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Abstract: A ceiling cooling system integrated with a mechanical ventilation system has been widely
used in modern buildings with large sensible cooling loads due to the high thermal comfort level and
large energy efficiency. However, there is a lack of systematic research on the influence factors such as
ceiling surface temperature and cooling load on the indoor air distribution and thermal environment,
and the impact of ventilation system type in the ceiling cooling room is still unclear. Therefore, this
paper presented an experimental study of indoor air distribution and thermal environment in a ceiling
cooling (CC) room with mixing ventilation (MV), underfloor air distribution (UFAD) and stratum
ventilation (SV); the ceiling surface temperature was 17 ◦C–26 ◦C and the internal or external cooling
load was 41.5 W/m2–69.5 W/m2. The results showed that the vertical air temperature difference and
contaminant removal effectiveness were 0.2 ◦C–0.4 ◦C and 0.53–0.85 with CC + MV, 0 ◦C–1.2 ◦C and
0.68–1.25 with CC + UFAD and 0.3 ◦C–0.9 ◦C and 0.50–0.83 with CC + SV, and the corresponding heat
removal effectiveness and air diffusion performance index were 0.96–1.11 and 96–100%, 0.9–1.5 and
57–100% and 1.11–1.34 and 71–100%, respectively. Moreover, the difference between mean radiant
temperature and air temperature and the predicted mean vote of thermal sensation were from 0 ◦C
to 0.9 ◦C and between 0 and 0.26 with CC + MV, from −0.1 ◦C to 2.2 ◦C and between −0.1 and 0.42
with CC + UFAD and from −0.1 ◦C to 0.9 ◦C and between −0.2 and 0.13 with CC + SV. Hence, the
ventilation system type clearly affected the indoor air distribution and thermal environment in the
ceiling cooling room, and the experimental results would be beneficial for the design and control of a
ceiling cooling system combined with a mechanical ventilation system in practice.

Keywords: ceiling cooling; indoor air distribution; mixing ventilation; stratum ventilation; thermal
environment; underfloor air distribution

1. Introduction

In the 21st century, the world’s new building area and energy demand increased
dramatically with continuous socioeconomic development. The energy consumption of
buildings, in which the percentage of HVAC energy consumption was more than 50%, was
huge and accounted for 20–40% of the total energy consumption of society [1,2]. Therefore,
how to improve the energy efficiency of HVAC systems has become a hot research topic
of scholars over the world [3–5]. At present, a radiant cooling system combined with
a mechanical ventilation system has been widely used in various residential and non-
residential buildings [6,7]. Compared to the traditional air conditioning system, the radiant
cooling system can more effectively deal with the external sensible cooling load by using
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the higher temperature cold source and avoiding the cold air draft [8–10], so it can meet
the requirements of high thermal comfort level and large energy efficiency [11,12]. In
addition, a radiant cooling system combined with a mechanical ventilation system can also
effectively avoid the shortcomings of traditional air-conditioning systems, such as bacterial
growth and loud noise [13–16]. Normally, the radiant cooling system is divided into three
types according to the installation location: ceiling cooling (CC), floor cooling (FC) and
wall cooling (WC) [17–19]. The cooling capacity per unit area of CC is up to 100 W/m2,
which is more suitable for modern buildings with large, sensible cooling loads compared
to FC and WC [20–24]. Therefore, a CC system combined with a mechanical ventilation
system has been the main research direction in the radiant cooling field.

Generally, the mechanical ventilation system includes mixing ventilation (MV), dis-
placement ventilation (DV), underfloor air distribution (UFAD), stratum ventilation (SV)
and diffuser ceiling ventilation (DCV) [25,26]. The MV dilutes the concentration of indoor
pollutants and distributes the temperature uniformly by intensively mixing supply air with
indoor air [27]. The UFAD is similar to DV, and they use the principle of density to supply
air at the lower part of the room for air exchange [28]. Because UFAD diffusers produce
more mixing than the standard DV diffusers, it allows a larger temperature difference
between the supply air and the indoor air [29]. The SV delivers cool air to the occupied
space through the supply terminal on the side walls about 1.2 m above the floor, and the
supplied air directly enters the breathing area of a person [30]. The DCV supplies air to the
occupied space at a very low speed through large air supply openings in the ceiling and
results in complete air mixing [31].

Until now, many experts have conducted a lot of research on the CC system combined
with a mechanical ventilation system [32–34]. Zhao et al. [35] found that a further introduc-
tion of DCV in a ceiling-cooling micro-environment combined with personalized ventilation
could provide both low draught risk and great air quality to occupants. Zhang et al. [36]
showed that the MV system intergraded with the ceiling cooling system tended to create a
uniform temperature field in the room and that the cooling capacity of CC did not show a
significant effect on the temperature gradient. Mustakallio et al. [37] investigated the office
thermal environment of CC + MV under different heat source layouts, and it indicated
that the load level and distributions had little effect on the indoor air temperature and
velocity of CC + MV. Wu et al., experimentally studied indoor air distribution charac-
teristics in a room with CC + MV; they found that the CC surface temperature slightly
affected the vertical air temperature difference [38], and the effect of the cooling load on
the turbulence intensity was not obvious [39]. Rees et al. [40] conducted experiments in
a DV room with CC, and they found that the absolute value of the vertical temperature
gradient decreased as the ceiling temperature decreased while other boundary conditions
were kept constant. Niu et al. [41] also investigated the CC + DV system by simulation,
and they concluded that the CC surface temperature had a significant impact on the indoor
contaminant concentration distribution, and the CC + DV gave a good performance in
thermal comfort and ventilation effectiveness. Gao et al. [42,43] interestingly found that
the maximum turbulence intensity coincided with the minimum contaminant removal
effectiveness in a room with CC + UFAD under the condition of a constant sensible cooling
load, and the maximum heat removal effectiveness corresponded with the minimum air
diffusion performance index. Jeong et al. [44] derived a simplified correlation for the mixed
convection heat transfer coefficient for CC, which can easily be adopted in the cooling
capacity estimation, and their research found that the total cooling capacity of CC can be
enhanced by 5% to 35% in the room with MV. Loveday et al. [45] demonstrated that sinking
airflow from the CC in the room with DV inhibited upward buoyant flow, which led to
a deterioration in ventilation efficiency. Corgnati et al. [46] found that the installed CC
in the mixing ventilation room reduced the risk of cold jets entering the occupied area
and thus reduced the draught risk. Lipczynska et al. [15] came to the same conclusion as
Corgnati by examining the performance of single MV and CC + MV in terms of the draught
risk after removing similar cooling loads. Zhang et al. [47] found that the dissatisfied
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percentage decreased from 5.86% to 0.01% after the DCV was integrated with the radiant
ceiling system, which significantly reduced the thermal discomfort of the room.

Stimulatingly, some scholars evaluated and compared the performance of radiant
cooling systems combined with different types of ventilation systems. Behne et al. [48]
experimentally measured the concentration of tracer gas that characterized air quality in
the occupied area and found that CC + MV had a more uniform contaminant distribution
than CC + DV, but CC + DV could provide lower levels of contaminant in the occupied
zone. Schiavon et al. [49] developed a model to predict the temperature difference between
the head and ankle for the CC + DV, and they also found that CC + DV can provide more
stable thermal stratification and higher ventilation efficiency than CC + MV. Wu et al. [50]
measured and evaluated the indoor thermal comfort and human thermal comfort in a CC
room with MV or UFAD, and they proposed that the ventilation system type had a slight
impact on the human thermal sensation in the room with CC and the CC + UFAD had higher
thermal sensation votes than CC + MV. Zhu et al. [51] conducted a numerical simulation to
study the indoor thermal comfort in the CC room with a new type of ventilation system and
found that it could ensure good air quality and have higher comfort and energy saving than
that with CC + DV. Zhang et al. [52] verified that CC + UFAD presented a similar indoor
environment to CC + DV, but the ventilation efficiency was slightly lower compared to CC
+ DV but still higher than CC + MV due to higher flow rates in the floor diffusers, which
increased the local mixing levels. Moreover, Liu et al. [53] evaluated the thermal comfort
performance of FC combined with MV, SV, DV and ductless personalized ventilation (DPV)
through numerical simulations, and the results showed that FC + MV and FC + SV could
provide better acceptable thermal comfort environments, and especially could maintain
the small vertical air temperature differences.

Obviously, the design and control of the integrated system are much more complicated
than the single system due to the interactions of two sub systems, which may result in
poor air quality and thermal discomfort if the integrated system is not designed properly.
Although more and more scholars have studied radiant cooling combined with mechanical
ventilation, most of the current research still focuses on traditional MV and DV systems
and rarely considers the SV system. The application effect of the integration of stratum
ventilation with radiant cooling was still unclear and needed further research. Furthermore,
our previous studies [42,43] interestingly found that the maximum heat removal effective-
ness coincided with the minimum air diffusion performance index for CC + UFAD, and
this phenomenon may also happen for the CC + SV. Therefore, we carried out a full-size
experimental study on the effect of ceiling surface temperature and cooling load on indoor
air distribution and thermal environment characteristics in a room with CC + MV, CC +
UFAD and CC + SV and further conducted a more comprehensive and systematic analysis
and discussion of the performance of the three integrated systems. The experimental results
may be beneficial for the design and control of a ceiling cooling system combined with a
mechanical ventilation system in practice.

2. Experimental Method
2.1. Test Room and Systems

The test room was located in Xi’an city in China, which belonged to the temperate
humid climate zone. The dimensions of the test room shown in Figure 1a were 3.7 m in
length, 2.8 m in width and 2.6 m in height. Three walls of the room were composed of
75 mm thick colored steel composite panels with a sandwich of foam insulation material,
one of which had a 1.2 m × 1.2 m double-layer plastic steel glass window. The other
wall and the door on it consisted almost entirely of double-layer plastic steel glass, and
the surface of double-layer plastic steel glass was covered with a layer of 6 mm thick
insulation material. The total heat transfer coefficients of colored steel composite panels
and double-layer plastic steel glass were approximately 1.2 W/(m2·K) and 2.5 W/(m2·K),
respectively. The experiment simulated the internal cooling load and external cooling load
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of a typical office with computers, thermal dummies, ceiling lamps and an electric heating
film, and the power of these heat sources was adjustable, as shown in Table 1.

Buildings 2023, 13, x FOR PEER REVIEW 4 of 27 
 

and the door on it consisted almost entirely of double-layer plastic steel glass, and the 
surface of double-layer plastic steel glass was covered with a layer of 6 mm thick insula-
tion material. The total heat transfer coefficients of colored steel composite panels and 
double-layer plastic steel glass were approximately 1.2 W/(m2·K) and 2.5 W/(m2·K), re-
spectively. The experiment simulated the internal cooling load and external cooling load 
of a typical office with computers, thermal dummies, ceiling lamps and an electric heat-
ing film, and the power of these heat sources was adjustable, as shown in Table 1. 

  
(a) (b) 

Figure 1. Test room. (a) Sketch map; (b) Real picture. 

Table 1. The power of internal and external heat sources. 

Cases 

Internal Cooling Load External Cooling 
Load 

Thermal Dummies 
Q1/W/m2 

Computers 
Q2/W/m2 

Ceiling Lamps 
Q3/W/m2 

Total 
Qin/W/m2 

Electric Heating 
Film 

Qex/W/m2 
1–4 15.5 12.5 13.5 41.5 41.5 
5–8 15.5 12.5 13.5 41.5 69.5 

9–12 31.0 25.0 13.5 69.5 41.5 

The chamber was equipped with a ceiling cooling (CC) system and three mechanical 
ventilation systems, including a mixing ventilation (MV) system, an underfloor air dis-
tribution (UFAD) system and a stratum ventilation (SV) system, which can be switched 
between the different system types by opening or closing the supply terminals. The 11 
metal radiant panels with dimensions of 600 mm × 1200 mm formed the CC system, with 
a coverage of about 76% on the ceiling. The metal radiant panel used consisted of a gal-
vanized steel plate, a fiber plate, a copper tube, a graphite plate and an insulating layer, 
which can be seen in Figure 2a. Typical air diffusers with dimensions of 600 mm × 600 
mm, 250 mm × 250 mm and 180 mm × 180 mm were used as supply terminals for the MV, 
UFAD and SV systems, respectively. Moreover, the exhaust terminal used a double 
shutter with dimensions of 840 mm × 240 mm for the three ventilation systems. 

Figure 1. Test room. (a) Sketch map; (b) Real picture.

Table 1. The power of internal and external heat sources.

Cases

Internal Cooling Load External Cooling Load

Thermal Dummies
Q1/W/m2

Computers
Q2/W/m2

Ceiling Lamps
Q3/W/m2

Total
Qin/W/m2

Electric Heating Film
Qex/W/m2

1–4 15.5 12.5 13.5 41.5 41.5
5–8 15.5 12.5 13.5 41.5 69.5

9–12 31.0 25.0 13.5 69.5 41.5

The chamber was equipped with a ceiling cooling (CC) system and three mechanical
ventilation systems, including a mixing ventilation (MV) system, an underfloor air distribu-
tion (UFAD) system and a stratum ventilation (SV) system, which can be switched between
the different system types by opening or closing the supply terminals. The 11 metal radiant
panels with dimensions of 600 mm × 1200 mm formed the CC system, with a coverage of
about 76% on the ceiling. The metal radiant panel used consisted of a galvanized steel plate,
a fiber plate, a copper tube, a graphite plate and an insulating layer, which can be seen in
Figure 2a. Typical air diffusers with dimensions of 600 mm × 600 mm, 250 mm × 250 mm
and 180 mm × 180 mm were used as supply terminals for the MV, UFAD and SV systems,
respectively. Moreover, the exhaust terminal used a double shutter with dimensions of
840 mm × 240 mm for the three ventilation systems.
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2.2. Measuring Instruments and Test Conditions

The experiment was conducted using Swema 03 unidirectional hot-wire anemometers
(accuracy: ±0.1 ◦C and ±0.04 m/s) to measure air temperature and velocity and the TES
1370 non-dispersive infrared radiation system (accuracy: ±5% ppm or 3% of reading) to
measure CO2 concentration. The measuring lines can be seen in Figure 3, where the heights
were 0.1 m, 0.6 m, 1.1 m, 1.3 m, 1.7 m and 2.5 m for measuring air temperature and velocity,
and 0.9 m, 1.1 m and 1.3 m for measuring CO2 concentration in the breathing zone. The
wall surface temperatures were measured by the uniform arrangement of four K-type
thermocouples (accuracy: ±0.1 ◦C) on the external wall and ceiling and two thermocouples
on the internal wall and floor, which were collected by AT4320. Furthermore, an 8 mm
diameter hole was drilled in front of each dummy at a height of 1.1 m to release CO2 at a
rate of 320 mL/min. The specifications of the measuring instruments are shown in Table 2.
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Table 2. Measuring instruments.

Instrument Parameters Range Accuracy

Swema 03
Air temperature 10~40 ◦C ±0.1 ◦C

Air velocity 0.01~1.0 m/s ±0.04 m/s
TES 1370 CO2 concentration 0~6000 ppm ±5% ppm
AT 4320 Wall surface temperature −200~1300 ◦C ±0.1 ◦C

It had been found that the cooling load eliminated by a chilled ceiling or the ceiling
surface temperature was a key parameter during the design of a ceiling cooling system
combined with a mechanical ventilation system [54]. In addition, the effects of internal and
external cooling loads caused by the internal heat sources and heat transfer from the external
envelope were clearly different on indoor air distribution and thermal environment [43].
Hence, ceiling surface temperature, as well as internal and external cooling load, were
selected as the main design parameters in this experiment. Moreover, the indoor reference
air temperature (at the height of 0.6 m) was controlled at 26.0 ◦C by adjusting the supply
air temperature and flow rate, which were 16.0 ◦C–22.0 ◦C and 5.2 h−1–9.4 h−1 for MV,
18.0 ◦C–24.0 ◦C and 7.4 h−1–19.2 h−1 for UFAD and 20.0 ◦C–25.0 ◦C and 3.9 h−1–11.4 h−1

for SV. The specific set parameters for all the experimental cases are given in Table 3.
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Table 3. Test conditions.

Case
Nominal Reference Air

Temperature
Ta/◦C

Nominal Ceiling Surface
Temperature

Tc/◦C

Nominal Supply Air
Temperatures/◦C Internal Cooling

Load
Qin/W/m2

External Cooling
Load

Qex/W/m2MV UFAD SV

1 26.0 17.0 22.0 24.0 25.0 41.5 41.5
2 26.0 20.0 19.0 24.0 23.0 41.5 41.5
3 26.0 23.0 19.0 21.0 20.0 41.5 41.5
4 26.0 26.0 16.0 21.0 20.0 41.5 41.5
5 26.0 17.0 19.0 21.0 23.0 41.5 69.5
6 26.0 20.0 19.0 21.0 23.0 41.5 69.5
7 26.0 23.0 19.0 21.0 20.0 41.5 69.5
8 26.0 26.0 16.0 18.0 20.0 41.5 69.5
9 26.0 17.0 19.0 21.0 23.0 69.5 41.5

10 26.0 20.0 19.0 21.0 23.0 69.5 41.5
11 26.0 23.0 19.0 18.0 20.0 69.5 41.5
12 26.0 26.0 16.0 18.0 20.0 69.5 41.5

2.3. Evaluation Indices

(1) Indoor air distribution

Good indoor air distribution is demonstrated by the fact that the air temperature
difference in the vertical direction will not be too large, the airflow rate will be kept within
a reasonable range, and the waste heat and pollutants generated indoors can be effectively
eliminated. Therefore, the vertical air temperature difference [55], turbulence intensity [56],
contaminant removal effectiveness [57] and heat removal effectiveness [56] were selected
to evaluate the indoor air distribution characteristics and the air diffusion performance
index [58] was selected to investigate the proportion of temperature and velocity measuring
points that meet the requirements. These evaluation indices can be seen in Equations (1)–(6).

VATD = ta1.1 − ta0.1 (1)

where VATD is the vertical air temperature difference, ta1.1 is the air temperature at the
height of 1.1 m and ta0.1 is the air temperature at 0.1 m.

Tu =
SDv

va
× 100% (2)

where Tu is the turbulence intensity, SDv is the standard deviation of air velocity at 1.1 m
and va is the average air velocity at 1.1 m.

CRE =
ce − cs

cp − cs
(3)

where CRE is the contaminant removal effectiveness, cp is the average pollutant concentra-
tion, ce is the pollutant concentration of exhaust air and cs is the pollutant concentration of
supply air.

HRE =
te − ts

ta − ts
(4)

where HRE is the heat removal effectiveness, ta is the average air temperature in the
occupied zone, te is the exhaust air temperature and ts is the supply air temperature.

ADPI =
Number(−1.7 < EDT < 1.1)

Total number
(5)

EDT = (ta − ta)− 8.0(va − 0.15) (6)

where ADPI is the air diffusion performance index, ta and va are spatial air temperature
and velocity in the occupied zone.
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(2) Indoor thermal environment

The predicted mean vote of thermal sensation (PMV) and predicted percentage dissat-
isfied (PPD) developed by Fanger are objective evaluations of the whole thermal sensation
of the human body, and the draught (DR) near the neck can further evaluate the local ther-
mal discomfort of the human body. Therefore, the whole thermal comfort indices PMV [10]
and PPD [10] and local thermal discomfort index DR [59] were used to evaluate the indoor
thermal environment, and these evaluation indices could be seen in Equations (7)–(10).

PMV = [0.303 exp(−0.036M) + 0.0275]× {H − 3.054× [5.765− 0.007H − Pa]
−0.42(H − 58.15)− 1.73× 10−2M(5.867− Pa)− 0.0014M(34− ta)

−3.9× 10−8 fcl [(tcl)
4 − (tr)

4]− fclhc(tcl − ta)}
(7)

PPD = 100− 95 exp[−(0.03353PMV4 + 0.2179PMV2)] (8)

where PMV is the predicted mean vote of thermal sensation, PPD is the predicted percent-
age dissatisfied, M is the metabolic rate, H is the net gain of heat, pa is the water vapor
pressure in the environment air, tcl is the surface temperature of the clothing, Icl is the
clothing insulation and fcl is the clothing surface area factor.

tr =
4
√
(t1 + 273)4Fp−1 + (t2 + 273)4Fp−2 + · · · (tN + 273)4Fp−N − 273 (9)

where tr is the mean radiant temperature, tN is the surface temperature of surface N, Fp-N is
the angle factor between a person and surface N.

DR = (34− ta)(va − 0.05)0.62(0.37 · va · Tu + 3.14) (10)

where DR is the draught risk.

3. Results

In this study, indoor air temperature and air velocity, as well as CO2 concentration
and wall surface temperature, were measured when the ceiling surface temperature was
increased from 17 ◦C to 26 ◦C, and the internal or external cooling load was increased from
41.5 W/m2 to 69.5 W/m2. The vertical air temperature difference, turbulence intensity,
contaminant removal effectiveness, and mean radiant temperature were used to evaluate
the air distribution and thermal environment.

3.1. Indoor Air Temperature Profiles

Vertical distributions of indoor air temperature with different ventilation system types
can be seen in Figure 4.

Figure 4a–c shows that the vertical air temperature profiles with CC + MV were nearly
not influenced by the ceiling surface temperature as the ceiling surface temperature was
increased from 17 ◦C to 26 ◦C under the condition of a constant cooling load. The vertical
distributions of indoor air temperature were relatively uniform in Cases 5–8 as the external
cooling load increased from 41.5 W/m2 to 69.5 W/m2, whereas the vertical air temperature
gradients above 1.3 m were clearly negative in Cases 9–12 as the internal cooling load
increased from 41.5 W/m2 to 69.5 W/m2.

As shown in Figure 4d–f, the vertical air temperature profiles with CC + UFAD were
greatly influenced by the ceiling surface temperature with different internal or external
cooling loads, and the vertical distributions of indoor air temperature below 1.3 m were
relatively uniform. However, the vertical air temperature gradient above 1.3 m was clearly
negative or positive as the ceiling surface temperature increased from 17 ◦C to 26 ◦C and
the internal or external cooling load increased from 41.5 W/m2 to 69.5 W/m2.
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Figure 4. Vertical air temperature profiles.

Figure 4g–i shows that the vertical distributions of indoor air temperature above 1.3 m
with CC + SV were slightly influenced by the ceiling surface temperature with different
internal or external cooling loads, and the vertical air temperature gradient changed from
negative to positive as the ceiling surface temperature increased from 17 ◦C to 26 ◦C.
Moreover, the vertical distributions of indoor air temperature below 1.3 m were nearly not
influenced by the ceiling surface temperature under the condition of a constant cooling
load, and the vertical air temperature gradients below 1.3 m were positive for all cases.

The calculation results of local vertical air temperature differences with different
measuring lines for all cases are shown in Table 4.
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Table 4. Calculation results of local vertical air temperature difference (◦C).

Cases Ceiling Surface
Temperature (◦C)

CC + MV CC + UFAD CC + SV

Mean Min Max Mean Min Max Mean Min Max

1 17.0 0.2 −0.1 0.7 0.3 −0.4 1.0 0.6 0.3 1.3
2 20.0 0.3 −0.1 0.7 0.2 −0.2 0.8 0.6 −0.2 1.2
3 23.0 0.3 −0.3 0.7 0.9 0.4 1.2 0.9 −1.1 1.5
4 26.0 0.4 0.1 0.7 0.5 0.2 0.9 0.6 −1.0 1.1
5 17.0 0.3 −0.2 0.8 0.3 −0.8 0.9 0.4 0.0 1.1
6 20.0 0.2 −0.4 0.7 0.2 −0.9 0.8 0.4 −0.6 0.9
7 23.0 0.3 −0.3 0.7 0.0 −1.2 0.6 0.5 −1.0 1.3
8 26.0 0.3 −0.1 0.8 0.9 −0.5 1.6 0.4 −1.5 0.9
9 17.0 0.4 −0.1 0.8 0.4 −0.5 1.1 0.6 −0.4 1.5

10 20.0 0.4 0.0 0.8 0.5 −0.5 1.1 0.5 −0.5 1.4
11 23.0 0.3 −0.1 0.7 1.2 0.0 1.8 0.5 −0.9 1.3
12 26.0 0.4 −0.1 0.8 1.2 −0.3 1.8 0.3 −1.2 1.1

For the CC + MV, the mean vertical air temperature differences were 0.2 ◦C–0.4 ◦C
in Cases 1–4, 0.2 ◦C–0.3 ◦C in Cases 5–8 and 0.3 ◦C–0.4 ◦C in Cases 9–12 when ceiling
surface temperature was increased from 17 ◦C to 26 ◦C with different internal or external
cooling load. Therefore, the vertical air temperature difference in the room with CC + MV
was nearly not influenced by the ceiling surface temperature and cooling load. Moreover,
Wu et al., tested the mean vertical air temperature difference in the range of 0.2 ◦C–0.6 ◦C
when the ceiling surface temperature was increased from 15 ◦C to 23 ◦C and also came
to the similar conclusion that the ceiling surface temperature had only a slight effect on
the vertical air temperature difference in the room with CC + MV [39]. The results of the
vertical air temperature difference in the room with CC + MV measured by Lipczynska [15]
were also similar to those in this paper, ranging from 0 ◦C to 0.3 ◦C, which were all less
than 0.5 ◦C.

For the CC + UFAD, the mean vertical air temperature difference was 0.2 ◦C–0.9 ◦C in
Cases 1–4 as the ceiling surface temperature increased from 17 ◦C to 26 ◦C, so the ceiling
surface temperature greatly affected the vertical air temperature difference. Furthermore,
the mean vertical air temperature differences were 0.0 ◦C–0.9 ◦C in Cases 5–8 with increased
external cooling load and 0.4 ◦C–1.2 ◦C in Cases 9–12 with increased internal cooling load.
Hence, the vertical air temperature difference clearly increased with the increase in internal
cooling load in the room with CC + UFAD, while the external cooling load had nearly
no impact on the vertical air temperature difference. In addition, the study of Wu found
that the mean vertical air temperature difference increased with the increase in ceiling
surface temperature under the conditions when the internal cooling load was higher than
the external cooling load, which was also in agreement with the result obtained in this
paper [43].

For the CC + SV, the mean vertical air temperature difference was 0.6 ◦C–0.9 ◦C in
Cases 1–4 as the ceiling surface temperature increased from 17 ◦C to 26 ◦C, so the ceiling
surface temperature slightly affected the vertical air temperature difference. Moreover, the
mean vertical air temperature differences were 0.4 ◦C–0.5 ◦C in Cases 5–8 with increased
external cooling load and 0.3 ◦C–0.6 ◦C in Cases 9–12 with increased internal cooling load.
Therefore, the vertical air temperature difference slightly decreased with the increase in
the internal or external cooling load in the room with CC + SV. Tian et al. [60] tested the
vertical air temperature difference in a room with an SV system and found it was −0.7 ◦C
to 0.3 ◦C, which was also between the tested results in a room with the MV and DV system.

3.2. Indoor Air Velocity Profiles

Vertical distributions of indoor air velocity with different ventilation system types can
be seen in Figure 5.
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Figure 5. Vertical air velocity profiles.

Figure 5a–c shows that the vertical distributions of indoor air velocity below 1.7 m
with CC + MV were relatively uniform when the ceiling surface temperature was increased
from 17 ◦C to 26 ◦C under the condition of a constant cooling load, whereas the air velocities
near the ceiling were clearly larger than those below 1.7 m for all cases. Furthermore, both
the ceiling surface temperature and internal and external cooling load did not affect the
vertical air velocity profiles.

As shown in Figure 5d–f, the vertical air velocity profiles with CC + UFAD were
greatly influenced by the ceiling surface temperature in Cases 1–8, as the internal cooling
load was equal to 41.5 W/m2. Moreover, the vertical distributions of the air velocity were
relatively uniform and nearly not influenced by the ceiling surface temperature as the
internal cooling load increased from 41.5 W/m2 to 69.5 W/m2.

Figure 5g–i shows that the vertical air velocity profiles with CC + SV were relatively
uniform and nearly not influenced by the ceiling surface temperature in Cases 1–4 as both
the internal cooling load and external cooling load were equal to 41.5 W/m2. However, the
air velocity below 1.7 m was clearly influenced by the ceiling surface temperature in Cases
5–8 and Cases 9–12, as the internal or external cooling load was increased from 41.5 W/m2

to 69.5 W/m2.
The calculation results of local turbulence intensity with different measuring lines for

all cases are shown in Table 5.
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Table 5. Calculation results of local turbulence intensity (%).

Cases Ceiling Surface
Temperature (◦C)

CC + MV CC + UFAD CC + SV

Mean Min Max Mean Min Max Mean Min Max

1 17.0 34 18 49 40 33 56 35 26 49
2 20.0 27 15 46 38 27 46 31 17 53
3 23.0 32 25 37 35 5 64 24 5 47
4 26.0 30 18 52 34 25 44 31 6 48
5 17.0 31 24 43 33 22 46 40 26 58
6 20.0 32 19 44 43 32 51 37 25 50
7 23.0 33 18 46 38 27 61 32 12 54
8 26.0 32 21 49 40 24 73 40 33 53
9 17.0 34 23 53 32 21 38 37 9 61

10 20.0 31 17 47 36 28 49 38 27 70
11 23.0 29 19 40 28 5 46 34 30 40
12 26.0 33 18 45 27 12 40 34 28 39

For the CC + MV, the mean turbulence intensities were 27–34% in Cases 1–4 as the
ceiling surface temperature increased from 17 ◦C to 26 ◦C, so they were slightly affected by
the ceiling surface temperature. Moreover, the mean turbulence intensity was 31–33% in
Cases 5–8 with increased external cooling load and 29–34% in Cases 9–12 with increased
internal cooling load. Therefore, both the internal and external cooling load had a slight
influence on the turbulence intensity in the room with CC + MV. Wu et al., also experimen-
tally found that the turbulence intensity with CC + MV varied not much with the increase
of internal or external cooling load [39].

For the CC + UFAD, the mean turbulence intensities were 34–40% in Cases 1–4 as the
ceiling surface temperature increased from 17 ◦C to 26 ◦C. Moreover, the mean turbulence
intensities were 33–43% in Cases 5–8 with increased external cooling load and 27–36% in
Cases 9–12 with increased internal cooling load. Therefore, the turbulence intensity clearly
decreased with the increase in the internal cooling load in the room with CC + UFAD,
while the external cooling load had a slight influence on the turbulence intensity. This was
consistent with the influence of internal and external cooling load on turbulence intensity
with CC + UFAD obtained by Wu’s study [43].

For the CC + SV, the mean turbulence intensity was 24–35% in Cases 1–4 as the ceiling
surface temperature increased from 17 ◦C to 26 ◦C, so the ceiling surface temperature clearly
affected the turbulence intensity. Furthermore, the mean turbulence intensities increased
to 32–40% in Cases 5–8 with increased external cooling load and 34–38% in Cases 9–12
with increased internal cooling load. Therefore, the turbulence intensity clearly increased
with the increase of both internal and external cooling load in the room with CC + SV.
The mean turbulence intensity with CC + SV in the classroom was 45–55% in Cheng’s
study [61], which was higher than the result of this paper and may be attributed to the
multiple thermal manikins in the classroom that led to a stronger interaction between the
jet inertial forces and the thermal buoyancy forces induced by thermal manikins.

3.3. Indoor CO2 Concentration Profiles

Vertical distributions of indoor CO2 concentration with different ventilation system
types can be seen in Figure 6.

Figure 6a–c shows that the vertical CO2 concentration profiles with CC + MV were
clearly influenced by the ceiling surface temperature in Cases 1–4 as the ceiling surface
temperature increased from 17 ◦C to 26 ◦C. However, the vertical distribution of the CO2
concentration was nearly not influenced by the ceiling surface temperature in Cases 9–12,
as the internal cooling load increased from 41.5 W/m2 to 69.5 W/m2.



Buildings 2023, 13, 2354 12 of 26Buildings 2023, 13, x FOR PEER REVIEW 13 of 27 
 

 
Figure 6. Vertical CO2 concentration profiles. 

The calculation results of local contaminant removal effectiveness with different 
measuring lines for all cases are shown in Table 6. 

Table 6. Calculation results of local contaminant removal effectiveness (-). 

Cases Ceiling Surface 
Temperature (°C) 

CC + MV CC + UFAD CC + SV 
Mean Min Max Mean Min Max Mean Min Max 

1 17.0 0.82 0.75 0.96 1.19 1.03 1.37 0.75 0.69 0.84 
2 20.0 0.85 0.81 0.9 1.11 1.05 1.16 0.72 0.63 0.78 
3 23.0 0.61 0.56 0.65 0.85 0.73 0.96 0.60 0.54 0.71 
4 26.0 0.62 0.6 0.67 1.00 0.93 1.13 0.67 0.52 0.75 
5 17.0 0.64 0.61 0.69 1.25 1.05 1.71 0.65 0.61 0.69 
6 20.0 0.53 0.48 0.58 0.96 0.56 1.18 0.69 0.56 0.78 
7 23.0 0.60 0.57 0.63 1.04 0.90 1.54 0.50 0.35 0.58 
8 26.0 0.61 0.58 0.66 0.68 0.60 0.77 0.71 0.60 0.78 
9 17.0 0.72 0.68 0.74 0.92 0.77 1.11 0.80 0.73 0.88 

0.8

0.9

1.0

1.1

1.2

1.3

1.4

400 500 600 700 800 900 1000 1100 1200
0.8

0.9

1.0

1.1

1.2

1.3

1.4

400 500 600 700 800 900 1000 1100 1200
0.8

0.9

1.0

1.1

1.2

1.3

1.4

400 500 600 700 800 900 1000 1100 1200

0.8

0.9

1.0

1.1

1.2

1.3

1.4

400 500 600 700 800 900 1000 1100 1200
0.8

0.9

1.0

1.1

1.2

1.3

1.4

400 500 600 700 800 900 1000 1100 1200
0.8

0.9

1.0

1.1

1.2

1.3

1.4

400 500 600 700 800 900 1000 1100 1200

0.8

0.9

1.0

1.1

1.2

1.3

1.4

400 500 600 700 800 900 1000 1100 1200
0.8

0.9

1.0

1.1

1.2

1.3

1.4

400 500 600 700 800 900 1000 1100 1200
0.8

0.9

1.0

1.1

1.2

1.3

1.4

400 500 600 700 800 900 1000 1100 1200

 Case 1，Tc=17℃
 Case 2，Tc=20℃
 Case 3，Tc=23℃
 Case 4，Tc=26℃

CO2 concentration (ppm)
(a)CC+MV Qin=41.5W/m2, Qew=41.5W/m2

H
ei

gh
t (

m
)

 Case 5，Tc=17℃
 Case 6，Tc=20℃
 Case 7，Tc=23℃
 Case 8，Tc=26℃

CO2 concentration (ppm)
(b)CC+MV Qin=41.5W/m2, Qew=69.5W/m2

H
ei

gh
t (

m
)

 Case 9，Tc=17℃
 Case 10，Tc=20℃
 Case 11，Tc=23℃
 Case 12，Tc=26℃

CO2 concentration (ppm)
(c)CC+MV Qin=69.5W/m2, Qew=41.5W/m2

H
ei

gh
t (

m
)

 Case 1，Tc=17℃
 Case 2，Tc=20℃
 Case 3，Tc=23℃
 Case 4，Tc=26℃

CO2 concentration (ppm)
(d)CC+UFAD Qin=41.5W/m2, Qew=41.5W/m2

H
ei

gh
t (

m
)

 Case 5，Tc=17℃
 Case 6，Tc=20℃
 Case 7，Tc=23℃
 Case 8，Tc=26℃

CO2 concentration (ppm)
(e)CC+UFAD Qin=41.5W/m2, Qew=69.5W/m2

H
ei

gh
t (

m
)

 Case 9，Tc=17℃
 Case 10，Tc=20℃
 Case 11，Tc=23℃
 Case 12，Tc=26℃

CO2 concentration (ppm)
(f)CC+UFAD Qin=69.5W/m2, Qew=41.5W/m2

H
ei

gh
t (

m
)

 Case 1，Tc=17℃
 Case 2，Tc=20℃
 Case 3，Tc=23℃
 Case 4，Tc=26℃

CO2 concentration (ppm)
(g)CC+SV Qin=41.5W/m2, Qew=41.5W/m2

H
ei

gh
t (

m
)

 Case 5，Tc=17℃
 Case 6，Tc=20℃
 Case 7，Tc=23℃
 Case 8，Tc=26℃

CO2 concentration (ppm)
(h)CC+SV Qin=41.5W/m2, Qew=69.5W/m2

H
ei

gh
t (

m
)

 Case 9，Tc=17℃
 Case 10，Tc=20℃
 Case 11，Tc=23℃
 Case 12，Tc=26℃

CO2 concentration (ppm)
(i)CC+SV Qin=69.5W/m2, Qew=41.5W/m2

H
ei

gh
t (

m
)

Figure 6. Vertical CO2 concentration profiles.

As shown in Figure 6d–f, the vertical CO2 concentration profiles with CC + UFAD
were slightly influenced by the ceiling surface temperature in Cases 1–4, whereas they were
significantly affected by the ceiling surface temperature in Cases 5–8 as the external cooling
load increased from 41.5 W/m2 to 69.5 W/m2. Moreover, the vertical distribution of the
CO2 concentration was slightly influenced by the ceiling surface temperature in Cases 9–12
as the internal cooling load increased from 41.5 W/m2 to 69.5 W/m2.

Figure 6g–i shows that the vertical CO2 concentration profiles with CC + SV were
clearly influenced by the ceiling surface temperature in Cases 1–4 and Cases 9–12, as the
external cooling load was equal to 41.5 W/m2. However, the vertical distribution of the
CO2 concentration was nearly not influenced by the ceiling surface temperature in Cases
5–8, as the external cooling load increased from 41.5 W/m2 to 69.5 W/m2.

The calculation results of local contaminant removal effectiveness with different mea-
suring lines for all cases are shown in Table 6.
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Table 6. Calculation results of local contaminant removal effectiveness (-).

Cases Ceiling Surface
Temperature (◦C)

CC + MV CC + UFAD CC + SV

Mean Min Max Mean Min Max Mean Min Max

1 17.0 0.82 0.75 0.96 1.19 1.03 1.37 0.75 0.69 0.84
2 20.0 0.85 0.81 0.9 1.11 1.05 1.16 0.72 0.63 0.78
3 23.0 0.61 0.56 0.65 0.85 0.73 0.96 0.60 0.54 0.71
4 26.0 0.62 0.6 0.67 1.00 0.93 1.13 0.67 0.52 0.75
5 17.0 0.64 0.61 0.69 1.25 1.05 1.71 0.65 0.61 0.69
6 20.0 0.53 0.48 0.58 0.96 0.56 1.18 0.69 0.56 0.78
7 23.0 0.60 0.57 0.63 1.04 0.90 1.54 0.50 0.35 0.58
8 26.0 0.61 0.58 0.66 0.68 0.60 0.77 0.71 0.60 0.78
9 17.0 0.72 0.68 0.74 0.92 0.77 1.11 0.80 0.73 0.88

10 20.0 0.77 0.74 0.8 1.00 0.90 1.15 0.82 0.60 0.94
11 23.0 0.72 0.69 0.77 1.13 1.10 1.2 0.83 0.75 0.88
12 26.0 0.73 0.69 0.78 0.68 0.64 0.79 0.67 0.61 0.75

For the CC + MV, the mean contaminant removal effectiveness (CREs) were 0.61–0.85
in Cases 1–4 as the ceiling surface temperature increased from 17 ◦C to 26 ◦C, so they
were greatly affected by the ceiling surface temperature. However, the mean CREs were
0.53–0.64 in Cases 5–8 with increased external cooling load and 0.72–0.77 in Cases 9–12
with increased internal cooling load. Therefore, the CRE clearly decreased with the increase
in the external cooling load in the room with CC + MV. Lipczynska et al. [15] conducted an
experimental test and indicated that the calculated average CRE in the room with CC + MV
under different types of pollutants ranged from 0.77 to 0.85, which was similar to the result
of this paper, and the CREs were also all less than 1.

For the CC + UFAD, the mean CREs were 0.85–1.19 in Cases 1–4 as the ceiling surface
temperature increased from 17 ◦C to 26 ◦C, so they were clearly affected by the ceiling
surface temperature. Niu et al. [41] found that the radiant ceiling surface temperature had
a significant impact on the indoor contaminant concentration distribution with CC + DV,
which was similar to our results. Moreover, Loveday et al. [45] also demonstrated through
smoke testing that the sinking airflow from the CC inhibited the upward buoyant flow, and
the transition zone moved down from 2.0 m to the occupied zone of 1.5 m, which resulted
in reduced ventilation efficiency and deterioration of air quality. Moreover, the mean CREs
was 0.68–1.25 in Cases 5–8 with increased external cooling load and 0.68–1.13 in Cases 9–12
with increased internal cooling load. Therefore, the CRE varied largely with the increase in
internal or external cooling load in the room with CC + UFAD.

For the CC + SV, the mean CREs were 0.60–0.75 in Cases 1–4 as the ceiling surface
temperature increased from 17 ◦C to 26 ◦C, so they were slightly affected by the ceiling
surface temperature. Furthermore, the mean CRE decreased to 0.50–0.71 in Cases 5–8 with
increased external cooling load and increased to 0.67–0.83 in Cases 9–12 with increased
internal cooling load. Therefore, the CRE slightly decreased with the increase of the external
cooling load but slightly increased with the increase of the internal cooling load in the room
with CC + SV. Huan et al. [62] obtained a similar conclusion that CRE in the room with SV
decreased with the increase in the external cooling load when the supply air temperature
was kept constant, and they also suggested that lower supply air temperatures also lead to
lower local contaminant removal effectiveness under the same cooling load.

3.4. Indoor Surface Temperatures

The average surface temperature of building envelopes with different ventilation
system types can be seen in Figure 7.
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Figure 7. The average surface temperature of building envelopes.

Figure 7a–c shows that both the internal wall surface temperature and floor surface
temperature were slightly influenced by the ceiling surface temperature in Cases 1–4 as
the ceiling surface temperature increased from 17 ◦C to 26 ◦C. Moreover, the external wall
surface temperatures in Cases 5–8 were significantly larger than those in Cases 1–4 and
Cases 9–12, as the external cooling load increased from 41.5 W/m2 to 69.5 W/m2. Hence,
the external wall surface temperatures clearly increased with the increase in external
cooling load.

As shown in Figure 7d–f, the internal wall surface temperature was slightly influenced
by the ceiling surface temperature in Cases 1–4, whereas the floor surface temperature
was nearly not influenced by the ceiling surface temperature. The external wall surface
temperatures in Cases 5–8 were clearly larger than those in Cases 1–4 and Cases 9–12, as
the external cooling load increased from 41.5 W/m2 to 69.5 W/m2.

Figure 7g–i shows that both the internal wall surface temperature and floor surface
temperature were nearly not influenced by the ceiling surface temperature in Cases 1–4
as the ceiling surface temperature increased from 17 ◦C to 26 ◦C. Moreover, the external
wall surface temperatures in Cases 5–8 were significantly larger than those in Cases 1–4
and Cases 9–12, as the external cooling load increased from 41.5 W/m2 to 69.5 W/m2.

The calculation results of mean radiant temperature and air temperature are shown in
Table 7.
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Table 7. Calculation results of mean radiant temperature and air temperature (◦C).

Cases Ceiling Surface
Temperature (◦C)

CC + MV CC + UFAD CC + SV

tr ta tr-ta tr ta tr-ta tr ta tr-ta

1 17.0 26.5 26.5 0 26.7 26.2 0.5 25.4 25.5 −0.1
2 20.0 26.1 25.8 0.3 26.5 26.6 −0.1 25.6 25.4 0.2
3 23.0 26.7 26.2 0.5 27.1 26.4 0.7 26 25.8 0.2
4 26.0 26 25.5 0.5 27.1 26.3 0.8 25.8 25.3 0.5
5 17.0 26.1 26 0.1 26.3 25.7 0.6 25.6 25.6 0
6 20.0 26.2 25.9 0.3 27.3 26.3 1 26.2 26 0.2
7 23.0 26.7 26.2 0.5 27.1 26.3 0.8 26 25.3 0.7
8 26.0 25.9 25.4 0.5 26.8 24.9 1.9 26.2 25.5 0.7
9 17.0 26.7 26.1 0.6 25.6 24.7 0.9 26.1 25.9 0.2

10 20.0 26.9 26.1 0.8 26.8 25.7 1.1 26.5 26.2 0.3
11 23.0 27.1 26.4 0.7 26.3 24.4 1.9 26.6 25.7 0.9
12 26.0 26.3 25.4 0.9 27.6 25.4 2.2 26.6 25.8 0.8

For the CC + MV, the differences between mean radiant temperature and air tem-
perature were 0 ◦C–0.5 ◦C in Cases 1–4 as the ceiling surface temperature increased from
17 ◦C to 26 ◦C, so the ceiling temperature nearly did not affect the difference between mean
radiant temperature and air temperature. Moreover, the differences between mean radiant
temperature and air temperature were 0.1 ◦C–0.5 ◦C in Cases 5–8 with increased external
cooling load and increased to 0.6 ◦C–0.9 ◦C in Cases 9–12 with increased internal cooling
load. Therefore, the difference between mean radiant temperature and air temperature
clearly increased with the increase in the internal cooling load, while it was nearly not
affected by the external cooling load in the room with CC + MV. The experiment of Wu [50]
used four persons in a room with CC + MV and measured the mean radiant temperature,
which was 0.8 ◦C higher than the air temperature, which was consistent with the result
obtained in this paper.

For the CC + UFAD, the differences between mean radiant temperature and air
temperature were −0.1 ◦C–0.8 ◦C in Cases 1–4 as the ceiling surface temperature increased
from 17 ◦C to 26 ◦C. Furthermore, the difference between mean radiant temperature and air
temperature increased to 0.6 ◦C–1.9 ◦C in Cases 5–8 with increased external cooling load
and increased to 0.9 ◦C–2.2 ◦C in Cases 9–12 with increased internal cooling load. Therefore,
the difference between mean radiant temperature and air temperature clearly increased
with the increase in the internal or external cooling load in the room with CC + UFAD.
Furthermore, the study of Wu showed that the measured difference between mean radiant
temperature and air temperature was 1.2 ◦C in the room with CC + UFAD using persons as
the internal and external cooling load was kept constant [50].

For the CC + SV, the differences between mean radiant temperature and air tem-
perature were −0.1 ◦C–0.5 ◦C in Cases 1–4 as the ceiling surface temperature increased
from 17 ◦C to 26 ◦C. Moreover, the differences between mean radiant temperature and
air temperature were 0 ◦C –0.7 ◦C in Cases 5–8 with increased external cooling load and
0.2 ◦C–0.9 ◦C in Cases 9–12 with increased internal cooling load. Therefore, the differences
between mean radiant temperature and air temperature were slightly affected by the ceiling
surface temperature, while it was nearly not influenced by the internal or external cooling
load in the room with CC + SV. This result was not consistent with the simulation results of
Zhu’s study [51] and may be due to the fact that the external wall surface temperature was
much higher than the indoor air temperature in this study.

4. Influence of Ventilation System Type on Indoor Air Distribution and
Thermal Environment

To eliminate the effect of supply air temperature and supply CO2 concentration,
vertical normalized air temperature and CO2 concentration were calculated in the room
with different ventilation system types. The heat removal effectiveness (HRE) and air
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diffusion performance index (ADPI) were further calculated to evaluate the indoor air
distribution, and the predicted mean vote of thermal sensation (PMV), predicted percentage
dissatisfied (PPD) and the draught (DR) near the neck were also calculated to evaluate the
indoor thermal environment.

4.1. Influence of Ventilation System Type on Indoor Air Distribution

Vertical indoor air distributions with different ventilation system types can be seen in
Figures 8–10, where the ceiling surface temperature and the internal or external cooling
load were 17 ◦C–26 ◦C and 41.5 W/m2–69.5 W/m2, respectively.
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As shown in Figure 8, the vertical distribution of normalized air temperature with
CC + MV was more uniform compared to the other two integrated systems in all cases,
which was probably due to the fact that the supply air jet of MV could effectively mix the
indoor air [61]. Moreover, the vertical distribution of normalized air temperature above
1.3 m with CC + UFAD had a larger temperature gradient than the other two integrated
systems in many cases, which was due to the upper part of the room with CC + UFAD
was mainly affected by the thermal plume that enhanced the thermal stratification effect
and tended to form large temperature gradient [63]. The normalized air temperature
gradient above 1.3 m with CC + UFAD varied greatly with the increase in the ceiling
surface temperature and the internal or external cooling. Moreover, the vertical distribution
of normalized air temperature below 1.3 m of CC + SV had a larger positive temperature
gradient compared to the other two integrated systems in most cases, which was because
the distribution of air temperature below 1.3 m with CC + SV was strongly influenced by
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the sinking cold air jet delivered horizontally from the sidewall air supply opening more
inclined to show a positive temperature gradient [62].
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Further summarizing, we could conclude that the vertical distribution of normalized
air temperature with CC + MV was the most uniform, and it was the least affected by
the ceiling surface temperature and the internal or external cooling load among the three
integrated systems. Moreover, the results obtained by Zhang et al. [36] also showed that
the introduction of MV in a CC system tended to result in a more uniform temperature
field, and the cooling capacity of CC had little impact on the temperature gradient. The
normalized air temperature gradient above 1.3 m with CC + UFAD was the largest, and the
vertical distribution was greatly affected by the ceiling surface temperature and the internal
or external cooling load. Moreover, the normalized air temperature gradient below 1.3 m
with CC + SV was the largest and tended to form the positive temperature gradient that was
slightly affected by the ceiling surface temperature and the internal or external cooling. The
above conclusion was in agreement with Tian’s study [60]. They compared the temperature
distribution of three mechanical ventilation types by experimental study and found that
the MV produced more uniform temperature distribution in the vertical and horizontal
directions, the DV produced obvious temperature stratification, and the SV had a lower
temperature in the occupied zone than the upper part of the room. Hence, the vertical
distribution of indoor air temperature was mainly affected by the ventilation system type
despite the fact that the radiant cooling ceiling might induce the sinking cold airflow.
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Figure 9 shows that the vertical distribution of indoor air velocity below 1.7 m with
CC + MV or CC + UFAD was uniform in almost all cases, whereas the local air velocity
near the ceiling was clearly greater than other measuring positions, which is probably due
to the downward cold air flow caused by the radiant cooling ceiling surface. In addition,
the local air velocity with CC + SV was the maximum at a height of 1.1 m in Cases 6–8
and 10–12 as the internal or external cooling load increased from 41.5 W/m2 to 69.5 W/m2,
and the vertical velocity gradient below or above 1.1 m was significantly larger compared
to the other two integrated systems. The reason was that the air supply jet of SV was
transported horizontally from the air supply opening at the side wall (see Figure 1b), so
the air velocity below or above 1.1 m was greatly affected by the air supply jet, and the
supply air volume increased with the increase in the cooling load to cause this phenomenon.
Huan et al. [62] measured the air velocity in a room with SV under three different cooling
loads and proposed that the air volume mainly affected the delivery distance of the supply
air. When the temperature of the supply air was constant, the delivery distance of the
supply air became longer with the increase in the cooling load.

The vertical distribution of air velocity with CC + MV and CC + UFAD was relatively
uniform, and it was nearly not affected by the ceiling surface temperature and cooling
load. Loveday et al. [45] suggested that in the CC + DV system, the decreased ceiling
surface temperature led to the increased local air velocity, but the increased airflow rate had
little effect on the local air velocity. This phenomenon was not clearly shown in this paper,
and probably due to the fact that the measured air supply rate in this paper was slightly
large. Moreover, the local air velocity at a height of 1.1 m with CC + SV was the maximum,
and the velocity gradient below or above 1.1 m was clearly affected by the ceiling surface
temperature and cooling load. Cheng et al. [61] also found that the air velocity of MV
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remained almost constant through the entire occupied zone, while the highest air velocity
of SV was observed at the head level, and the flow in the occupied zone was typically
dominated by the momentum of the supply air jet, which corresponded exactly to the
result of this paper. Moreover, Xie et al. [64] concluded a combination of experiment and
simulation showing that in order to avoid a strong sense of blowing wind, it was necessary
to carry out strict control of the air supply velocity of the sidewall air supply opening.
Hence, the location of the supply terminal at the side wall clearly affected the vertical
distribution of air velocity, whereas the location of the supply terminal at the ceiling or
floor nearly did not affect the vertical distribution of air velocity.

Figure 10 shows that the local normalized CO2 concentration with CC + UFAD was
smaller compared to the other two integrated systems in almost all cases. This was because
the strong thermal plume effect carried a large amount of contaminations up to the height
of the exhaust terminal. Furthermore, the airflow organization characteristic of the UFAD
would lead to more obvious indoor thermal stratification and a better ventilation effect [63].
Furthermore, the local normalized CO2 concentration with CC + SV was higher than
the other two systems in Cases 1–4 as the internal or external cooling load was equal
to 41.5 W/m2, which may be due to the fact that buoyancy of SV was dominated and
the ability to remove contaminant was limited at low supply air volume. Tian et al. [65]
found that the toluene concentration in the breathing zone for SV was higher than DV
under the same condition through numerical simulation. We observed the flow field
diagrams obtained by Tian, and the dummy contaminant release port was directly opposite
the air supply opening of SV and may raise the risk of contaminant brought back to the
breathing zone by the air supply jet. In addition, the vertical distribution of normalized
CO2 concentration with CC + MV was almost the same as the CC + SV in Cases 5–12 as the
internal or external cooling load increased from 41.5 W/m2 to 69.5 W/m2, which may be
due to the increased supply air volume with the increase of cooling load so that the effect of
fluid inertia force to further promote the mixing of indoor air was enhanced for CC + MV
or CC + SV.

The local normalized CO2 concentration with CC + UFAD was the smallest among the
three integrated systems, and the local normalized CO2 concentration with CC + SV was the
highest when both the internal and external cooling load were 41.5 W/m2. Behne et al. [48]
and Schiavon et al. [49] obtained similar conclusions that the CC + DV could provide better
indoor air quality than CC + MV so that CC + UFAD could provide better air quality due
to the similar air distribution of UFAD to DV. Furthermore, Tian et al. [60] proposed that
the DV was the most effective method for the overall contaminant removal effectiveness
in the occupied zone, followed by SV and then MV. Therefore, the vertical distribution of
indoor CO2 concentration was also mainly affected by the ventilation system type.

4.2. Influence of Ventilation System Type on HRE and ADPI

The calculated HRE and ADPI with different ventilation system types can be seen in
Figures 11–13, where the ceiling surface temperature and the internal or external cooling
load were 17 ◦C–26 ◦C and 41.5 W/m2–69.5 W/m2, respectively.

As shown in Figure 11a, the calculated HREs were 0.96–1.11 with CC + MV, 0.9–1.22
with CC + UFAD and 1.11–1.22 with CC + SV as both the internal and external cooling
loads were 41.5 W/m2, so only the calculated HREs with CC + SV were all higher than
1.0. This was probably because the cold air supplied by the strong horizontal air jet of SV
dipped to the lower zone of the room, while the warm air gathered at the upper zone due
to the thermal buoyancy, producing a better heat removal effect [62]. Figure 11b shows
that the calculated ADPIs were 96–100% with CC + MV, 76–100% with CC + UFAD and
71–100% with CC + SV, so the calculated ADPIs with CC + MV were almost close to 100%
and higher than the other two systems. This might be due to the fact that the top-down jet
of MV allowed the supply airflow to mix well with the indoor air.
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Figure 10. Vertical distributions of normalized CO2 concentration. 
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Figure 12a shows that the calculated HREs were 1.06–1.08 with CC + MV, 0.96–1.5
with CC + UFAD and 1.25–1.34 with CC + SV as the external cooling load increased from
41.5 W/m2 to 69.5 W/m2, so the CC + SV still had the highest average calculated HREs
and the CC + MV had the lowest average calculated HREs among the three integrated
systems. Moreover, Figure 12b shows that the calculated ADPIs were all 100% with
CC + MV, 76–95% with CC + UFAD and 71–92% with CC + SV, so only the calculated
ADPIs with CC + MV all reached 100% and higher than the other two systems. Moreover,
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the calculated ADPIs with CC + SV were almost lower compared to the other two systems,
and the calculated ADPIs with CC + UFAD and CC + SV failed to meet the thermal comfort
requirement of ADPI ≥ 80% when the ceiling surface temperature was equal to 26.0 ◦C.

Figure 13a shows that the calculated HREs were 0.99–1.04 with CC + MV, 1.17–1.41
with CC + UFAD and 1.14–1.22 with CC + SV as the internal cooling load increased from
41.5 W/m2 to 69.5 W/m2, so the CC + UFAD had the highest average calculated HREs and
the CC + MV had the lowest average calculated HREs among the three integrated systems.
This might be mainly because the increased internal cooling load made the effect of the
thermal plume more obvious that the heat was carried to the height of the exhaust by the
steady updraft and further enhanced the displacement effect of CC + UFAD [63]. Moreover,
Figure 13b shows that the calculated ADPIs were all 100% with CC + MV, 57–90% with
CC + UFAD and 75–96% with CC + SV, so the calculated ADPIs with CC + MV were still
the highest, but the calculated ADPIs with CC + UFAD were the lowest among the three
integrated systems.

Further summarizing, we could conclude that the CC + MV had the lowest HRE
but the highest ADPI among the three integrated systems. Furthermore, the HRE and
ADPI with CC + MV were nearly not affected by the ceiling surface temperature and the
internal or external cooling load. Moreover, the CC + SV had the highest HRE but the
lowest ADPI as the internal cooling load was 41.5 W/m2, and the CC + UFAD had the
highest HRE but the lowest ADPI as the internal cooling load increased from 41.5 W/m2 to
69.5 W/m2. Cheng et al. [61] measured the ADPIs for MV, and they were more than 97.5%
under different air supply volumes, whereas SV had a decrease in ADPIs from 90% to
72.5% due to the increased air supply flow rate, and UFAD had the lowest ADPIs under the
same condition. They suggested that a too-high air supply rate may reduce the uniformity
of the thermal environment with SV, and it was recommended to increase the air supply
terminal to keep ADPI at a high level. Hence, the HRE and ADPI were greatly affected
by the ventilation system type, and we could also find an interesting phenomenon that
the low ADPI usually corresponded with high HRE, which was very consistent with the
results obtained by Wu et al. [43].

4.3. Influence of Ventilation System Type on PMV, PPD and DR

The calculated PMV, PPD and DR with different ventilation system types can be seen
in Figures 14–16, where the ceiling surface temperature and the internal or external cooling
load were 17 ◦C–26 ◦C and 41.5 W/m2–69.5 W/m2, respectively.
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Figure 14. Calculated PMV, PPD and DR when Qin = 41.5 W/m2 and Qew = 41.5 W/m2. 
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Figure 14. Calculated PMV, PPD and DR when Qin = 41.5 W/m2 and Qew = 41.5 W/m2.

As shown in Figure 14a, the calculated PMVs were 0.01–0.26 with CC + MV, 0.18–0.42
with CC + UFAD and −0.1–0.13 with CC + SV, so the CC + UFAD had the largest PMV
and the CC + SV had the lowest PMV as both the internal and external cooling load were
41.5 W/m2. This may be due to the fact that the CC + UFAD had the largest differences
between mean radiant temperature and air temperature among the three integrated systems,
which was more inclined to cause thermal discomfort, as shown in Table 7. Moreover, the
calculated PPDs and DRs with three integrated systems were almost less than 6% and 10%,
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respectively, which could meet the thermal environment requirement of Class A according
to ISO 7730 [55].
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Figure 15. Calculated PMV, PPD and DR when Qin = 41.5 W/m2 and Qew = 69.5 W/m2. 
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Figure 16. Calculated PMV, PPD and DR when Qin = 69.5 W/m2 and Qew = 41.5 W/m2. 
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Figure 15a shows that the calculated PMVs were between 0 and 0.18 with CC + MV,
between 0.07 and 0.41 with CC + UFAD and between −0.2 and 0 with CC + SV, so the
CC + UFAD still had the largest PMV and the CC + SV had the lowest PMV among the three
integrated systems as the external cooling load increased from 41.5 W/m2 to 69.5 W/m2.
It was still consistent with the phenomenon that high PMVs usually were accompanied
by large differences between mean radiant temperature and air temperature, as seen in
Table 7. Moreover, the calculated DRs with CC + SV were almost higher than the other two
integrated systems and failed to meet the requirement of Class A when the ceiling surface
temperature was equal to 26.0 ◦C.

Figure 16a shows that the calculated PMVs were from 0 to 0.26 with CC + MV, from
−0.1 to 0.29 with CC + UFAD and from −0.1 to 0.11 with CC + SV, so the CC + SV had the
smallest PMV among the three integrated systems as the internal cooling load increased
from 41.5 W/m2 to 69.5 W/m2. Moreover, we also found that the CC + SV had the smallest
differences between mean radiant temperature and air temperature when the ceiling surface
temperature was 17 ◦C–20 ◦C, as seen in Table 7. The CC + UFAD had the largest difference
between mean radiant temperature and air temperature as the ceiling surface temperature
was 23 ◦C–26 ◦C (see Table 7), and the corresponding vertical air temperature difference was
also the largest, as shown in Table 4. Furthermore, the calculated DRs with CC + SV were
higher than the other two integrated systems and failed to meet the thermal environment
requirement of Class A when the ceiling surface temperature was equal to 26.0 ◦C.

Further summarizing, we could conclude that the CC + UFAD had the largest PMV,
the CC + SV had the smallest PMV, and CC + MV was in between but very close to
CC + SV. This agreed with the results obtained by Wu that the thermal sensation votes with
CC + UFAD were higher than those with CC + MV [50]. Moreover, the CC + SV had the
highest DR as the internal or external cooling load increased from 41.5 W/m2 to 69.5 W/m2.
Tian et al. [60] also proposed that the DR for SV was higher than that for MV and DV, which
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was mainly due to the excessive supply air momentum of SV under high air supply flow
rate conditions. In addition, Corgnati et al. [46] had previously compared the DR with MV
to that with CC + MV using numerical methods and found that the introduction of the CC
reduced the risk of cold jets entering the occupied area, and the DR with CC + MV was
lower. Moreover, the study of Lipczynska et al. [15] similarly compared the performance
of DR between single MV and CC + MV and came to a similar conclusion, and further
studies found that the introduction of PV in CC + MV could further reduce DR. Therefore,
the PMV and DR were also clearly affected by the ventilation system type, and we found
that the large PMV usually coincided with the large differences between mean radiant
temperature and air temperature under the condition of a constant cooling load. It was
worth mentioning additionally that Zhang et al. [47] found that after introducing DCV into
the radiant ceiling system, the dissatisfied percentage was reduced from 5.86% to 0.01%, so
the CC significantly reduced the thermal discomfort of the room.

In summary, we have drawn some interesting and valuable conclusions with CC + MV
and CC + UFAD and also found that CC + SV conformed to the phenomenon obtained
from our previous studies: that low ADPI usually corresponded with high HRE. Moreover,
the other interesting new phenomenon we found was that the large PMV usually coincided
with the large difference between mean radiant temperature and air temperature under
the condition of a constant cooling load for the three integrated systems. Furthermore,
the CC + SV had the smallest PMV among the three integrated systems, but it tended to
cause higher DR due to the increased supply air flow rate. The application of the integrated
CC + SV system should strictly control the supply air flow rate to avoid thermal discomfort
caused by the draught. Hence, the CC + SV seems to create a more satisfactory and
comfortable environment compared to CC + MV or CC + UFAD, but there is a higher
draught risk.

5. Conclusions

In this paper, when the ceiling surface temperature was 17 ◦C–26 ◦C and the internal
or external cooling load was 41.5 W/m2–69.5 W/m2, the full-scale experimental test was
used to analyze the indoor air distribution and thermal environment characteristics in a
room with CC + MV, CC + UFAD and CC + SV. Through the analysis and discussion of
the experimental results, we found that the ventilation system type had a great impact on
the heat removal effectiveness (HRE) and air diffusion performance index (ADPI), while it
had a slight impact on the predicted mean vote of thermal sensation (PMV). The CC + MV
had the lowest HRE and the highest ADPI among the three systems, and the CC + UFAD
had the largest PMV, while the CC + SV had the smallest PMV. It was interestingly found
that a low ADPI usually corresponded with a high HRE for different systems, and the large
PMV usually coincided with a large difference between mean radiant temperature and air
temperature under the condition of a constant cooling load. The indoor air distribution
and thermal environment with CC + MV were stably uniform, which will be beneficial for
the design and control of an HVAC system, so a ceiling cooling system integrated with a
mixing ventilation system is recommended to be used in practice.
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