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In this paper, the thermal performance of capillary mat cooling systems is evaluated through actual mea- 

surements under different ventilation rates. The results showed that the indoor air temperature drop 

rates of the ceiling, wall and floor cooling are 1.42–2.44 °C/h, 0.69–1.11 °C/h, 0.29–0.58 °C/h, respectively, 

in the response phase, which can provide a reference for predictive control strategy of radiant system. 

Then the cooling capacity of the capillary mat is validated. The radiant heat transfer coefficient of the 

cooling capillary mat is about 5.80 W/m 

2 k. When the supply water temperature dropped from 20 °C to 
16 °C, the total heat flux can experience an increase of 10%–30%. The heat flux for cooling ceilings is the 

largest, followed by cooling walls, which is 7%–17% lower; and cooling floors, which is 75%–90% lower. 

Orthogonal experiments illustrated that the water supply temperature and air supply volume have a sig- 

nificant influence on the indoor thermal environment of the hybrid systems, followed by the air supply 

temperature. In general, the dynamic performance of the radiant cooling system in the response phase 

can provide an effective reference for different control strategy considering the significant thermal inertia. 

© 2019 Elsevier Ltd and IIR. All rights reserved. 

Étude sur les performances thermiques dynamiques et l’optimisation de systèmes 

hybrides avec refroidissement par matelas capillaire et ventilation par 

déplacement 

Mots clés: Temps de réponse; Système hybride; Tapis/matelas capillaire; Ventilation par déplacement; Expérience orthogonale; Coefficient de transfert de chaleur 
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1. Introduction 

Global warming, as one of the environmental problems, has

deteriorated the quality of life and health of people, prompting the

concept of energy-saving and emission reduction enjoys popular

support. People are longing for a higher quality of life while

advocating a low-carbon way of life. Radiant cooling systems are

favored by more and more people because of their performance of

excellent comfort and energy-saving ( Feng et al., 2013 ). Therefore,
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adiant cooling systems have also become the focus of study by

xperts and scholars in the HVAC field. 

Radiant cooling/heating systems differ from traditional con-

ective air-conditioning systems in that there exist a series of

roblems such as “air-conditioning diseases,” air blows, and noise.

he radiant cooling systems increase cooling areas and reduce

he inner surface temperatures of envelopes, thus achieving the

ffect of ener gy-saving ( Karmann et al., 2017 ; Hu and Niu, 2012 ).

aeyeon Kim (2001 ), Shuzo Murakami (2001 ), and Stetiu (1999 )

ame to conclusion that the radiant cooling system had certain

nergy-saving advantages over traditional all-air systems through

FD simulation and energy consumption analysis, and pointed out

hen peak electricity was 27%, the former can save 30% of energy

onsumption compared to the latter. 

https://doi.org/10.1016/j.ijrefrig.2019.10.016
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijrefrig
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijrefrig.2019.10.016&domain=pdf
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Nomenclature 

A area (m 

2 ) 

AUST average unheated surface temperature ( °C) 

σ Stefan–Boltzmann constant (W/m 

2 K 

4 ) 

F εs-j radiation interchange factor 

F s-j view factor between radiant surface and j-surface 

Q tot total heat flux (W) 

q tot total heat flux density (W/m 

2 ) 

h tot total heat transfer coefficient (W/m 

2 K) 

Q r radiant heat flux (W) 

q r radiant heat flux density (W/m 

2 ) 

h r radiant heat transfer coefficient (W/m 

2 K) 

Q c convective heat flux (W) 

q c convective heat flux density (W/m 

2 ) 

h c convective heat transfer coefficient (W/m 

2 K) 

c p specific heat (J/kg K) 

M mass flow rate (kg/s) 

T a air temperature ( ◦C) 

T op operative temperature ( ◦C) 

T s radiant surface temperature ( ◦C) 

T in the temperature of supply water ( ◦C) 

T out the temperature of return water ( ◦C) 

T j j-surface temperature ( ◦C) 

T ref reference temperature ( ◦C) 

� T w 

the temperature difference between supply and re- 

turn water ( ◦C) 

ε Emissivity 

λ thermal conductivity (W/m K) 

R radius (m) 

ε surface tension (N/m) 

ɑ heat transfer coefficient (W/m 

2 K) 

M molar mass (kg/mol) 

δ the thickness of the liquid film (m) 

δ0 the thickness of the balanced liquid film (m) 

h fg latent heat of vaporization (kg/kg) 

R gas constant (J/mol K) 

V molar volume (m 

3 /mol) 

p pressure (Pa) 

Lower mark 

c capillary mat 

i interface 

m meniscus 

v vapor 

w wall surface 

l liquid 

Supplying fresh air to bear the indoor wet load and partial cool-

ng load is a great choice for solving the problem of condensation

 Lim et al., 2006 ), radiant cooling/heating coupled with ventilation

ystems is called a hybrid system which can play an important role

n improving energy efficiency and indoor thermal comfort at the

ame time ( Song et al., 2008 ). 

At present, researches on radiant cooling/heating systems

ainly include the following aspects: (1) thermal comfort anal-

sis (2) cooling capacity calculation (3) energy-saving analysis

nd (4) control strategy formulation. Such as Kilkis (1994 ) and

ichard and Strand (20 05 , 20 03 ) have made their meaning-

ul contribution to the profound development of radiant cooling

ystems. 

There are many previous pieces of research focusing on heat

ransfer coefficients of radiant panel systems. Feustel and Stetiu’s

 Feustel HE, 1995 ) test results on the cooling ceiling showed

hat the total, radiant and convective heat transfer coefficient
ere 9–12 W/m 

2 K, 5.5 W/m 

2 K, 3.5–5.5 W/m 

2 K, respectively.

ausone et al. (2009 ) used a heating cylinder and a cooling surface

o simulate the inner heat gain in the room. The experimental data

howed that the total and radiant heat transfer coefficients of the

ooling ceiling were approximately 13.2 W/m 

2 K and 5.8 W/m 

2 K.

oca et al. (2014 ) conducted an experimental test on the radiant

eating walls equipped in the climate test chamber. The results

ndicated that the average value of the radiant heat transfer co-

fficient was 5.7 W/m 

2 K, and the convective heat transfer coeffi-

ient was about 2.7 W/ m 

2 K. In the study of the ceiling cooling

ystem, Rees and Haves (2013 ) found the radiant heat transfer

oefficient of radiant and displacement ventilation systems was

.9 W/m 

2 K. Cholewa et al. (2013 ) thought that people overesti-

ated the values of heat transfer coefficients of radiant systems

n the previous researches. The value of heat transfer coefficient

f the heating/cooling radiant floor was known after analyzing the

xperimental data, which was even 10% −30% higher than the ac-

ual value. 

Corresponding experiments and simulations on displacement

entilation have been carried out in Japan and the United States

n the early 1990s, and it had been commonly applied in North-

rn Europe since then ( Xiaxiong Yuan and Glickman, 1998 ). The

rinciple is that fresh air is delivered at the bottom of the room

t a very low wind speed (0.03–0.2 m/s) with 2 to 4 °C temper-

ture difference with the indoor air temperature ( Skistad, 1996 )

nd it was shown that the small movement of the indoor airflow

elped to improve the thermal comfort of the air-conditioned envi-

onment ( Koichi Kitagawa, 1999 ), of which the high efficiency have

pened up a broad application prospect for it. Awbi (1998 ) and

ing (2001 ) reported that higher air quality can be obtained in the

orking area of the room with displacement ventilation compared

ith mixed ventilation by CFD simulation. 

Obviously, the height of thermal stratification is an important

esign basis for displacement ventilation systems. Mundt (1995 )

stablished a mathematical model for calculating the vertical air

emperature gradient in the room with displacement ventilation

ystems based on a large number of theoretical analysis. Xing

2002 ) conducted an experimental study of displacement ventila-

ion systems whose thermal stratification height was affected by

he amount of heat load. 

In general, there are many research papers on thermal comfort,

hermal analysis and system configuration and control of the RHC

ystem in the last fifty years. 

However, it is well known that the main disadvantage of the

adiant system is lying on the long response time, so the research

f the response performance is the basis of developing a better

ontrol strategy. Secondly, the capillary mat is increasingly popular

n China. Different from the radiant panel which has been studied

n much previous literature, the heat transfer characteristics of the

apillary mat is not digged out completely. Finally, more and more

ybrid systems are put into application for making up for the poor

ndoor fresh air quality by single radiant systems, so the regula-

ion and management of the hybrid systems are supposed to be

ptimized. 

In this paper, the response time of the capillary mat is mea-

ured and prepared for a better control strategy of radiant systems,

hich is supposed to be developed in the following research. then

he heat transfer characteristic of the capillary mat is measured

nd compared with the other types of radiant terminals. It is worth

oting that the capillary mat that is made up of thinner pipes sim-

lar to the human being’s veins is different from conventional ra-

iant panels, so the comparasion between this two is benefitial for

udging whether it is worth using the capillary mat for better heat

ransfer performance sacrificing with the unflexibility of installa-

ion. Besideds, the influence of water supply temperature, air sup-

ly volume, air supply temperature on the indoor thermal com-
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Fig. 1. Capillaries of human beings and Schema of capillary mat. 
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fort of radiant cooling coupled displacement ventilation systems is

studied through orthogonal experiments, which can provide a ref-

erence for the regulation and management of hybrid systems. 

2. Capillary mat radiant system 

Capillary mat simulates the capillary mechanism of human

veins, consisting of a cluster of capillaries with an outer diameter

of 3.5–5.0 mm (wall thickness 0.9 mm) and a length of 1–6 m. The

schema of the capillary mat of which the configuration is similar

to the human being’s veins is shown in Fig. 1 ( Ren Jie and Jing-

ming, 2008 ). Capillary mat has a larger cooling surface area than

common air-conditioning systems and the supply water tempera-

ture is set at a relatively higher temperature of nearly 16~18 °C
in order for energy efficiency ( Kim Wufeng and Guangyu, 2010 ).

On the one hand, the capillary mat has the characteristics of

large heat exchange area, excellent thermal conductivity, uniform

heat transfer, and small hydraulic loss, which contributes to en-

ergy efficiency, more comfortable indoor environment, reliving the

power peak and so on ( Ning et al., 2017 ). On the other hand,

there are some problems such as high energy consumption and the

strong feeling of blowing for conventional air-conditioning systems

though their response is more rapid relatively. In summary, the ad-

vantages and disadvantages of the radiant cooling system and the

conventional air-conditioning system are shown in Fig. 2 . 

At present, many researchers and scholars focus on the in-

depth study of empirical correlations capillary tubes ( Sarker and

Jeong, 2012 ; Shao et al., 2013 ; Yang and Wang, 2008 ). Jinliang

(1999 ) theoretically analyzed the heat transfer process in the

capillary mat and proposed a calculation method for its heat

transfer performance. An example calculation was also performed.

The evaporation meniscuses inside capillary mat consist of the

equilibrium thin-film zone, the transition film zone, and intrinsic

meniscus zone. The calculation example showed that the diameter

of the capillary mat had huge significance on the meniscus zone.

The average heat transfer coefficient gradually decreases with the

increase of the pipe diameter. 

3. Experimental device 

The experimental room is used for measurements to assess the

dynamic heat transfer performance for three types of radiant cap-

illary mat terminals coupled with ventilation systems. 

The net internal dimensions of the experimental room for mea-

surements are equal to 6 m × 5 m × 3.5 m; three walls of the room

are surrounded by the adjacent rooms, which are not controlled

but stable conditions. The ceiling and floor are separated from

the precast concrete slabs by a 120mm-thick insulation board. The

heat transfer coefficients for single-layer windows and doors are

6.4 W/m 

2 K and 2.91 W/m 

2 K, respectively. 

The capillary mat water channel is composed of a random

copolymer polypropylene pipe ( PP-R ) tube of which the diameter
s 3–5 mm and wall thickness is about 0.5–0.8 mm. The surfaces

re coated with a mortar and other materials and the allowable

ot water temperature of the different capillary mat is generally

etween 45 °C –80 °C. Capillary mats are installed at the ceilings,

alls, and floors in the environmental room for corresponding ex-

eriments. Detailed information of capillary mat is illustrated in

able 1 . The detailed size is selected for different experimental

ooms and the total areas of the capillary mat with the same tube

pacing is presented in the table. The experiments were carried out

n the typical months of July and August in hot-summer and cold-

inter zones of China. 

The ventilation system was turned on in order to prevent con-

ensation during the experiments for heat transfer coefficients of

he capillary mat. And the displacement system was on opera-

ion when experiments for performance research of hybrid systems

ere conducted. 

The temperatures of the internal surfaces were measured in

lum-shaped and indoor air were instrumented at the height

f 1.1 m above the floor at four points symmetrically about the

enter of the room, and all measurements of temperature were

nished by T-type thermocouples. Calorimeter came with two

emperature measuring points and a flow measuring point, the

emperature measuring points were installed in the supply and

eturn water mains, flow measurement point was arranged in

he backwater mains. The emissivity of the testing room can be

cquired by measurements through an infrared thermal imaging

amera and a T-type sensor and the follow-up calculation. The

ype, model, measurement range and accuracy of all the instru-

ents in the experiments are shown in Table 2 . 

. Calculation of the heat transfer coefficients 

The total heat flux between the cooling ceiling and the experi-

ent room is determined via the following equation: 

 tot = 

Q tot 

A 

= 

m c p �T w 

A 

− Q out 

A 

= 

m c p ( T out − T in ) 

A 

− Q out 

A 

(1)

Q out is the heat flux between the cooling surface and the neigh-

oring room, which can be ignored in this paper considering its

ittle percentage on the total heat flux. 

The total heat flux is the sum of the radiant and convective heat

ransfer (h r and h c ) between the test room and the cooling surface.

he choice of reference temperatures is a key link in the calcula-

ion of the heat transfer coefficients ( Zhang et al., 2013 ). According

o the previous literature, T op can be used as a reference tempera-

ure for calculating the total heat transfer coefficient. Correspond-

ngly, the average unheated surface temperature (AUST) and indoor

ir temperature (T a ), which is the air temperature at the height of

.1 m, are used for calculation of radiant and convective heat trans-

er coefficients (h r and h c ) as reference temperatures (T ref ). 

 tot = 

Q tot / A 

T op − T s 
(2)

Radiant heat transfer coefficient (h r ) is associated with the ra-

iant exchanged heat between the working surface and the non-

orking surfaces. 

 r = 

Q r 

A 

= σ
n ∑ 

j=1 

F ε s −j 

(
T 

4 
s − T 

4 
j 

)
(3)

The average indoor non-heated surface temperature ( AUST ) is

he weighted average of the indoor surface temperatures, related

o the view factors between the working and non-heated surfaces

 ASHRAE, 20 0 0 ; Watson and Chapman, 20 02 ) which is obtained by

hecking the corresponding table according to the room size, and
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Fig. 2. The advantages and disadvantages of the radiant cooling system and the conventional air-conditioning system. 

Table 1 

Detailed information on capillary mat. 

Terminals Specification (mm × mm) Quantity Tube spacing (mm) Area (m 

2 ) Total area (m 

2 ) 

Ceiling 1000 × 10,000 2 20 10 16 

600 × 10,000 2 20 6 

Wall (left) 1000 × 5000 5 20 12.5 25 

Wall (right) 1000 × 5000 5 20 12.5 

Floor 1000 × 7000 3 20 10.5 10.5 

Table 2 

Specification of measurement instruments. 

Instrument Model Range Accuracy 

Calorimeter UH32-6.0 0 °C–105 °C ± 0.01 °C 
0.02 m 

3 /h–2.0m 

3 /h ± 0.001 m 

3 /h 

/ ± 1kW h 

T-type thermal couple / −40~+ 125 °C ±0.5 °C 
Agilent data collection meter Agilent 34970A −200~+ 350 °C/ / 

HOBO Temperature and humidity recorder HOBO/UX100-011 temperature: −20 °C–70 °C temperature: ±0.21 °C 
relative humidity:1%–95% RH relative humidity: ±3.5% (25%–85%) , ± 2.5% (10%–90%) 

anemograph Swema 3000 0.1–30 m/s 0.10–1.33 m/s: ± 0.04 m/s 

1.33–30 m/s: ± 3%measurement 

Universal anemometer AirDistSys 5000 0.05–30 m/s 0.02 m/s 

−20 °C–80 °C ±1% of measurement 

Thermal imager FLIR T650sc −40 °C–150 °C 1% of the measurement 

i  

c

h

A

F

 

t  

a  

t  

(

 

b  

t  

m

q

h

ω

ω

ω

ω

 

t is commonly used for the calculation of the radiant heat transfer

oefficient as the reference temperature. 

 r = 

Q r / A 

AUST − T s 
(4) 

UST = 

4 

√ 

n ∑ 

j=1 

(
F s −j T 

4 
j 

)
(5) 

 ε s −j 
= 

1 

[ ( 1 − ε s ) / ε s ] + 

(
1 / F s −j 

)
+ 

(
A s / A j 

)[(
1 − ε j 

)
/ ε j 

] (6) 

The view factors of each surface (F s-j ) are obtained by checking

he figure characterizing the relationship between geometry sizes

nd view factors, which is assumed as a constant value for a cer-

ain pair of the wall surface. And then radiation interchange factors

F εs-j ) can be calculated according to Eq. (6) . 

The calculation of the convective heat transfer coefficient (h c ) is

ased on the convective heat transferred from the cooling surface

o the room. The convective heat flux equals the total heat flux

p  
inus the radiant heat flux calculated by Eq. (7) . 

 c = q tot − q r (7) 

 c = 

Q c / A 

T a − T s 
(8) 

 q r = 

[(
∂ q r 
∂ T s 

)2 + 

∑ n 
j=1 

(
∂ q r 
∂ T j 

)2 
] 1 

2 

q r 
× 100 (9) 

 q c = 

[ (
∂ q c 
∂ Q tot 

)2 + 

(
∂ q c 
∂ q r 

)2 
] 1 

2 

q c 
× 100 (10) 

 h r = 

[(
∂ h r 
∂ T s 

)2 + 

∑ n 
j=1 

(
∂ h r 
∂ T j 

)2 
] 1 

2 

h r 
× 100 (11) 

 h c = 

[ (
∂ h c 
∂ Q c 

)2 + 

(
∂ h c 
∂ T a 

)2 + 

(
∂ h c 
∂ T s 

)2 
] 1 

2 

h c 
× 100 (12) 

In the experiment, the uncertainty is inevitable from the ex-

erimental apparatus and people’s inappropriate operation, which
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Fig. 3. Schema diagram of the experimental system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Schema diagram of the ventilation systems. 

Table 3 

The experimental case arrangements. 

Location of capillary 

mat 

Water supply 

temperature ( °C) 

Air supply 

volumes (m 

3 /h) 

Air supply 

temperature ( °C) 

Ceiling 16 100 –

18 100 

20 100 

Wall 16 100 

18 100 

20 100 

Floor 16 100 

18 100 

20 100 

Ceiling 16 200 

18 200 

20 200 

Ceiling 16 300 

18 300 

20 300 

Ceiling + Displacement 

ventilation 

16 100 23 

18 200 23 

20 300 23 

16 200 24.5 

18 300 24.5 

20 100 24.5 

16 300 26 

18 100 26 

20 200 26 

 

D  

t  

s  

p  

b  

n

6

6

 

c  

s  

s

 

(  

t  

a  

b  

l  
is likely to result in relative errors. Therefore, the uncertainty

values are calculated according to Eq. (9) –( 12 ) ( Babayigit et al.,

2017 ). The accuracy values of measurement equipment are seen in

Table 2 . The uncertainty values of q r , q c , h r , h c are found to be less

than ±2%. 

5. Experimental procedure 

The experiments were conducted in Chongqing province in

China. The schema diagram of the experimental system is shown

in Fig. 3 . The entire cooling system is powered by a heat pump,

and the secondary side cold water and the outlet water of the

heat pump exchange heat through the heat exchange water tank,

wherein the air from the air handling unit is also cooled. In cool

conditions, the water supply temperatures (T in ) were set as fol-

lows: 16 °C, 18 °C, and 20 °C, because condensation occurred when

the temperature of supply water was set at 14 °C. 

The air supply volumes were set to be equivalent to 100 m 

3 /h

(1 time/h), 200 m 

3 /h (2 times/h) and 300 m 

3 /h (3 times/h). The

air supply speeds were 0.27 m/s for displacement ventilation. The

schema diagram of the ventilation system is shown in Fig. 4 where

the mixed ventilation system, the orifice ventilation, and the dis-

placement ventilation system can be switched as needed with dif-

ferent supplying vents. The air supply temperatures (T a ) were set

at 23 °C, 24.5 °C and 26 °C for displacement ventilation. The ex-

perimental case arrangements are shown in Table 3 , and the ex-

periment is divided into three parts. In the first part, the perfor-

mance between the ceiling, floor, wall cooling at different water

supply temperatures is compared. In the second part, the perfor-

mance of the ceiling cooling under different air supply volumes is

compared. In the third part, the orthogonal experiment is carried

out to study the influence of water supply temperature, air supply

volume and air supply temperature on the ceiling cooling coupled

displacement ventilation system. 
All measurements were recorded in real-time by the Agilent

ata Logger and archived in 5-min time steps. The analysis of heat

ransfer coefficients is based on experiment data during the steady

tate. About 8 h after the system was shut down, the surface tem-

erature of the envelopes can be restored to within a range of 24 h

efore, which meant that the thermal inertia of the envelope did

ot affect the experimental results. 

. Results and discussion 

.1. Response time 

The indoor air temperature (T a ) under ceiling, wall and floor

ooling is shown in Fig. 4 . For the radiant ceiling cooling, the re-

ponse time of the indoor air temperature (T a ) is analyzed at water

upply temperatures ( T in ) of 16 °C, 18 °C, and 20 °C. 

It can be seen from Fig. 4 (a) that the indoor air temperature

T a ) decreased significantly within 1hr under three working condi-

ions, and the indoor air temperature (T a ) was reduced the fastest

t this time. After that, the indoor air temperature (T a ) stayed sta-

le nearly, showing a steady decline due to the influence of so-

ar radiation and the load of the enclosure. Within 5 h after shut-
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Table 4 

The indoor air temperature drop rates in the initiating and attenuation stages. 

Location Temperature change rate 16 °C 18 °C 20 °C 

Ceiling Initiating stage 2.44 1.8 1.42 

Attenuation stage 0.52 0.36 0.31 

Wall Initiating stage 1.11 0.76 0.69 

Attenuation stage 0.22 0.16 0.22 

Floor Initiating stage 0.58 0.49 0.29 

Attenuation stage 0.32 0.31 0.26 
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m

own (23:00), the indoor air temperature (T a ) increased at a higher

ate, and then remained substantially stable. As the water supply

emperature (T in ) decreased, the response time of the indoor air

emperature (T a ) was significantly reduced. 

Here, the indoor air temperatures (T a ) at the initiating stage

8:0 0–9:0 0) and the attenuation stage (23:0 0–7:0 0) are mainly an-

lyzed. 

In the initiating phase, the temperature drop rate was the

astest when the water supply temperature (T in ) was 16 °C, and

he indoor air temperature (T a ) reached 27 °C when the system

as running for about 35 min. Under the condition that the wa-

er supply temperature (T in ) was 20 °C, the indoor air tempera-

ure (T a ) reached 28 °C after the system was running for 15 min,

nd then it has remained stable since and there was no obvious

ownward trend due to the limited cooling capacity of the system,

hich showed that in the summer for the radiant ceiling cooling,

he lower water supply temperature can effectively increase the

emperature drop speed and can help to achieve demanded indoor

nvironment faster. Moreover, the water supply temperature (T in )

f 20 °C is difficult to meet the comfort requirements of the room

n the case where the outdoor temperature is relatively high (out-

oor average dry bulb temperature is higher than 34.0 °C). 

During the initiating stage, the temperature drop rate was in-

reased by about 0.27 times when the water supply temperature

T in ) was lowered from 20 °C to 18 °C. while the water supply tem-

erature (T in ) was lowered from 18 °C to 16 °C, and the tempera-

ure drop rate was increased by about 0.36 times. 

It can be seen from Fig. 5 (b) that the indoor air temperature

T a ) dropped significantly within 2 h from starting under three

orking conditions. At this time the drop rate of the indoor air

emperature (T a ) was the largest. Then, the indoor air temperature

T a ) showed a steady-decline trend in the stable phase. Within 5 h

fter shutdown (23:00), the indoor air temperature (T a ) increased

t a relatively high rate before keep basically stable. 

It can be seen from Table 4 and Fig. 5 (b) that in the start-up

hase, the indoor air temperature (T a ) dropped the fastest while

he water supply temperature was 16 °C and reached 27 °C when

he system was running for about 80 min. When the water sup-

ly temperature (T in ) was 18 °C, it took 20 min for the indoor air

emperature (T a ) to reach 28 °C, after which the indoor air temper-

ture slowly decreased and reached the set temperature of 27 °C
fter running 12.6 h. At 20 °C, the indoor air temperature dropped

o 28 °C after about 9 h and was always above the set temperature

f 27 °C. 

During the initiating stage, the temperature drop rate was in-

reased by about 0.11 times when the water supply temperature

T in ) was lowered from 20 °C to 18 °C. while the water supply tem-

erature was lowered from 18 °C to 16 °C, and the temperature

rop rate was increased by about 0.46 times. 

It can be seen from Fig. 5 (c) that, the indoor air temperature

T a ) cut down significantly within 2 h from starting under three

orking conditions and changed little from 9:00 to 16:00 before

here was a significant drop after 16:00. Afterward, the indoor air

emperature increased within 5 h after shutdown (23:00) and then

emained generally stable. 
In the initiating stage, there were about 20 min before the in-

oor air temperature (T a ) reached 27 °C when the water supply

emperature was 16 °C, followed by 50 min for 18 °C water supply

emperature and 14 h for 20 °C water supply temperature. During

his stage, the temperature drop rate was increased by about 0.68

imes when the water supply temperature (T in ) was lowered from

0 °C to 18 °C. while the water supply temperature was lowered

rom 18 °C to 16 °C, and the temperature drop rate was increased

y about 0.18 times. 

During the attenuation phase, the indoor air temperature (T a )

xperienced a faster decay within 5 h after the system was shut

own and finally tent to be flat. And compared with Table 4 , it can

e found that the rising rate of the indoor air temperature tent to

ncrease as the water supply temperature decreased. 

.2. The cooling capacity 

The cooling water temperature, indoor air temperature, surface

emperature and the calculated parameters such as AUST, radiant,

onvective and total heat flux are shown in Table 5 . 

According to the results in Table 5 , it can be seen that the cal-

ulated heat transfer coefficient of the capillary mat shows a slight

ifference com pared with the previous researches, slightly higher

han that actually used. More detailed analysis of heat transfer co-

fficients and cooling capacity are illustrated as followed. 

.2.1. Heat transfer coefficient 

The radiant heat transfer coefficients (h r ) given by former re-

earchers and this study are shown in Fig. 6 (a). As seen in Fig. 6 (a),

adiant heat transfer coefficients are supposed to be a constant,

hich comes to an agreement with previous studies. 

This result can be reasonably explained by observing Eqs. (3–4) :

adiant heat transfer coefficient (h r ) is related to the following

actors: the Stefan–Boltzmann constant, the emission rate of each

nterior surfaces, the angular coefficient, and the inner surface

emperatures. For a given building, the emissivity and the angular

oefficients of the interior surfaces can be considered as constant.

herefore, the radiant heat transfer coefficient is only depending

n inner surface temperatures ( Rhee and Kim, 2015 ). However,

heir impacts on the linear radiant heat transfer coefficients are

imited due to the relatively low surface temperatures in the room

nd small variation range. 

Fig. 6 (b) shows the convective heat transfer coefficients (h c )

or different water supply temperatures (T in ) and ventilation fre-

uency. Convective heat transfer coefficient is related to air tem-

erature, turbulent boundary layer, airflow organization and, air

elocity so on ( Zhao et al., 2016 ). It can be seen that the convective

eat transfer coefficient ranges from 3.45 to 4.00 W/m 

2 K. 

The data comparison result of the three groups of experiments

s shown in Table 6 , verifying whether the two groups of data in

he comparison can share a common linear equation. It is not dif-

cult to find that there is a small probability of error in sharing a

inear equation among the three data sets, which are respectively

.45 × 10 −4 , 1.84 × 10 −13 , and 8.66 × 10 −9 , this also proves from the

ide that radiant heat transfer coefficients obtained in this paper

nd previous results are exceedingly close. 

The total heat transfer coefficient (h tot ) expounds the compre-

ensive reflection of radiant and convective heat transfers (h r and

 c ), but a simple superposition of the two heat transfer coefficients

annot generate a scientific value apparently. Therefore, there is no

etailed discussion of the total heat transfer coefficient. 

.2.2. Heat flux density 

The cooling water temperature, the surface and indoor air tem-

eratures, the radiant, convective and total heat flux for capillary

at ceiling, wall and floor are shown in Table 7 . 
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Fig. 5. The indoor air temperature. 
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Radiant and convective heat flux densities (q r and q c ) of the

cooling ceiling are presented in Fig. 7 (a) when the ventilation fre-

quency ( n ) equals to 1 time/h, 2 times/h and 3 times/h. The total

heat flux increased by nearly15% −20% for cooling ceilings when

the water supply temperature (T in ) decreased from 20 °C to 16 °C.
hen the ventilation frequency was 1 time/h, the total heat flux

ensity (q tot ) decreased with the water supply temperature in-

reasing, but the proportion of radiant heat flux density on the to-

al heat flux density was nearly constant, which also applied to the

ther two cases (ventilation frequency is 2 times/h or 3 times/h).
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Table 5 

Measured and calculated parameters for the capillary mat ceiling system. 

case 1 2 3 4 5 6 7 8 9 

n(/h) 1 1 1 2 2 2 3 3 3 

T in ( °C) 16.00 18.00 20.00 16.00 18.00 20.00 16.00 18.00 20.00 

T in ’( °C) 16.30 17.94 19.42 15.71 17.68 19.64 15.84 17.67 19.36 

T out ’( °C) 19.56 20.81 21.91 19.01 20.46 22.02 19.96 21.42 22.62 

T s ( °C) 18.90 20.68 21.66 19.06 20.21 21.23 19.96 20.82 21.62 

T a ( °C) 26.40 27.00 28.00 25.78 25.92 26.98 26.43 26.84 26.35 

AUST( °C) 28.48 27.28 28.09 26.25 26.62 27.79 27.60 27.32 28.39 

q tot (W/m 

2 ) 74.3 62.7 61.8 67.8 58.2 59.3 68.5 59.9 55.2 

q r (W/m 

2 ) 44.3 38.4 37.4 41.9 37.4 38.2 43.9 37.6 38.9 

h r (W/m 

2 K) 5.84 5.82 5.82 5.83 5.83 5.82 5.75 5.78 5.75 

q c (W/m 

2 ) 30.0 24.3 24.4 25.8 20.9 21.1 24.6 22.4 16.3 

h c (W/m 

2 K) 4.00 3.84 3.85 3.85 3.66 3.66 3.80 3.72 3.45 

Table 6 

Results of linear regression analysis. 

Case1 Case2 F Numer.DF Denom.DF Prob > F 

This study Causone 16.85 2 13 2.45 × 10 −4 

This study Cholewa 585.24412 2 13 1.84 × 10 −13 

Causone Cholewa 126.40067 2 12 8.66 × 10 −9 
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Table 8 

Indoor thermal index for 9 cases. 

Case PMV PPD t 1.1 –t 0.1 / °C t 1.7 –t 0.1 / °C 

1 0.32 7.17 0.64 0.85 

2 0.18 5.64 0.80 1.07 

3 0.39 8.09 1.57 1.95 

4 0.16 5.50 0.78 0.78 

5 0.42 8.61 1.39 1.39 

6 0.92 22.87 0.81 1.11 

7 0.367 7.80 1.22 1.37 

8 0.431 8.87 0.69 0.94 

9 0.576 11.95 1.04 1.10 

PMV-PPD:thermal comfort evaluation index based on air temperature, humidity, in- 

door airspeed, ambient radiation temperature, body metabolism and thermal resis- 

tance of clothes. 

t 1.7 -the indoor temperature in the height of the head when the human body stands. 

t 1.1 -the indoor temperature in the height of the head when the human body sits 

down. 

t 0.1 - the indoor temperature in the height of the human ankle. 
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o, it can be concluded that the proportion of radiant heat transfer

n the total heat transfer for the cooling ceiling distributes from

0% −70% with natural ventilation. 

Radiant and convective heat flux densities (q r and q c ) for three

ypes of capillary mat terminals are presented in Fig. 7 (b) when

he water supply temperature (T in ) is 16 °C, 18 °C, 20 °C, respec-

ively. It can be seen that the cooling capacity of the ceiling was

he best and that of the floor was lower than other types appar-

ntly. The total heat flux (q tot ) decreased by about 8% −15% when

he water supply temperature increased from 16 °C to 18 °C. When

he water supply temperature (T in ) increased from 18 °C to 20 °C,

he total heat flux experienced a decrease of about 1% −10%. The

ater supply temperature had a more significant impact on the

oor which can be illustrated by approximately 30% increase of

eat flux when the water supply temperature dropped from 20 °C
o 16 °C. The proportion of radiant heat flux density (q r ) on the to-

al heat flux density (q tot ) for ceiling and wall was about 60% −64%.

owever, the proportion of radiant heat flux on the total heat flux

or the floor was higher than that of other types, which was about

0%. This was because that cooled air dropped around the floor

armful to convective heat transfer between the cooling floor and

he indoor air. 

As seen in Table 7 , the ratios of radiant flux to the total heat

ux for meandering type and spiral type of radiant panel are

early 57%– 61% and, respectively, on the cooling condition accord-

ng to ’ Okamoto et al. (2010 ) research, and that of Koca et al.’s re-

earch is about 67% −70%, which is close to that of the capillary
Table 7 

Measured and calculated parameters for the capillary mat ceiling, wall, a

Case 1 2 3 10 

Type ceiling wall 

T in ( °C) 16.00 18.00 20.00 16.00 

T s ( °C) 18.90 20.68 21.66 19.40 

T a ( °C) 26.40 27.00 28.00 26.40 

q tot ( W/m 

2 ) 74.3 62.7 61.8 63.5 

q r ( W/m 

2 ) 44.3 38.4 37.4 40.2 

q c ( W/m 

2 ) 30.0 24.3 24.4 23.3 

Case Radiant terminal Ra

This study capillary mat 60

Okamoto et al. radiant panel (spiral and meandering) 57

Koca et al. radiant panel 64
at and verifies the small difference of heat transfer characteristic

f variant types of radiant terminals. 

.3. Orthogonal experimental results 

Orthogonal experiments were used to comprehensively in-

estigate the influence of various factors including air supply

emperature, water supply temperature, and air supply volume

n the indoor thermal environment. There are several thermal

omfort indexes such as PMV, PPD, t 1.1 –t 0.1 , t 1.7 –t 0.1 presented

n Table 8 . In order to ensure the thermal comfort of working

reas, there are specific requirements as follows: −0.5 < PMV < 0.5,

PD < 10%, t 1.1 –t 0.1 < 2.0 °C and t 1.7 –t 0.1 < 3.0 °C. t 1.1 –t 0.1 represents

he vertical air temperature difference between the top of the

ead and the ankle when the human body sits down. t 1.7 –t 0.1 

epresents the vertical air temperature difference between the top

f the head and the ankle when the human body is standing. 
nd floor. 

11 12 13 14 15 

floor 

18.00 20.00 16.00 18.00 20.00 

20.20 22.30 20.40 21.70 24.10 

27.90 28.60 26.60 26.50 28.90 

58.4 57.1 42.3 35.8 32.4 

36.1 36.6 33.9 28.6 26.3 

22.3 20.5 8.4 7.2 6.1 

diant flux ratio Convective flux ratio 

% −64% 36% −40% 

% −61% 39% −43% 

% −71% 29% −36% 
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Table 9 

Results of intuitive analysis for t 1.1 –t 0.1 and t 1.7 –t 0.1 . 

Case t 1.1 –t 0.1 t 1.7 –t 0.1 

Air supply 

temperature 

(A) ( °C) 

Water supply 

temperature (B) 

( °C) 

Air supply 

volume (C) (/h) 

Y i (Y i ) 
2 Air supply 

temperature 

(A) ( °C) 

Water supply 

temperature (B) 

( °C) 

Air supply 

volume (C) (/h) 

Y i (Y i ) 
2 

1 23 16 1 0.64 0.41 23 16 1 0.85 0.72 

2 23 18 2 0.80 0.64 23 18 2 1.07 1.14 

3 23 20 3 1.57 2.46 23 20 3 1.95 3.80 

4 24.5 16 2 0.78 0.61 24.5 16 2 0.78 0.61 

5 24.5 18 3 1.39 1.93 24.5 18 3 1.39 1.93 

6 24.5 20 1 0.81 0.66 24.5 20 1 1.11 1.23 

7 26 16 3 1.22 1.49 26 16 3 1.37 1.88 

8 26 18 1 0.69 0.48 26 18 1 0.94 0.88 

9 26 20 2 1.04 1.08 26 20 2 1.10 1.21 

K 1 3.01 2.64 2.14 K =
Yi W =
(Y i ) 
2 3.87 3.00 2.90 K =
Yi W =
(Y i ) 

2 

K 2 2.98 2.88 2.62 3.28 3.40 2.95 

K 3 2.95 3.42 4.18 3.41 4.16 4.71 

R 0.06 0.78 2.04 8.94 9.76 0.59 1.16 1.81 10.56 13.41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Heat transfer coefficients for the cooling ceiling. 
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As seen in Table 8 , the indoor thermal environment under op-

erating conditions satisfied thermal comfort requirements except

for cases 6 and 9. Then, select the point near the heat source to

further analyze the airflow in the experiment room. 

As can be seen from Fig. 8 , the heat/ mass transfer phe-

nomena, the thermal comfort chart, and the indoor vertical air

temperature are presented ( Roshan et al., 2017 ). The thermal strat-

ification heights for cases 1, 2 and 3 were basically maintained

at approximately 0.9 m, 1.4 m, and 1.7 m, respectively. The thermal

stratification heights for cases 4 and 5 were basically maintained

at about 1.1 m and about 1.4 m, respectively. This was because the

ceiling with a low water supply temperature (T in ) causes the sink-

ing of the cold air, which in turn had a great influence on the air-

flow organization of the displacement ventilation. 

The thermal stratification heights for cases 7, 8 and 9 were ba-

sically maintained at around 1.3 m, 0.9 m, 1.5 m, respectively. Al-

though the cold load of case 7 was greater than that of case 9, the

thermal stratification height was less than case 9, which indicated

that the ceiling cooling weakened the temperature distribution re-

sulting by the displacement ventilation. Therefore, the convective

heat transfer should be minimized in a hybrid air-conditioning sys-

tem. Under the premise of satisfying the environmental comfort,

the higher water supply temperature (T in ) can weaken the cool-

ing effect on the indoor air caused by the convective heat ex-

change, and also the lower energy consumption can be achieved.

Therefore, in the design of the hybrid system combined cool-

ing ceiling and displacement ventilation, selecting parameters of

cooling ceiling and displacement ventilation carefully has much

influence on energy-saving and comfortable flow field of indoor

air. 

Taking t 1.1 –t 0.1 , t 1.7 –t 0.1 and indoor air temperature drop rate as

evaluation indicators, it is proposed to optimize parameters of the

hybrid system through visual analysis and analysis of variance. 

Results of influence of air supply temperature ( A) , water supply

temperature ( B ) and air supply volume ( C ) on t 1.1 –t 0.1 , t 1.7 –t 0.1 and

indoor air temperature drop rate by visual analysis and variance

analysis are showed in Tables 9 and 10 and Fig. 9 . The whole pro-

cess of calculating R and F is presented in detail in the table, where

R and F represent the influence degree of three factors on the per-

formance of the ceiling cooling coupled displacement ventilation

system, which will be explained in detail later. For variance anal-

ysis, we can obtain that F 0.95 (2, 2) = = 19.00, F 0.90 (2, 2) = = 9.00

by looking up tables. 

It can be seen from Fig. 9 that under cooling conditions, the fac-

tors affecting t 1.1 –t 0.1 and t 1.7 –t 0.1 were ranked in order: air supply

volume ( C ), water supply temperature ( B ), and air supply tempera-

ture ( A ) by visual analysis. 
Due to the fact that F C = 66.53 > 19.00 and F B = 9.33 > 9.00 and

 C = 38.09 > 19.00 and F B = 12.44 > 9.00, it can be concluded that

he impact of air supply volume on t 1.1 -t 0.1 and t 1.7 -t 0.1 were signif-

cant in the case of the confidence level of 0.95. The water supply

emperature (T ) had a significant effect on t -t and t -t in
in 1.1 0.1 1.7 0.1 
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Fig. 7. Heat flux density. 
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he case of a confidence level of 0.90. But the effect of air supply

emperature was negligible. 

In cool conditions, the above two methods of data analysis all

ndicated that the air supply volume ( C ) and the water supply tem-

erature ( B ) had a significant effect on t 1.1 –t 0.1 and t 1.7 –t 0.1 , and the

mpact of the air supply volume ( C ) was more significant. 

It can be seen that under cooling conditions, the factors affect-

ng indoor temperature drop rate were ranked in order: water sup-

ly temperature ( B ), air supply volume ( C ), and air supply temper-

ture ( A ) by institute analysis. 

Due to the fact that F C = 10.16 > 9.00 and F B = 37.95 > 19.00, it

an be concluded that the impact of water supply temperature on

ndoor temperature drop rate was significant in the case of the
onfidence level of 0.95. The air supply volume had a significant

ffect on indoor temperature drop rate in the case of a confidence

evel of 0.90. The air supply temperature had little influence on in-

oor temperature drop rate. 

In cool conditions, the two methods of data analysis all indi-

ated that the water supply temperature ( B ) and the air supply

olume had a significant effect on indoor temperature drop rate,

nd the water supply temperature ( B ) has the most significant ef-

ect. 

Taking the effects of thermal stratification height into account,

ndoor temperature drop rate, t 1.1 –t 0.1 , and t 1.7 –t 0.1 , it was found

hat the effect of factor A was not significant. That was, the air

upply temperature can be considered as a secondary factor that
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Table 10 

Results of variance analysis for t 1.1 –t 0.1 and t 1.7 –t 0.1 . 

Factor t 1.1 –t 0.1 t 1.7 –t 0.1 

Q x f S x 
2 F x Q x f S x 

2 F x 

Air supply temperature (A) 0.06 2 0.03 3.44 0.16 2 0.08 5.26 

Water supply temperature (B) 0.23 2 0.12 12.44 1.14 2 0.57 37.95 

Air supply volume (C) 0.71 2 0.35 38.09 0.3 2 0.15 10.16 

Q E 0.02 2 0.01 0.03 2 0.01 

Q T 1.02 8 1.63 8 

Fig. 8. The heat/ mass transfer phenomena, the thermal comfort chart, and the in- 

door vertical air temperature. 
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influenced the results of the experimental evaluation. Factors B and

C had a significant effect. 

When a higher air supply temperature is applied to the dew-

point air supply system, the relative humidity of the air supply

will be higher. Therefore, under the premise of satisfying the in-

door thermal comfort, a lower air supply temperature should be

preferred for displacement ventilation. On the one hand, the fresh

air can be in charge of part of the indoor cooling load, so that a rel-

atively high water supply temperature for ceiling can be used. On

the other hand, it also avoids the increased energy consumption of

reheating the air. A lower air temperature of 23 °C for displacement

ventilation should be selected in summary. 

Based on the analysis of the above evaluation indicators, it can

be found that increasing the air supply volume can significantly

increase the indoor temperature drop rate and the thermal stratifi-
Fig. 9. Results of intuitive analysis and vari
ation height, but air supply volume of 3 times/h obviously causes

he higher energy consumption of fresh air, and air supply vol-

me of 2 times/h can already ensure that the thermal stratification

eight is above the head of the human (the height of the head is

.1 m when sitting). 

Decreasing the water supply temperature helps to increase the

ndoor temperature drop rate, but the thermal stratification height

ill descend as a result. Comparing cases 2 and 4, it can be found

hat when the air supply volume is 2 times/h and the water sup-

ly temperature was 16 °C, it took 25 min for the indoor air tem-

erature to reach 27 °C. And 35 min was needed before the indoor

emperature was to 27 °C when the water supply temperature was

8 °C, which had no apparent advantage over the former case. Con-

idering the indoor thermal environment and energy consumption

omprehensively the water supply temperature of 18 °C is the op-

imal choice. 

The optimum setting parameters can be obtained as follows: air

upply temperature ( A ) 23 °C, water supply temperature ( B ) 18 °C,

ir supply volume ( C ) 2 times/h. 

. Conclusion 

In this paper, experimental research was conducted for char-

cterizing the dynamic heat transfer and cooling capacity perfor-

ance of capillary mat and optimization of the hybrid system

omposing of radiant cooling and displacement ventilation. The re-

ponse time is studied and can provide a reference for the proposal

f the capillary mat. The obtained outcomes confirmed radiant

eat transfer coefficients (h r ) reported in previous studies. The sig-

ificance analysis results showed that the system parameters af-

ecting the performance of the hybrid system are mainly the water

upply temperature (T in ) and air supply volume, and the influence

f the supply air temperature is small. 
ance analysis for t 1.1 –t 0.1 and t 1.7 –t 0.1 . 
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The indoor air temperature drop rates of the ceiling, wall and

oor cooling are 1.42–2.44 °C/h, 0.69–1.11 °C/h, 0.29–0.58 °C/h in

he response phase, which can provide reference for predictive

ontrol strategy in order to adapt to the thermal inertia of the ra-

iant system. 

For cooling capillary mat, radiant heat transfer coefficient of

bout 5.8 W/m 

2 K can be recognized as a constant, close to

he value of previous researches, which is 5.5–5.6 W/m 

2 K. Con-

ective heat transfer coefficients (h c ) are diverse from 3.45 to

.00 W/m 

2 K. 

The total heat flux (q tot ) can experience an increase of 10% −30%

hen the water supply temperature (T in ) dropped from 20 °C to

6 °C. The cooling capacity for cooling ceilings is the largest and

hat of cooling walls is 7% −17% lower than that of cooling ceilings,

he cooling capacity of cooling floors is 50% −76% lower than that

f cooling walls and 75% −90% lower than that of cooling ceilings. 

The proportion of radiant heat transfer on total heat transfer

anged from 60% −70% for cooling ceilings and walls, and that of

ooling floors is about 80% which is a little higher than cooling

eilings and walls, which is caused by dropped cooled air deterio-

ating the convective heat exchange between radiant surfaces and

ndoor air. 

For hybrid systems combined capillary mat cooling and dis-

lacement ventilation, it can be concluded that water supply tem-

erature (T in ) and air supply volume have a great influence on the

hermal environment through visual analysis and variance analysis

ith the confidence of 95% and 90%,% respectively, but the effect

f air supply temperature is insignificant. The optical parameters

ettings are 23 °C air supply temperature, 18 °C air supply temper-

ture and 2 times/h air supply volume taking account of energy

onsumption and desired indoor thermal environment. 

The large time delay of the radiant cooling systems in the re-

ponse phase is the main disadvantage comparing with conven-

ional air-conditioning systems. The research on the response rate

f the indoor air temperature can provide a reference for the pro-

osal of a better control strategy. Furthermore, Significance analy-

is of parameters is the basis of regulation and management op-

imization for hybrid systems combining radiant and displacement

entilation. 
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