4b shows
that the simulated data of cooling capacity coefficient change rate is consistent with
the measured results. The maximum deviation between the simulated value and the
experimental value of the cooling capacity coefficient change occurs when the
acoustical panel coverage is 63%, and the deviation is 5%. In general, the experimental
air temperatures and change in cooling capacity coefficient from [25] are all well
presented by the CFD simulations. It suggests that the complex airflow of this study
can be predicted well by the numerical methods applied in this study.

a) 30 b) 160
S
28 |+ E: 140
.g )
—_ L P = e < R T
o 26 | SR g g----- g ) G 120 L= 8 -eeig
~— &n o
L] .E
T4t S 100 |
S
=
22 - o - Simulation > 80 | - - Simulation
oo
o0 Experiment s o Experiment
20 1 L 1 ) 5 60 1 L L ;
0 20 40 60 80 0 20 40 60 80
Acoustical panel coverage (%) Acoustical panel coverage (%)

Fig. 4. Comparisons between the experimental and numerical a) air temperature at 1.1 m
height and b) change in cooling capacity coefficient for Cases C.

3.2 Indoor environmental
3.2.1 Air velocity and temperature

Fig. 5 illustrates the velocity fields of Series A-D (see Table 1) for a section plane
YZ (see Fig. 1) acquired in the middle of the office. Each row depicts a series at one
fan rotational speed (fan off and fan at 3 different rotation speeds). Each column
represents one acoustical panel coverage ratio (zero coverage and 4 different
coverages). The air velocity distributions for all cases are almost symmetrical in the
YZ section due to the symmetry of the geometry model and heat load. It can be
observed that without the ceiling fan running (see first row in Fig. 5), air speeds for all
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the acoustical panel coverage ratios are smaller than 0.3 m/s. The first row also shows
that without ceiling fan, the acoustical panel coverage ratios have insignificant effect
on the airflow pattern.

With the fan running, the airflow patterns with an upward-running ceiling fan are
transformed into a ceiling-attached jet due to the Coanda effect and to the presence of
the acoustic panels. This airflow layer near the ceiling helps to augment the heat
exchange from the radiant ceiling. It can be shown by the reduced ambient
temperatures and PMV values (Figs 6 — 8 below). In section plane YZ, the airflow
patterns are dominated by the upward ceiling fan airflow. The five columns show a
similar flow pattern in spite of different acoustical panel coverages. In fact, all the
airflow patterns are similar with the different acoustical panel coverages and the fan
rotation speeds. While, the air velocity magnitudes increase with the fan rotation
speed increases (rows 2-4 in Fig. 5). Cases B, C, D all with the highest speed near the
floor. In the occupied area, the average air velocity magnitude for Cases B, C, D is
below 0.3, 0.5 and 0.8 m/s, respectively. Unlike the downward-running ceiling fan
[19], the upward-directed ceiling fan helps to construct a relatively uniform flow
distribution in the occupied area. In general, the air speed is below the upper limit
value for air movement without personal control (0.8 m/s) in the occupied area [24].
Regarding Fig. 5, it indicated that the air movements elevated by the upward ceiling
fan has an insignificant influence on draft risk by the occupants.

Fig. 6 illustrates the air temperature fields of Series A-D in the YZ section.
Similar to the above velocity fields, the air temperature fields in the YZ section for
cases A-D are almost symmetrical. Unlike the velocity distribution, the first row
shows that the acoustical panel coverage ratios have noteworthy impacts on the air
temperature distributions without ceiling fan. The air temperature in the YZ section
increases as the acoustical panel coverage ratio increases. This occurs due to the
reduction of radiant heat exchanges from the radiant ceiling with increasing the
acoustical panel coverage ratio. According to Fig. 6, this phenomenon also exists for
the case B when the fan rotation speed is low (73 rpm). When the fan at 146 and 219
rpm, the higher panel coverage ratios saw less air temperature growth.

Besides, Fig. 6 depicts the air temperature uniformity in agreement with the fan
rotational speed. The first row in Fig. 6 shows obvious temperature stratification in
the YZ section for the case without fan. The temperature non-uniformity is reduced
with increasing fan speed. In the YZ section, the vertical temperature stratification for
case A is approximately 2.5 °C, while for case D it is within 0.5 °C. It reveals that the
upward ceiling fan can be used to counteract stratification. The four rows in Fig. 6
present the reduction of air temperature variation with increasing the fan speed. It is
due to the higher fan speed leading to a higher air mixing. In the occupied zone, an
upward-directed ceiling fan reduces the average temperature by 2-6 °C depending on
the fan speed, compared to the no-fan condition. Regarding Fig. 5 and Fig. 6, it can be
inferred that the addition of upward ceiling fan into the radiant ceiling not only can be
used to elevate air movement which can cool the occupants, and increase heat transfer
which can reduce the ambient air temperature, but also make the indoor air
temperature more uniform.
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Fig. 5. Air velocity fields of Series A-D in the YZ section. Simulation conditions are described in Table 1.
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Fig. 6. Air temperature fields of Series A-D in the YZ section.
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Fig. 7 a-c delineate the average air speeds at 0.1 m height versus the coverage ratio
of acoustical panels for different fan rotational speed, radiant surface temperature and

room height. Fig. 7 d-f and Fig. 7 g-1 present the average 7, and 7, at 1.1 m height

versus the coverage ratio of acoustical panels for different conditions, respectively.
For the influence of fan rotational speed, Fig. 7a shows that the air speed is

augmented with the fan speed, while Fig. 7d and Fig. 7g show that the 7, and ¢,, are

both reduced with the fan speed respectively, indicating increased heat exchange with

the radiant ceiling. Compared to the base case without fan, the decrement of 7, and

t,, with fan at the highest fan rotation speed (219 rpm) is up to 3.8-6.2 °C and 3.54-

6.1 °C, respectively. Fig. 7b shows that the radiant surface temperature plays no role

in the velocity. The average ¢, and ¢, are both increased with radiant surface

temperature (Fig. 7¢), and the 7, and 7,, increment are both close to the increment of

radiant surface temperature due to the walls which are set as adiabatic boundaries. Fig.
7c illustrates that the average air speed at 0.1 m height is reduced about 0.1 m/s with
the room height increased from 2.5 m to 4 m, while Fig. 7f and Fig. 71 show that the

average 7, and 7, both have a very slight increase with the room height increases

from 2.5 m to 4 m. In general, Fig. 7 illustrates that the fan speeds have stronger
impacts on the air velocity and temperature compared to the room height.
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Fig. 7. a) - ¢) Average air velocity simulated over a hypothetical horizontal plan placed at 0.1

m height for different conditions shown in Table 1, d) - f) average air temperature at 1.1 m
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height for different conditions shown in Table 1. g) - i) average operative temperature at 1.1 m
height for different conditions shown in Table 1.

Fig. 8 a-c delineate the difference between average air and operative temperature at 1.1
m height versus the coverage ratio of acoustical panels for different fan rotational
speed, radiant surface temperature and room height. The difference is within 0.25-
0.5 °C for all cases. For the influence of fan rotational speed, Fig. 8a shows that the
difference is reduced with the fan speed, while Fig. 8c shows that the difference is
augmented with the room height. Fig. 8b shows that the radiant surface temperature
plays no role in the difference.
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Fig. 8. a) - c) Difference between average air and operative temperature at 1.1 m height for
different conditions shown in Table 1.

3.2.2 Indoor thermal comfort

Fig. 9 presents the horizontal PMV contours of Series A-D at 1.1 m height. The
PMV difference of each case at 1.1 m height across the floor is within 0.5 unit.
Following the air temperature distributions (Fig. 6), for the no-fan condition, the PMV
value increases as the acoustical panel coverage ratio increases. For the low fan
rotation speed (73 rpm), when the acoustical panel coverage is up to 47% or 63%, the
PMYV increases. When the acoustical panel coverage is 32% or lower, it does not have
an effect on the PMV. As the fan speed increases (146 rpm and 219 rpm), the
acoustical panel coverage ratio does not affect the PMV. The last row in Fig. 9 shows
that the lowest PMV values occur at the highest fan rotation speed at 1.1 m height.
The lower PMV at 219 rpm is due to both the increased convective heat transfer from
the radiant ceiling, reducing the air temperature, and the increased air speeds in the
occupied zone (see Fig. 5-6).

Fig. 10 delineates the average PMV/PD in the occupied zone versus the coverage
ratio of acoustical panels, for different fan rotational speed, radiant surface
temperature and room height. The average PMV increased slowly with increasing the
acoustical panel coverage ratio, while the PD reduced slowly as the acoustical panel
coverage ratio increases. This is attributable to the air speed in the occupied zone that
decreases with increasing the acoustical panel coverage ratio, and air temperature that
increases with increasing the acoustical panel coverage ratio (see Fig. 7). For the
influence of fan rotational speed, Fig. 10a shows that the PMV is reduced with the fan
speed, but that the low speed (73 rpm) creates an insignificant effect (0.1 unit PMV
reduction from the no-fan condition). The other rotation speeds created a measurable
effect, 0.4 — 0.7 PMV unit reductions from the no-fan condition. Fig. 10d shows that
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the PD is augmented with the fan speed. Fig. 10d also shows that the PD of cases at
highest fan speed (219 rpm) not exceeds the limit of 20%. This result indicates that a
draft sensation could be encountered by the occupant owe to the large speed and cold
airflow (see Fig. 5 and Fig. 6) induced by the combined system. Thus, the maximum
fan speed could be adjusted near medium speed (146 rpm) to guard against the draft
risk.

PMV: -04-03-02-01 0 01 02 03 04 05 06 07
Set up 0% 16% 32% 47% 63%
coverage ratio | coverage ratio | coverage ratio | coverage ratio | coverage ratio
NO fan ‘SE {l
72-2 -1 &:m 1 2
A4
73 Ipm ‘5E
e P 2
B4
146 Zli
rpm
.:-G -1 &:m 1 2
C4
219
rpm

Fig. 9. Horizontal PMV contours at 1.1 m height.

Fig. 10b illustrates that the PMV grows with the increase of 7 linearly. Meanwhile,

the PD reduces with the increase of radiant surface temperature linearly (Fig. 10e). It

also can be found that the PMV and PD of cases (¢, = 21.6 °C) are within the limit (-
0.5 < PMV =< 0.5, PD < 20%) in ASHRAE 55-2017 [24]. It demonstrated that the

base radiant surface temperature (¢, = 19.6 °C) can be raised by 2 °C under the

medium fan speed. It indicates that upward ceiling fan is a worthwhile method
allowing the radiant surface temperature to be raised, thus reduce the risk of
condensation while maintain thermal comfort. Fig. 10c shows that the PMV is slightly
increased with the room height, while Fig. 10f reveals that the PD is slight decreased
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with the room height. Because of the air velocity in the occupied zone is decreased
with the room height. In general, Fig. 10 demonstrates that the fan speed and radiant
surface temperature have stronger impacts on the thermal comfort compared to the
room height.
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Fig. 10. Average PMV under different: a) fan rotational speed, b) radiant surface temperature
and c) room height; Average PD in the occupied zone under different: d) fan rotational speed,
e) radiant surface temperature and f) room height in the occupied zone.
3.3 Heat transfer performance
Figs. 11-12 reflect the heat transfer properties of radiant ceiling. Fig. 11 presents
the radiative and convective heat flux versus the coverage ratio of acoustical panels,
under different fan rotational speed, radiant surface temperature and room height. As
the coverage of acoustical panels increased, the radiant heat fluxes are significantly
reduced for all cases. The value of radiative heat flux also decreases with increasing
fan speed, while the convective heat flux increases with increasing fan speed (Fig.
11a). As Fig. 11 b and ¢ show, under the mid fan speed (146 rpm), the radiant surface
temperature and room height have little effect on the value of radiative and convective
heat flux.
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Fig. 11. Heat flux from the radiant ceiling surface for different: a) fan rotational speed, b)
radiant surface temperature, c) room height.

Table 2 compares the simulated heat transfer coefficients of the radiant cooling
ceiling (case Al) and the measured data given in literatures [32, 34-36]. The
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simulated /4, is lower about 2.7-14.9% than measured data [34]. It might be due to the

window in the experimental study [34], which enhances the natural convection. The

difference between simulated 4, and literature values is within 5.6%. Compared to

Cholewa et al. [32], the difference of #4,,, 1s within 9.8%. In general, the simulated

heat transfer coefficients are consistent with the literature [32, 34-36]. These
comparison results suggest that the CFD model and numerical methods are acceptable.

Table 2. Literatures and simulated heat transfer coefficients of the radiant cooling ceiling.

h, (Wm?K") h, (Wm?K") By (Wm™? K™
simulated values 4.1 simulated values 53 simulated values 10.18
Causone et al. [34] 4.2-4.7 Causone et al. [34] 5.6 Cholewa et al. [32] 9.19-10

Olesen et al. [35,36] 5.5

Fig. 12 illustrates the 4., A, and h,,, versus the acoustical panel coverage ratio for

different conditions. As Fig. 12 a-c show, the acoustical panel coverage rate, radiant
surface temperature and room height has little impact on the value of 4 . The

difference is within 0.3-0.5 W m™ K'! under a fixed fan speed. Since these factors

have little effect on the airflow distribution (see Fig. 5). While 4, increases with

increasing fan rotational speed. Compared to the corresponding cases without fan, the

value of /4, increases by 29-48%, 126-157% and 217-255% with fan speed at 73, 146
and 219 rpm, respectively (see Fig. 12a). The higher fan rotational speed results in
higher velocity gradients and thinner thermal boundary layer.

Contrary to A, Fig. 12 d-f illustrate that the acoustical panel coverage ratio has a
stronger impact on the % than does the fan speed, radiant surface temperature and
room height. The value of /. decreases with increasing acoustical panel coverage rate,
because the radiant heat exchange are shaded by the acoustic panels. Fig. 12d clear
show that the 4, of cases with fan is lower than the case without fan at zero acoustical
panel coverage, due to the radiant heat exchange from the radiant ceiling are also
shaded by the ceiling fan. Compared to the corresponding case without acoustical
panel, the value of 4, decreases by 25% (~1.1 W m? K'!) with coverage rate at 63%.
The fan rotational speed, radiant surface temperature and room height have little

influence on the radiation heat transfer, the difference is within 0.3 W m? K.

Figs. 12 g-i show that the value of 4,,, decreases with increasing acoustical panel

total

coverage rate. Compared to the corresponding case without acoustical panel, the
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reduction rate of 4,,, 1s 31.2% with coverage rate at 63%. Reduction is small (less

than 10%) when the acoustical panel coverage does not exceed 32%. The reason is
that the acoustical panels also have heat exchange with radiant ceiling and they then
function as radiant ceiling, with some higher temperatures than the radiant ceiling.

The h increases with increasing fan rotational speed. Compared to the

total

corresponding cases without fan, the value of %, ,, increases by 40.7%, 110.0% and

176.0% with fan speed at 73, 146 and 219 rpm and coverage rate at 63%, respectively
(see Fig. 12g). The value of 4,,, increases by 20.5%, 63.4% and 106.2% with fan

speed at 73, 146 and 219 rpm over the no-fan base case Al (no acoustical panels),

respectively. As well as the A, and 4, the impact of radiant surface temperature on

the 4, can be ignored (see Fig. 12h). Fig. 121 shows that the 4, is slight decreased

with the room height, the difference is within 0.8% - 3.8%. In general, the sequence of

four factor’s effects on the 4, , from strong to weak are fan speed, acoustical panel

total

coverage rate, room height and radiant surface temperature.
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Fig. 12. Convective heat transfer coefficient under different: a) fan rotational speed, b) radiant
surface temperature and c) room height; radiation heat transfer coefficient for different: d) fan
rotational speed, e) radiant surface temperature and f) room height; total heat transfer
coefficient for different: g) fan rotational speed, h) radiant surface temperature and i) room
height.
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4 Discussion

In order to verify the plausibility of this simulation study, we made a simplified
estimation of the impact of acoustical panel on the radiant ceiling heat exchange,
using the radiation shielding theory [37]. This theory applies to infinitely parallel
surfaces, where a third surface is applied between these two surfaces (see Fig. 13).

: I e
Q]Z, heild
unshei ]’; 83,1
Ty &,
Q12,sh()ild
T, ¢

Fig. 13. The third surface is placed between two parallel panels.

If the view factor is equal to 1 and the emissivity of all surfaces is the same, then

the O, ;...a can be express using the following equation.

le,sheild =%Q12,unsheild (1)

We make the following simplified assumptions: 1) the radiation heat exchange for
the ratio of cold ceiling shaded by acoustic panels is reduced by half. 2) The total heat
exchange of cold ceiling not covered by acoustic panels is unchanged. 3) The
convection heat exchange does not change with the acoustical panel coverage rate
(see Figs. 11 a-c). Compared with the base case without acoustical panel, the heat

transfer of cold ceiling partially shielded by acoustical panels can be estimated as
follows:

Q _ Aunshaded + Ashaded % + Q (12)
t,shaded ~— A total A 2 c
total total
_ 100 ¢
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Fig. 14. Heat flux reduction due to the acoustic panels estimated with the CFD simulations

<Energy and Buildings >, <August 2023>, <volume 297> pg 18 doi.org/10.1016/j.enbuild.2023.113492
escholarship.org/uc/item/0w2289kw



and simplified method.

Fig. 14 shows the heat transfer changes for the cases without fan, starting with
acoustical panel coverage at zero. As it can be seen in Fig. 14, up to the case with
63% of the ceiling covered by acoustical panels, the simplified method adequately
estimates the reduction in heat transfer due to the acoustical panels for the cases
without fan. As can be expected, the radiant heat exchange is reduced with increasing
the acoustical panel coverage ratio, leading to a larger heat transfer reduction. The
assumption of not change in the convection heat transfer become weaker and weaker
as the percent of coverage approach 100%. In fact if we consider the unlikely event
that coverage rate at 100%, based on the simplified method the heat transfer compared
to the unshaded case is as lower as 70%.

Through the results, it can be found that the upward ceiling fan can bring several
positive effects. 1) It allows the installation of acoustical panels with higher coverage
rate, improving the acoustical comfort of the office. Meanwhile, increasing the heat
transfer coefficient of radiation cooling system (see Fig. 12). 2) It can be used to
elevate air movement under the limit in ASHRAE 55-2017 [24], but also make the air
temperature more uniform and cooler in the occupied area (see Figs. 5 and 6). It
allows an increase in radiant surface temperature and being able to control the
environment at a higher temperature, save energy and reduce the risk of condensation
while maintain thermal comfort (see Figs. 8 and 9).

A few limitations and future perspectives need to be mentioned in this study.

Due to the upward-directed ceiling fan can bring a higher cooling capacity of the
radiant cooling ceiling than the downward-directed ceiling fan [25], so this study only
considers the upward-directed ceiling fan. While, our previous study [24] found that
the downward-directed ceiling fan brings higher air movement than the upward-
directed ceiling fan at the same fan speed in the occupied zone, it can be inferred that
the comfort temperature could be raised higher than the upward-directed ceiling fan
when using downward-directed ceiling fan. Thus, it would be interesting to study the
influence of downward-directed ceiling fan flow on the combined system of radiant
cooling ceiling and acoustical panels in the future. According to Fig. 5 and our
previous studies [19, 27], ankle draft might be a potential concern, especially with
downward-directed ceiling fan [19, 27]. It would be useful to evaluate the system in a
climatic chamber with human subjects as done in [38] to fully investigate the system’s
full potential. It is also interesting to investigate the effect of ceiling fan on the
cooling performance of underfloor cooling system, since the underfloor cooling
system generates a large vertical air temperature gradient within the room [39].

In order to simplify the geometry model, the radiant ceiling surface temperature is
simulated at a fixed temperature. Although the radiant ceiling was also simplified in
many previous studies [12, 18], the panel surface may show non-uniform temperature
difference. For example, Vosa et al. [39] found that the radiant ceiling surface
temperature difference between two panels is within 1 °C, and the difference between
the minimum and average surface temperature of a panel is within 0.5 °C. In the
future, it would be necessary to perform direct simulations for the cold water
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circulation pipes of the radiant ceiling [40] interacting with the ceiling fan. The
condensation risk of the combined system is also worthy of further exploration.

This study principally investigated the indoor environment and heat transfer
changes in the interaction between radiant ceiling panels and ceiling fan under four
influencing factors: coverage ratio of acoustical panels, fan rotational speed, radiation
panel temperature and room height. While some other influencing factors need to be
further determined to propose the design guidelines. For example, the influence of
acoustical panel coverage patterns could be studied as well, since Dominguez et al. [9]
reported that vertically suspended acoustical panels have less impact on ceiling
cooling performance than horizontal acoustical panels. The distance between the
radiant ceiling and acoustic clouds is also needs to be explored, since the airflow
passing through narrow air gaps could increase the air velocity and convective heat
transfer rate. Besides, the distance between the radiant ceiling and ceiling panel also
can be a major factor on the cooling performance of an open type radiant cooling
system [18] interacting with ceiling fan. In addition, the cooling load of the wall and
window also need to be considered for designing this combined system in the
practical application. Furthermore, to comprehensively evaluate this combined system,
it is also necessary to explore its energy and economic performance. The use of
ceiling fan at medium speed allows an increase in radiant surface temperature and
being able to control the environment at a higher temperature while maintain thermal
comfort (see Figs. 9 and 10). It indicated that energy consumption reduces as fan
speed increases, but the PD and noise would rise with the increment of fan speed.
Hence, in order to get the compromise between energy consumption and thermal
comfort, the statistical multi-objective optimization study considering the influence
factors mentioned above should be further conducted, then optimized design
guidelines and control strategies accordingly.

5 Conclusions

This study systematically investigated the indoor environment and heat transfer
changes in the interaction between radiant ceiling panels, acoustical panels, and
ceiling fan. A validated CFD simulation model was employed to determine the impact
of ceiling fan speed, panel surface temperature, ceiling height, in addition to acoustic
cloud coverage ratio. The following conclusions are noteworthy.

1) The air velocity in the occupied zone is augmented with the fan speed. While the
air temperature, operative temperature and temperature non-uniformity are
reduced with increasing the fan speed. An upward-directed ceiling fan reduces the
average air and operative temperature by 2-6 °C in the occupied zone. The
acoustical panel coverage ratio has little influence on the airflow pattern and air
speed, but the air and operative temperature increase as the acoustical panel
coverage ratio increases.

2) Fan speed, acoustical panel coverage ratio and radiant surface temperature have a
stronger effect on the PMV than does the room height. The PMV increased with
increasing the acoustical panel coverage ratio and radiant surface temperature, and

<Energy and Buildings >, <August 2023>, <volume 297> pg 20 doi.org/10.1016/j.enbuild.2023.113492
escholarship.org/uc/item/0w2289kw



decreased with the fan speed. The fan speed at the low level (73 rpm) it is too
small to create enough impact on thermal sensation; the medium and high fan
speeds (146 and 219 rpm) can create measurable effects on PMV. The base radiant
surface temperature (19.6 °C) can be raised by 2 °C under the medium fan speed
while maintain thermal comfort. Fans allow increasing the radiant surface
temperature and controlling the environment at a higher temperature, then save
energy and avoid condensation.

3) The convective heat transfer coefficient dramatically increases with increasing fan
rotational speed, while the other influencing factors are insignificant. The
radiation heat transfer coefficient reduces with increasing acoustical panel
coverage rate, decreases by 25% with coverage rate at 63%. The total heat transfer
coefficient of radiant ceiling increases with fan speed up to 106.2% over a no-fan
base case, and decreases with increased acoustical panel coverage ratio. The fan
can fully compensate for the radiant heat exchange reduction due to the acoustical
panels. Besides, the impact of room height and radiant surface temperature on the
heat transfer coefficient is insignificant.

4) In the future, other possible influencing parameters on the thermal and heat
transfer performance of the combined system also need to be identified. The draft
and condensation risk of the combined system is also worthy of further
exploration. In addition, in order to get the compromise between energy
consumption and thermal comfort, the statistical multi-objective optimization
study considering the main influence factors should be further conducted, then
optimized design guidelines and control strategies accordingly.
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