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a Thermodynamic Laboratory, University of Liège Belgium, Campus du Sart Tilman, Bât: B49 – P33, B-4000 Liège, Belgium
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a b s t r a c t

This article presents the results of an experimental study performed to develop a compu-

tational model of cooling ceiling systems. The model considers the cooling ceiling as a fin.

Only the dry regime is considered. From ceiling and room dimensions, material description

of the cooling ceiling and measurement of supply water mass flow rate and air and water

temperatures, the model calculates the cooling ceiling capacity, ceiling surface average

temperature and water exhaust temperature. Fin efficiency, mixed convection close to the

cooling ceiling (generated by the ventilation system) and panel perforations influence are

studied. The theoretical approach gives to the user an appropriate tool for preliminary

calculation, design and diagnosis in commissioning processes in order to determine the

main operating conditions of the system in cooling mode. A series of experimental results

got on four types of cooling ceilings are used in order to validate the model.

ª 2009 Elsevier Ltd and IIR. All rights reserved.
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1. Introduction

Cooling ceilings systems have been used for many years in

commercial applications, with a high percentage of sensible

heat removed and low energy consumption. While the

primary air distribution is used to fulfill the ventilation

requirements, the secondary water distribution system

provides thermal conditioning to the building. According to
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Conroy and Mumma (2005), cooling ceiling systems signifi-

cantly reduce the amount of air transported through the

building (often only about 20% of the normal all-air system air

flow rates). This results in the reduction of the fan size, energy

consumption and ductwork cross-sectional dimensions

(Feustel and Stetiu, 1995).

Due to the large surface available for heat exchange, the

water temperature is only slightly lower than the room

temperature; this small difference allows the use of either

heat pump with very high coefficient of performance, or

alternative cooling sources. Some problems as water piping in

ceiling directly above the workplace, with attendant fears of

possible leakage, condensation, unpleasant coldness, etc.

have generally given way to a high level of acceptance.

Today, there is an increasing interest to extend the range of

application to heating, in order to save on investment costs on

one hand, and on the other one to avoid the use of static

heaters under or in front of glass facades, which are often

undesirable for architectural reasons. However, it is important

to remark, that the commissioning process is especially

important in this system to detection and diagnosis of

a possible malfunction of the system.

This article summarizes an experimental investigation and

the modeling of two cooling ceiling systems with four

different configurations.

2. Experimental description

The system is studied here in two constructive versions, used

in one and three configurations respectively: copper tube and

synthetic capillary tube mats (Fig. 1).

The first constructive version consists of a ceiling in

which the copper cooling coils are in direct contact with

a smooth perforated metallic surface. The pipe-radiant

panel contact must be established in such a way to get

a minimum thermal contact resistance; a perforated plate

assures suitable convective flow to improve its

performance.

The second constructive version uses cooling mats

consisting of numerous thin capillary tubes (Di ¼ 2.3 mm)

made in polyethylene and mounted in parallel. The

distance between the individual small tubes through which

chilled water flows is small enough to ensure that

a homogeneous temperature is produced on the bottom

side of the ceiling. The cooling mats in this system can be

incorporated into the ceiling in three configurations: placed

on top of the metal ceiling panels with a layer of mineral

wool installed above, embedded into a ceiling plaster layer,

or stretched between insulation and gypsum plasterboard

(Fig. 2).

Nomenclature

A area, [m2]

AU heat transfer coefficient, W K�1

C factor, [–]

c specific heat, [J kg�1 K�1]

D diameter [m]

h superficial (convection and/or radiation) heat

transfer coefficient, [W m�2 K�1]

k thermal conductivity[W m�1 K�1]

L length [m]
_M mass flow rate, [kg s�1]

N number [–]

NTU number of transfer units, [–]

P pressure or perimeter, [Pa] or [m]
_Q heat flow, [W]
_Q
0

heat flow per unit length, [W m�1]
_q heat flow density, [W m�2]

R
0

thermal resistance per unit length, [K m W�1]

t temperature, [�C]

U overall heat transfer coefficient, [W m�2 K�1]

w distance between tubes[m]

Dimensionless numbers

Nus Nusselt number, [–]

Pr Prandtl number, [–]

Ra Rayleigh number, [–]

ReD,L Reynolds number, [–]

Greek symbols

3 effectiveness or emissivity, [–]

d thickness, [m]

r density or ceiling panel porosity factor, [kg m�3]

or [–]
_DT temperature difference, [K]

q error function, [–]

m dynamic viscosity, [Pa. s]

Subscripts

a air

b distance between tube axis and ceiling surface

c characteristic or cross-sectional

cc cooling ceiling

comb combined forced an natural convection

conv convective

e external

ex exhaust

exp experimental

f fictitious, fin

i internal

meas measured

mr mean radiant

p panel or panels blocks connected in parallel

rad radiative

res resultant

su supply

s panels connected in series or surface

sim simulated

t tube

w water

x fin distance

0 fin base
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The main characteristics of cooling ceilings tested are

presented in Table 1.

In this study and for the copper tube cooling ceiling system,

the test chamber has been adapted in a way to reproduce as

well as possible the characteristics of a real office room. Ten

base-type tests are performed with the objective of observing

the influences of mass flow rate, supply water temperature,

ventilation mode and thermal load distribution on the cooling

ceiling capacity and on the comfort conditions. The climatic

chamber used is 3.1 m in height, 3.6 m in wide and 6 m in

length, with the cooling ceiling located at 2.7 m above the

floor. The chamber is connected through its ‘‘façade’’ to

Fig. 1 – Copper tube and synthetic capillary mats cooling ceilings.

Fig. 2 – Capillary tube mats configurations and radiant surfaces.
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a space to simulating the outdoor environment. It is also

surrounded by other controlled spaces in order to avoid any

ambient perturbation (Fig. 3 In order to simulate the external

thermal load, the ‘‘outdoor’’ space is heated until producing

the required load inside the chamber.

Measurements are performed according to ANSI/ASHRAE,

1991 and ANSI/ASHRAE, 1992). The method used here for

uncertainty analysis is based on the ASHRAE Guideline 2-2005;

instrumental accuracies are given for a confidence level of 95%.

Table 2 gives the combined uncertainties (device and data

acquisition system). For the temperatures, two sources of

uncertainty are considered: one coming from the thermo-

couple tolerance (�0.5 K) and the other coming from the data

acquisition system (�0.3 K). This gives an overall absolute

uncertainty of �0.6 K (the relative uncertainty is smaller). The

air flow rate is measured according to international standard

ISO 5167 (1991). The corresponding cooling effect of the air

discharged into the chamber is evaluated with an uncertainty

of �3.5%. The AU experimental value is evaluated with an

uncertainty of �5.3%.

For capillary tube mats cooling ceilings, three different

radiant surfaces (Fig. 2) are tested in the same test room,

according to the standard DIN 4715-1 (1993) (Fig. 4). The main

goal of this kind of test is to calculate the cooling ceiling

capacity in order to compare differents cooling ceiling

configurations. Therefore, a homogeneous load distribution is

considered without influence of the ventilation system and of

the facade (C. Kochendörfer, 1996).

For this kind of test, the cooling power is measured with an

uncertainty of �3%. Water temperature difference and globe

temperature are measured with PT100 sensors with a devia-

tion lower than �0.02 K and �0.04 K respectively. The mass

flow rate is measured with a magnetic inductive volumetric

flow meter with uncertainty of �0.5% (FTZ, 2002, 2003), (HLK,

1995).

3. Experimental results and analysis

From the thermal balances of the test chamber, the AU value

of the copper tube cooling ceiling is calculated as function of

the water flow rate _Mw (varying from 0.0397 kg/s to 0.103 kg/s)

and of the log mean temperature difference DT;Ln;center (varying

from 7.63 K to 9.95 K) (Eq. (1)–(3)). The resultant temperature

used as reference is measured at the center of the chamber at

75 cm from the floor.

Table 1 – Main characteristic of the tested cooling ceilings.

Characteristic Copper ‘‘U’’ mats ‘‘S’’ mats ‘‘G’’ mats

Radiant surface On top of a steel plate,

thickness 0.8 mm

On top of a steel plate,

thickness 0.8 mm

Embedded in plaster,

thickness 26 mm

On top of gypsum

plasterboard,

thickness 10 mm

Lp: panel length 1.15 m 1.37 m 3.5 m 3.7 m

Wp: panel width 1.25 m 0.617 m 0.87 m 0.23 m

wt: tube separation 100 mm 10 mm 15 mm 10 mm

Panel surface: 1.44 m2 0.845 m2 3.06 m2 0.85 m2

Perforated area (r) 21% 16% – –

Ns: panels in series 4 1 1 2

Np: panels in parallel 2 12 4 6

Upward insulation: 30 mm mineral wool 20 mm mineral wool – 30 mm mineral wool

Tube-radiant surface

union system

Aluminum

interconnection profile

Directly placed on

top of the plate

Attached below and

then plastered in.

Directly placed on top of

the board

De 13 mm 3.4 mm 3.4 mm 3.4 mm

Di 12.5 mm 2.3 mm 2.3 mm 2.3 mm

Fig. 3 – Copper tube cooling ceiling test chamber.
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AUcenter ¼
_Q

DT;Ln;center
½W=K� (1)

_Q ¼ _Mw$cpw$ðtw;su � tw;exÞ ½W� (2)

DT;Ln;center ¼
����� ðtw;su � tw;exÞ
ln½tw;su�tres;room;center

tw;ex�tres;room;center

i
����� ½K� (3)

In nominal conditions, an average of 76.7% of the room

thermal loads is extracted by the cooling ceiling and 23.3% by

the ventilation system. The average heat gains from the

ceiling void and from the façade correspond to 10.2% and

38.5% of the total thermal load respectively. The residual of

this thermal balance is �2% of the cooling ceiling capacity. In

the experimental domain considered, it is observed that the

influence of the three parameters ð _Mw; DT;LnÞ on AU is negli-

gible. An AUcenter average value of 106.4 W/K is observed

(Table 3). However, this value is significantly affected by the

choice of the indoor reference temperature as shown in Table

3: the AU value is reduced when choosing a reference

temperature nearer to the frontage. This decrease is reaching

10% when using as reference the globe temperature at 0.5 m

from the frontage.

It is observed also that, except for the back side of the

chamber, close to the floor, the air velocity into the occupancy

zone is always lower than 20 cm/s. This value fulfills the

recommended levels of thermal comfort (ASHRAE, 2005;

Behne, 1996; Kulpmann, 1993).

3.1. Mathematical model description

3.1.1. Copper tube cooling ceiling modeling
An individual element can be defined as shown in Fig. 5.

Considering the symmetry between tubes, the applicable

boundary conditions are:

1) No heat flow in the fin representing the ceiling at midway

between the tubes

2) Ceiling fin base temperature (tcc0) corresponding to the fin

temperature immediately below the tube.

On the axial orientation, a nominal tube length of Ltp has to

be chosen.

The cooling ceiling model is characterized by the inputs,

outputs and parameters shown in Fig. 6.

The following basic assumptions are used in the simula-

tion model:

� Uniform air temperature and humidity inside the room

� Steady-state, one-dimension heat transfer

� Mechanical ventilation in the space above the ceiling

� Transition or turbulent flow inside the tubes (design

condition).

Heat flow definitions
According to Fig. 5, the total water enthalpy flow rate per unit

of length corresponds to the addition of the total thermal

energy extracted by the cooling ceiling panel _Q
0

CC with the heat

gain through the tube external surface from the ceiling cavity
_Q
0

t;cavity:

_Q
0

total ¼ _Q
0

CC þ _Q
0

t;cavity (4)

with:

_Q
0

total ¼
tw;ave � tt

R0w þ R0t
(5)

And with

tw;average ¼
tw;su þ tw;ex

2
½�C� (6)

The total heat flow extracted by the cooling ceiling panel
_Q
0

CC corresponds to the sum of the heat flows (convection þ
radiation) coming from the ceiling cavity _Q

0

CC;cavity and from the

room _Q
0

CC;room according to:

Table 2 – Measuring uncertainties.

Variable Measurement range Uncertainty

Temperature differentials DTw 2–5 K �0.25 K

DTa 10 K �0.25 K

Flows _Mw 0.0397 kg/s–0.103 kg/s �0.1% of the measured value
_Ma 96–105 m3/h �3.5% of the measured value

Electrical powers _Wf 290–500 W �1% of the measured value
_Win;loads 750–1060 W �1% of the measured value

Fig. 4 – Lateral view of test chamber according to DIN 4715-1.
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_Q
0

CC ¼ _Q
0

CC;room þ _Q
0

CC;cavity (7)

The cooling ceiling average temperature is one of the

outputs of the model; it can be calculated with reference to the

fin effectiveness (Eq. (8)) (Fig. 7).

tw;average ¼ ta;cc � 3fin$ðta;cc � tcc;0Þ ½�C� (8)

The air temperature close to the cooling ceiling surface (ta,cc)

is defined as a weighted average of ta,cavity and ta,room; the

weighting factors are the heat transfer coefficients:

ta;cc ¼
hcc;room$ta;room þ hcc;cavity$ta;cavity

hcc;room þ hcc;cavity
½�C� (9)

The cooling ceiling heat transfer coefficient can be defined as:

hcc ¼ hcc;room þ hcc;cavity

�
W=m2K

�
(10)

The temperature distribution along a one-dimensional fin is

described by the following equation:

d2tcc

dx2
¼ hccP

Ackcc

�
tccaverage � ta;cc

�
(11)

Where P is the fin perimeter and Ac is the cross-sectional area

of the fin (Fig. 8).

The solution of this equation gives the following expres-

sion for the fin temperature in a section ‘‘x’’:

tcc;x � ta;cc

tcc;0 � ta;cc
¼ cos hðm� ðLc � xÞÞ

cos hðm� LcÞ
(12)

with:

m2 ¼ hcc �
P

Ac � kcc
(13)

and

Lc ¼
wt � De

2
½m� (14)

The thermal conductivity of the cooling ceiling panel is (kcc)

is considered as a model parameter. The effectiveness of this

equivalent fin can be defined by Eq. (15).

efin ¼
Mf � tanhðm � LcÞ

hCC �Af
(15)

Where Af is the surface area of the fin (Fig. 8) and:

Mf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hcc � P� kcc �Ac

p
(16)

In the current technical literature, the perforations effect is

not considered (ASHRAE, 2004; Kilkis, 1995; Udagawa, 1998;

Miriel et al., 2002; Jeon and Mumma, 2004). In this modeling,

a simplified approach is used; it is based on the definition of

a fin porosity factor r. The following effects are considered:

environmental heat transfer area, heat conduction inside fin

and surface temperature.

The fin geometry can be redefined as:

Table 3 – AU calculated values using reference temperatures at the center, 1 m and 0.5 m from the façade.

Test tw,su

[�C]
tw,ex

[�C]
tres,center

[�C]
tres,1m

[�C]
tres,0.5m

[�C]

_Mw [kg/s] AUcenter

[W/K]
AU1m

[W/K]
AU0.5m

[W/K]

2705b 12.05 15.87 23.9 24.65 24.77 0.0656 107.0 99.28 98.15

2805a 14.04 17.66 25.1 25.97 26.1 0.0638 105.4 96.59 95.34

0206b 14.88 17.03 24.5 25.32 24.77 0.103 109.5 99.45 105.7

0306a 14.89 17.26 24.1 24.93 25.25 0.0856 107.2 96.5 93.1

0306d 14.82 18.7 25 26.04 26.35 0.0519 106.8 94 90.86

0406a 15.68 19.44 25.6 26.62 26.85 0.0532 105.9 93.81 91.42

0506b 14.03 18.87 26.6 27.28 27.28 0.0526 107.1 94.69 100.1

1006a 14.66 19.51 25 25.91 26.21 0.0397 105.7 93.76 90.52

1206b1 14.64 19.41 25.1 25.88 26.46 0.0405 103.8 93.66 87.63

1206c3 14.38 19.4 25 25.85 26.49 0.0394 105.6 94.96 88.31

Fig. 5 – Individual copper tube cooling ceiling element and its equivalent thermal circuit.
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P ¼ 2$

�
dcc

Lt;p
þ 1

	
$ð1þ rÞ ½ � � ðPer unit of lengthÞ (17)

Ac ¼ dc$ð1� rÞ ½m� ðPer unit of lengthÞ (18)

Af ¼ P$Lc$ð1� rÞ ½m� ðPer unit of lengthÞ (19)

The heat gain from ceiling void through the insulation

(Fig. 5) can be expressed as a function of the air void temper-

ature (taken as an input in this model) and the void thermal

resistance (combination of conduction and convection

through the insulation).

Thermal resistance definitions

Water to internal tube surface ðR0wÞ.

R0w ¼
1

Aw$hw
½Km=W� (20)

The order of magnitude for ReD with the conditions used for

experimental validation of the model is 2168 w 5743 for the

copper tubes (and 4108 w 12 214 for the capillary tubes which

will be considered later). The Gnielinski equation (Eq. (21)) can

be used for forced convection inside tubes in transition or

turbulent flow (Celata et al., 2007).

Nusw ¼
fr

8
ðRe� 1000Þ$Prw

1þ 12:7jfr8j
1=2

$
�
Pr2=3

w � 1
� ½ � � (21)

With

fr ¼ ð1:82$logðReÞ � 1:64Þ�2 ½ � � (22)

Re ¼ 4$
_Mw=Np

p$Di$mw

½ � � (23)

Tube shell ðR0tÞ.

R0t ¼
ln

����De

Di

����
2$p$kt

½Km=W� (24)

Cooling ceiling thermal contact resistance ðR0t;ccÞ. Thermal

resistance between tube and ceiling plate is divided into 3

parts (Fig. 5): contact resistance between tube external surface

and interconnection profile (R0s1 bond contact gap1), conduc-

tive resistance through the interconnection profile ðR0s2Þ and

contact resistance between interconnection profile and ceiling

plate (R0s3 bond contact gap2).

The total resistance is:

Fig. 6 – Definition of the cooling ceiling model inputs outputs and parameters.

Fig. 7 – Heat transfer and temperature definition on an

individual ceiling element as a fin. Fig. 8 – Individual ceiling element as a fin.
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R0t;cc ¼ R0s1 þ R0s2 þ R0s3 ½Km=W� (25)

with:

R0s1 ¼
ln
���Deþ2$ds1

De

���
p$ks1

½Km=W� (26)

Where ds1 is the bond thickness gap; this parameter is

experimentally identified.

As the cross section shape and geometry of the intercon-

nection profiles are difficult to evaluate, a fictitious rectan-

gular cross section is defined for the modeling, with base As2

(contact surface) and thickness ds2 (see Fig. 9):

R0s2 ¼
ds2

As2$ks2
½Km=W� (27)

The net effect of these simplifications on R0s2 calculation is

relatively small, considering the high thermal conductivity of

the interconnection profile (usually made in aluminum).

For R0s3, the same methodology is used, but in this case, it is

assumed that:

R0s3 ¼
ds3

As3$ks3
½K�m=W� (28)

where: ds3 ¼ ds1 and As3 ¼ ds2.

Ceiling plate thermal resistances (as a fin) ðR0ccÞ.

R0cc;cavity ¼
1

hcc;cavity$Acc;cavity
½K�m=W� (29)

R0cc;room ¼
1

hcc;room$Acc;room
½K�m=W� (30)

Acc,cavity and Acc,room are the ceiling element surfaces in

contact with the air ceiling cavity and room respectively.

A similar approach is used to define the thermal resistance of

the tube surface into the ceiling cavity.

Heat transfer coefficient definitions

Ceiling panel to the room (hcc,room). Both convection and radi-

ation have to be considered:

hcc;room ¼ hcc;room;conv þ hcc;room;rad

�
W=m2K

�
(31)

Room-ceiling convection (hcc,room,conv). For the studied element:

hcc;room;conv ¼
ka

Lc;cc
Nucc;room

�
W=m2K

�
(32)

According to what is recommended in ASHRAE System and

Equipment Handbook (2004) the following natural convection

law (McAdams, 1954) can be used here:

Nuscc;room ¼ Ch;cc;room$Ra1=n
cc;room ½ � � (33)

For pure free convection in a cooled plate facing downwards

the coefficient Ch,cc,room [ 0.54 and n¼ 4 (for 104	 Ra	 107) or

Ch,cc,room [ 0.15 and n ¼ 3 (for 107 	 Ra 	 1011) (Incropera and

DeWitt, 1996).

However, among others to make sure that the cooling

ceiling system is operates only in dry regime, moisture has

usually to be removed from the room through a mechanical

ventilation system which generate some air movement.

Because the convective heat transfer is enhanced by both

air movement and perforations effects, the use of the natural

convection heat transfer coefficient is inappropriate for

a mechanically ventilated room. Therefore Ch,cc,room is

considered here as a model parameter to be identified on the

basis of experimental tests.

The convective heat transfer coefficient of the copper tube

cooling ceiling tested is currently found in the range of 5.9 w

6.5 W/m2K with Ra z 3 � 108 and Ch,cc,room ¼ 0.286. This

actually corresponds to a very strong enhancement by venti-

lation and perforations effect.

Room-ceiling radiation (hcc,room,rad). In order to analyze the

internal radiant exchanges, each surface of the enclosure

can be characterized by its uniform radiosity and irradia-

tion. The net radiative heat flux of the ceiling surface can

be evaluated by Eqs. (34) and (35) from radiosities (Ji),

emissivities (ei), areas (Ai), view factors (Fi,j) and black body

emissive powers (Ebi) (Incropera and DeWitt, 1996):

Fig. 9 – Interconnection profile modeling assumption.

Table 4 – Experimental and calculated values for copper tube cooling ceiling.

AU
[W/K]

AUexp

[W/K]
ErrorAU

[W/K]
DT,Ln

[K]
DT,Ln,exp

[K]
tw,ex,exp

[�C]
tw,ex

[�C]

_M
[kg/s]

ta,void

[�C]
tres,room

[�C]
ta,room

[�C]
tcc,ave

[�C]
tw,su

[�C]

107.5 107 �0.479 9.807 9.78 15.87 15.89 0.0656 22.9 23.9 23.8 16.13 12.05

106.4 105.4 �0.961 9.123 9.17 17.66 17.67 0.0638 24.17 25.1 25.1 17.86 14.04

109 109.5 0.458 8.5 8.47 17.03 17.03 0.103 23.97 24.5 24.4 17.79 14.88

107.2 107.2 0.0044 7.96 7.93 17.26 17.27 0.0856 23.38 24.1 24 17.78 14.89

106.9 106.8 �0.105 8.041 8.02 18.7 18.78 0.0519 24.24 25 24.9 18.59 14.82

105.7 105.9 0.208 7.896 7.91 19.44 19.43 0.0532 25.01 25.6 25.5 19.28 15.68

107.2 107.1 �0.144 9.951 9.95 18.87 18.88 0.0526 24.88 26.6 26.7 18.74 14.03

105.3 105.7 0.409 7.66 7.63 19.51 19.51 0.0397 23.97 25 24.9 18.84 14.66

103.5 103.8 0.291 7.829 7.79 19.41 19.42 0.0405 23.9 25.1 25 18.78 14.64

105.9 105.6 �0.330 7.837 7.84 19.4 19.41 0.0394 24.18 25 25 18.73 14.38

i n t e r n a t i o n a l j o u r n a l o f r e f r i g e r a t i o n 3 3 ( 2 0 1 0 ) 7 9 3 – 8 0 5800
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_Qrad;i ¼
XN

j¼1

Ai:Fi;j

�
Ji � Jj

�
(34)

Eb;i � Ji
1�ei
ei :Ai

¼
XN

j¼1

Ai:Fi;j

�
Ji � Jj

�
(35)

The net radiant heat flux at the ceiling surface can be

determined by solving the unknown Ji. This method supposes

that the (supposed-to-be uniform) surface temperatures are

known. But surface temperature measuring uncertainties

(walls and gazing) could be significant (Fissore and Fonseca,

2007). This is a typical difficulty in the commissioning process.

Several methods have been developed to simplify this

calculation. In the ‘‘mean radiant temperature’’ method

(MRT), the thermal radiation interchange inside an indoor

space is modeled by assuming that the surfaces radiate to

a fictitious, finite surface that gives about the same heat flux

as the real multi-surface case (Walton, 1980).

When the surface emittances of the enclosure are

nearly equal, the fictitious temperature become the area-

weighted average uncooled temperature (AUST) widely

used at the related literature (Kilkis, 1995; Jeong and

Mumma, 2004; ASHRAE System and Equipment, 2004). In

this work however, the fictitious temperature considered is

the mean radiant temperature. The MRT equation may be

written as:

_Qcc;room;rad ¼ Acc;effec � s� Fr;room�
�
tcc;average þ 273:15

�4�ðtmr;room þ 273:15Þ4
�
½W� (36)

The mean radiant temperature of the room uncooled

surfaces (tmr,room) can be calculated by correcting the mean

radiant temperature of the room as the cooled ceiling ‘‘sees’’

an environment which excludes its own influence (Terno-

veanu et al., 1999):

tmr;room ¼
�
2$tres;room � ta;room �

Acc;s

Aroom;f;s
� tcc;average

	

� 1

1� Acc;s

Aroom;f;s

½�C� (37)

Eq. (37) is applicable only if: rtmr,room � ta,roomr < 4 K (Kulp-

mann, 1993).

The radiation exchange factor (Fr,room) for any two diffuse,

gray surfaces that form an enclosure can be expressed by

Eq. (38) (Incropera and DeWitt, 1996):

Fr;room ¼
1

1
Fcc;f
þ 1

3cc
� 1þ Acc;s

Aroom;f;s
�
�

1
3f;room

� 1

	 ½ � � (38)

where:

Fcc,f: radiation view factor from ceiling to a room fictitious

surface giving an equivalent heat transfer, as in the real multi-

surface case (1.0 for flat ceiling ASHRAE, 2004).

Acc,s, Aroom,f,s: area of cooling ceiling and fictitious room

surface (other than the ceiling). 3cc, and 3f,room : emissivities of

the ceiling (model parameter) and of the fictitious surface (0.98

(ASHRAE Handbook, 2005)).

The radiation heat transfer coefficient can be expressed

finally as follows:

hcc;room;rad ¼ s� Fr;room

�
�
tcc;average þ 273:15

�4�ðtmr;room þ 273:15Þ4

tcc;average � tmr;room

�
W=m2K

�
ð39Þ

The current order of magnitude found for hc,room,rad using

this methodology is 5.25 W/m2K.

A similar method is used to calculate the heat transfer

coefficient between the ceiling and the cavity.

In the case considered, a difference of the order of 4% is

found between the results obtained with detailed and

simplified methods.

Global heat transfer characteristics
In order to develop an experimental validation of the model,

the AU value and water exhaust temperature are calculated by

using the 3-NTU method:
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Fig. 10 – Simulated versus measured exhaust water

temperature.

Table 5 – Cooper tubes cooling ceiling model errors.

Variable Average error Standard deviation Minimal deviation Maximal deviation Confidence limits

AU 0.24 W/K 1.5 W/K �1.53 W/K 3.23 W/K 1.16 W/K

�0.69 W/K

tw,ex �0.01 K 0.03 K �0.06 K 0.05 0.008 K

�0.03 K

i n t e r n a t i o n a l j o u r n a l o f r e f r i g e r a t i o n 3 3 ( 2 0 1 0 ) 7 9 3 – 8 0 5 801
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AU ¼
j _Qsystemj

DT;Ln
½W=K� (40)

The total heat flow transferred to the water is calculated as

follows:

_Qsystem ¼ _Q
0
total$Ltp$

Wp$Np$Ns

wt
½W� (41)

_Qsystem ¼ 3$ _Mw$cpw$ðtw;su � tres;roomÞ ½W� (42)

3 ¼ 1� expð�NTUÞ ½ � � (43)

NTU ¼ AU
_Cw

½ � � (44)

_Cw ¼ _Mw$cpw: ½W=K� (45)

Validation process
The AU experimental values (based on the resultant temper-

ature tres,room measured at the center of the room) are pre-

sented in Table 4.

The model parameters are identified with the help of the

software EES (Klein and Alvarado, 2001), by minimization of

the error function q, which depends on the relative errors of

Fig. 11 – Tube mats on top of the metal ceiling panels.

Fig. 12 – Tube mats embedded into the ceiling plaster.

i n t e r n a t i o n a l j o u r n a l o f r e f r i g e r a t i o n 3 3 ( 2 0 1 0 ) 7 9 3 – 8 0 5802
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the following variables: heat transfer coefficients and water

exhaust temperatures. This function is defined as follows:

q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xm

j¼1

Xn

i¼1

�
Vj;i;sim � Vj;i;meas

Vj;i;meas

2

½ � �

vuut (46)

where Vj is the variable ‘‘j’’, m is the number of variables

considered for the minimization and n is the number of tests.

After minimization of the function q, the following

parameters are identified:

ds1 ¼ 0.41 mm (bond thickness gap)

Lc,cc ¼ 0.41 m (Cooling ceiling characteristic length)

3cc ¼ 0.90 (Cooling ceiling thermal emissivity)

kcc¼ 52 W/m�K (Cooling Ceiling panel thermal conductivity).

The model results for these conditions are also shown in

Fig. 10 and Table 4.

Fig. 10 shows the comparison between measured and

simulated exhaust water temperatures.

The model error is here defined with a method similar to

that recommended by the ASHRAE Guideline 2 (2005) for

experimental data analysis. Average error and standard

deviation are defined as follows:

3 ¼ 1
n

Xn

i¼1

�
Vi;meas � Vi;sim

�
¼ 1

n

Xn

i¼1

ð3iÞ s ¼
"

1
n

Xn

i¼1

ð3i � 3iÞ2
#0;5

(47)

Where Vi,meas is the measured variable and Vi,sim is the

simulated one. The model errors are presented in Table 5. The

confidence limits are defined by the following equation:

3� Zsffiffiffi
n
p (48)

with a coefficient Z ¼ 1.96 for a probability of 95%.

A good agreement is observed between simulated and

measured values.

It is also important to observe that, for this type of cooling

ceiling, the values obtained for the heat transfer coefficient

(forced convection in tubes with diameters 10 mm, hw ¼ 1513

W/m2K) are much bigger than on air side (hcc,room ¼ 11.5 W/

m2K). This explains that the AU values presented in Table 4

don’t vary very much as function of the mass flow rate.

3.1.2. Synthetic capillary tube mats cooling ceiling
The main geometric characteristics of this configuration are

summarized in Table 1. An individual element and its equiv-

alent thermal circuit for each tested configuration are shown

in Figs. 11–13.

Fig. 13 – Tube mats on top of the gypsum plasterboards.

Table 6 – Experimental and calculated values for synthetic capillary tube mats.

Mats AU
[W/K]

AUexp

[W/K]
ErrorAU

[W/K]
DT,Ln,exp

[K]
DT,Ln

[K]
tw,ex,exp

[�C]
tw,ex

[�C]

_M
[kg/s]

_qexp

[W/m2]
tw,su

[�C]
ta,room

[�C]
ta,void

[�C]
tres,room

[�C]
tcc,average

[�C]

U 84.63 84.43 �0.198 6.251 6.25 20.67 20.67 0.1054 52.2 19.47 27.01 22.3 26.34 21.42

87.61 87.7 0.0832 9.087 9.08 17.82 17.82 0.1053 78.8 16.01 26.85 20.57 26.03 18.95

90.14 90.2 0.0606 11.77 11.7 16.14 16.14 0.1057 105 13.74 27.7 20.04 26.75 17.64

S 100.4 100.8 0.3874 12.32 12.3 14.78 14.78 0.1088 101.9 12.07 26.2 16.7 25.79 15.43

96.93 96.83 �0.101 10.01 10.0 16.8 16.81 0.1069 79.6 14.68 26.1 18.1 25.79 17.31

94.47 95.76 �0.701 7.911 7.91 18.68 18.69 0.1091 62.2 17.02 26.1 19.9 25.79 19.09

G 65.34 64.85 �0.494 6.724 6.72 19.96 19.97 0.0804 42.7 18.67 26.32 22.68 26.06 21.13

66.55 66.65 0.0961 9.086 9.08 17.85 17.85 0.0807 59.3 16.06 26.34 21.6 26.07 19.44

68.1 68.55 0.4422 12.13 12.1 15.72 15.72 0.079 81.4 13.22 27.09 21.08 26.64 17.86

i n t e r n a t i o n a l j o u r n a l o f r e f r i g e r a t i o n 3 3 ( 2 0 1 0 ) 7 9 3 – 8 0 5 803
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Model description
Almost the same model as the copper cooling ceiling is used,

with the following changes only:

– For tube mats on top of the metal panels (Fig. 11), the

thermal resistance between the tubes and ceiling plate

ðR0t;ccÞ is reduced to a fictitious thermal resistance ðR0s1Þ
through a reduced air layer of thickness ds1, which is

a model parameter to identify on the basis of experi-

mental results.

– For tube mats embedded into the ceiling plaster (Fig. 12),

a two-dimensional steady-state conduction heat transfer

is considered (according to Rao and Rahmman, 2006;

Tadeu and Simoes, 2005; Miriel et al., 2002; Antonopoulos

et al., 1997 the time reaction of this kind of cooling ceiling

is less than 15 min). The thermal resistance between the

tubes and ceiling surface ðR0s1Þ is defined by reference to

a horizontal circular cylinder of characteristic length Ltp,

midway between parallel planes:

R0s1 ¼
lnj8$ b

p$De

���
2$p$ks1

½Km=W� (49)

Where b value is the distance between tube axis and ceiling

surface. This term is a model parameter which must be

experimentally identified.

– For tube mats on top of the gypsum plasterboards (Fig. 13)

there is no air circulation between room and ceiling cavity.

Validation process
The AU experimental value can be calculated as:

AUexp ¼ Acc;effect$Uexp ½W=K� (50)

Uexp ¼ _qexp=DT;Ln;exp

�
W=m2K

�
(51)

For the tested mats configurations, the cooling ceiling

thermal power _qexp in W/m2 is obtained from experimental

results according to DIN 4715-1, with constant water mass

flow rate and 3 levels of water supply temperature (laboratory

reports: FTZ, 2002, 2003 and HLK Stuttgart University, 1995).

The experimental log mean temperature difference is also

calculated by Eq. (3). The results are shown in Table 6.

Fig. 14 shows the comparison between measured and

simulated results of exhaust water temperature.

It is important to consider that for capillary mats cooling

ceilings, the experimental tests were performed without

ventilation, according to DIN 4715-1 test condition, therefore,

Ch,cc,room ¼ 0.15 and Ch,cc,cavity ¼ 0.27 (for Ra ¼ 2.5 � 107). After

minimization of the error, the model parameters are: For ‘‘U’’

mats configuration ds1 ¼ 0.28 mm, for ‘‘S’’ mats b ¼ 11.9 mm

and for ‘‘G’’ mats ds1 ¼ 0.36 mm. The model results for these

conditions are shown in Table 6.

The model errors are presented in Table 7. A very good

agreement is observed between simulated and measured

values. It is important to observe that for the capillary tube

mats cooling ceiling, the heat transfer coefficients (forced

convection in tubes with diameters of 2.3 mm, hw ¼ 9341 W/

m2K) are much bigger on water side than on air side (hcc,room

¼ 8.8 W/m2K). This makes that, in this case also (and even

more), the water flow rate influence on AU value is negligible.

But the pressure drop is also important in this case. This

makes that pumping energy consumption is no more negli-

gible and can significantly affect the global COP of the cooling

system.
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Fig. 14 – Simulated versus measured exhaust water

temperature for capillary tube mats cooling ceilings.

Table 7 – Cooper tubes cooling ceiling model errors.

Mats Variable Average error Standard deviation Minimal deviation Maximal deviation Confidence limits

U AU �0.018 W/K 0.15 W/K �0.2 W/K 0.08 W/K 0.15 W/K

�0.19 W/K

tw,ex 0.003 K 0.001 K 0.001 K 0.004 K 0.005 K

0.001 K

S AU �0.14 W/K 0.54 W/K �0.7 W/K 0.38 W/K 0.47 W/K

�0.75 W/K

tw,ex �0.007 K 0.002 K �0.009 K �0.005 K �0.005 K

�0.009 K

G AU �0.015 W/K 0.47 W/K �0.5 W/K 0.44 W/K 0.51 W/K

�0.54 W/K

tw,ex �0.003 K 0.009 K �0.001 K 0.003 K 0.007 K

�0.013 K

i n t e r n a t i o n a l j o u r n a l o f r e f r i g e r a t i o n 3 3 ( 2 0 1 0 ) 7 9 3 – 8 0 5804
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3.2. Commissioning application

The steady-state model can support a Functional Performance

Test of the system to verify the main cooling ceiling perfor-

mances (and to compare them with data given in As-Built

files). The test consists in measuring the variables defined as

model inputs (including the verification measurements, see

Fig. 6) and in calculating the cooling ceiling capacity, ceiling

surface average temperature and water exhaust temperature.

The experimental data provided by the manufacturer can be

used in order to identify the model parameters (first param-

eter identification).

4. Conclusions

The modeling and experimental validation of four different

cooling ceiling systems are presented here as a part of the

study of the system in cooling mode. A good agreement is

found between simulated and measured values. The results

show that the average difference between simulated and

measured AU value and exhaust water temperature are lower

than �0.15 W/K and �0.01 K respectively.

The theoretical approach gives to the user an appropriate

tool for preliminary calculation, design and diagnosis in

commissioning processes.

The water flow rate has a small influence on cooling ceiling

capacity, but the corresponding pressure drop deserves to be

carefully checked.

The experimental results show that the convection heat

transfer on cooling ceiling surface can be strongly enhanced

by action of the auxiliary ventilation system (normally used

with this kind of systems). The influence of heat sources

distribution and surfaces temperatures inside the room is

considerable. The cooling ceiling must be evaluated together

with its designed environment and not as a separate HVAC

equipment.
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