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ABSTRACT

This study aims to derive design data of the
supply chilled water temperature and water flow
rate for the radiant floor cooling system in
Korean residential buildings. At  first,
prEN-1264 standard and ASHRAE method for
the radiant floor cooling system design were
reviewed. Secondly, to verify application of the
standard, mock-up tests were performed. The
results show that prEN-1264 method is
appropriate in case supply chilled water
temperature is low. By using calculation method
presented in prEN-1264 standard, design data
for Korean residential buildings was derived.
This study would be able to determine the
supply chilled water temperature and water flow
rate in design process.

1 INTRODUCTION

In Korean residential buildings, the packaged
air-conditioner (PAC) has been widely used as a
cooling system. However, because this system
uses CFCs (chlorofluorocarbon), it creates a
negative effect on the environment, also
apparently causes a problem of day-time peak
of electric power demand in summer (Kim,
2000). To reduce problems caused by PAC, a
radiant floor cooling system has been suggested
(Kim, 2002).

Studies on the radiant floor cooling system
have focused on control methods and on the
operation of the system. However, few studies
have been carried out on the design method for
the radiant floor cooling system. Before the
system can be generally applied to residential
buildings, research and data are required for

design of the radiant floor cooling system. In
previous research, verified standards
(prEN-1264, ASHRAE) were used to determine
the chilled water temperature, chilled water
flow rate and to design the floor panel.

Calculation results obtained by using verified
standards are based on the floor panel type
constructed in Europe. Because the European
floor panel type differs from that of the Korean
floor panel type, the design data needs to reflect
the Korean condition. Furthermore, there are
differences between the calculation results using
prEN-1264 and those using ASHRAE. In the
prEN-1264 method the surface emittance,
surface temperature and the altitude above sea
level are not considered in the process of heat
transfer calculation on the surface. The pipe
spacing and the panel thickness do not have a
significant influence on the ASHRAE methods
compared with the prEN-1264 method.

The aim of this paper is to provide quantitative
design data for the supply -chilled water
temperature and the water flow rate while
taking into consideration the type of floor
construction used in Korean apartment
buildings. Firstly, in order to obtain the design
cooling capacity, the supply water temperature
and the water flow rate are determined by using
the calculation method of verified standards.
Mock-up experiments are conducted to compare
the calculation results of the two standards. By
considering the experiment results, calculation
method to derive the design data will be
selected. And then, the design data of the supply
chilled water and the water flow rate for various
floor types was calculated.

2 REVIEW OF PREN-1264 AND ASHRAE

The cooling capacity calculation methods are
presented in prEN-1264: ‘Water based surface
embedded heating and cooling systems part 2,
part 5’ and Ch. 6 Panel Heating and Cooling of
ASHRAE System and Equipment Handbook. If
the cooling capacity and floor construction type
are fixed, the supply chilled water temperature
can be calculated by using two calculation methods.
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Table 1 : Comparison prEN-1264 method and ASHRAE method

prEN-1264

ASHRAE

Room temperature

Operative temperature

Dry bulb temperature, AUST

Calculation of heat transfer on

Overall heat transfer (sum of convective

Convection and radiation is

a surface coefficient and radiative coefficient) is used | separated
Analysis model for 2-dimensional FEM fin model, 1-dimenstional
conduction within panel conduction,
Temperature rise of chilled Logarithmically Linearly
water
The cooling capacity depends on the heat T _T

exchange between the floor surface and the — A7, = ; 1;,
room. Radiation and convection heat transfer In=s_ "R
occur simultaneously on the panel surface. In T, -T,
the prEN-1264 calculation method, the surface
heat transfer coefficient is the sum of the  Where,
radiative heat transfer coefficient and the g : heat flux on the surface, (W/m?)
convective heat transfer coefficient, and the  Ke : equivalent heat transmission coefficient,
coefficient is constant (6.5 W/m® - K). AT . (W/m®K) . . .

. c : cooling medium differential
Conversely, in the ASHRAE method, the temperature, (C)
radiative heat transfer and the convective heat Ts . supply chilled water temperature, (C)
transfer are calculated separately, and the  Tg . return chilled water temperature, (C)
coefficient varies according to the panel surface ~ Ti : operative temperature in a room, (C)
temperature and the room set temperature. A AR, : additional thermal transfer resistance
comparison between the prEN-1264 calculation ' (0.0613 m™K/W)
methods and the ASHRAE methods is shown in ~ &¢ : Elg%resmtance of floor covering,
table 1. Multi dimensional conductive heat — g* : higher thermal _resistance of ~floor
transfer occurs within the floor panel. In order covering (0.15 m*K/W)
to solve the temperature distribution within the Ky pioor equivalent heat transmission coefficient
panel, the FEM is used in the prEN-1264. In the of the same system with the thermal
ASHRAE method, heat transfer within the panel resistance of the covering Re=0 m*K/W
. . . .. obtained from radiant floor heating
is assumed 1-dimensional and the minimum system. (W/m>K)
panel surface temperature is calculated by using K . Foor equivalent heat transmission coefficient

fin efficiency.

The supply chilled water temperature which is
inlet water temperature of the pipe 1is
determined by assuming the temperature
difference between the supply water and the
return water. In the prEN-1264 calculation
method it is assumed that the temperature varies
logarithmically while in the ASHRAE method
the temperature varies linearly.

In the prEN-1264 method, the chilled water
temperature is calculated from the following
equations.

q=K, AT,
K — KH ,Floor
‘ l AR +R (KHFlom _ )
Rc KH ,Floor

of the same system with the thermal
re51stance of the covering R.=0.15
m>K/W obtained from radiant floor
heating system. (W/m*K)

In the ASHRAE method, the following
equation is used for the calculation method.

T, =(q+4q,)PR +T,

Where,

T, : average chilled water temperature, mean of
supply chilled water temperature and return
chilled water temperature, (‘C)

qo - heat ﬂux of back and perimeter heat gains,
(W/m )

P I pipe spacing, (m)

R;  thermal resistance of pipe wall per unit pipe
spacing in a hydronic system, (m-K/W)

Ty  average skin temperature of pipe, (C)
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The average skin temperature of the pipe is
calculated from the following equations.

(T, ~T,)P
I,=T,+————+q(R,+R, +RP)
2Wn+ D,
Where
T, : dry-bulb temperature in a room, ('C)
T, : average panel surface temperature, (‘C)
2W 1 net spacing between pipe, P-Do (m)
Do : outside diameter of pipe, (m)
R, 1 thermal resistance of panel body, (m*-k/W)
R, © thermal resmtance of active panel surface
covers, (m*-k/W)
Ry thermal resistance between pipe and panel
body, (m-k/W)

The fin efficiency is determined from the
following equation.

_ tanh(/W)
w

fel q _ ]1/2
m(T, - T, )Zkixi
i=1

Where,

n : finefficiency

m 2+R./R,

f fin coefficient

n total number of different material layers,
including panel and surface covers

X; - characteristic thickness of each material
layer, (m)

k; : thermal conductivity of each layer (W/m-
K)

The calculation results of the cooling capacity
according to the supply chilled water
temperature are shown in figure 1. The input
data of the prEN-1264 calculation method is the
same as that of the ASHRAE calculation
method. The input data is shown in table 2.
Because the set temperature of the prEN-1264
method is an operative temperature, the dry bulb
temperature and the AUST (area-weighted
ceiling, floor, windows, doors, etc) used for the
set temperature in the ASHRAE method are
transformed to an operative temperature.

When the supply chilled water temperature are
equal, the differences in the cooling capacity

between the calculation results of prEN—1264
and ASHRAE are approximately 10W/m®
Con51der1ng that the cooling load of a typical
room in the mid- ﬂoor of an apartment building
is 50W/m? to 60W/m?, these calculation results
should not be overlooked.

3 INVESTIGATION OF CALCULATION
RESULTS BY  PERFORMING  THE
MOCK-UP EXPERIMENTS

To verify the application of the prEN-1264
method or the ASHRAE method, the
experiments were conducted

3.1 Experiment method
The experiments were carried out in a mock- up

test cell. The cell is equipped with a radiant
heating and cooling system. The floor construction
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Figure 1 : comparison cooling capacity calculated by the

prEN-1264 and the ASHRAE

Table 2 : Calculation input data

Variable Value
Altitude above sea level (m) 0
Emittance of panel surface 0.9
Indoor design temperature ('C) 26
Outdoor design temperature ('C) 31.1
The number of room surfaces exposed 1
outdoor
Panel surface area (m’) 20
Type of floor coverings Linoleum
Thick. of the mortar above the pipe (m) 0.03
Type of pipes XL(D 15)
Thermal resistance below the pipe 113
(m* K/W) '
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Table 3 : Floor construction

Table 4 : Test conditions

Parameters Thickness (m)

Set

: . Chilled -
Linoleum 0.002 Case svlgﬁ' water | Calculation | AT r;;zv
Mortgr 0.05 NO. panel tezgp. method (K) (pm)
XL pipe - (C) ()

Plywood 0.03 1 34.0 13.0 ASHRAE 8.5 0.7
Insulator 02 2 34.0 13.0 | prEN-1264 | 4.0 1.4
Moisturo-nroofine Vil 12 3 | 340 | 140 | ASHRAE | 6.5 | 038

OISHITeprootne VY 4 [ 340 | 140 | prEN-1264 | 2.1 | 2.6
. . . o g 5 34.0 15.0 ASHRAE | 4.5 1.2
1S 51m11ar. to that of a Korean res;denpal bulldlgg. 3 34.0 16.0 ASHRAE | 2.5 %)
The section of floor construction is shown in 7 37.0 13.0 | prEN-1264 | 4.0 14
table 3. To minimize heat transfer from the cell 8 37.0 14.0 ASHRAE | 6.5 0.8
to the outdoors, a 200mm thick insulating 9 37.0 140 | prEN-1264 | 2.1 [ 2.6
material is installed in the ceiling and in the | 10 | 37.0 | 150 | ASHRAE | 45 | 1.2
walls, while the same temperature (26 C) of the 11 37.0 16.0 | ASHRAE | 25 | 22

external space of the cell was maintained by
PAC. To make a sensible cooling load in the
cooling season, a stainless steel wall panel was
installed. Hot water was supplied to the stainless
steel wall panel. The wall panel was maintained
at 34°C for making maximum cooling capacity
(40W/m?), at 37°C for maklng peak load of the
cooling season (60W/m?). Set temperature of
the wall panel to make load was calculated by
splitting radiation and convection on the wall
transfer, the star circuit model was used. To
calculate convective heat transfer, the equation
presented ASHRAE was used.

Chilled water from the chiller was supplied to
the floor panel, and the chilled water
temperature was controlled by a 3 way valve.
The chilled water flow rate was manually
controlled by the valve opening. The
temperature of the supply and return water, and
the surface temperature of the walls, the floor
and the ceiling were measured by T-type
thermocouples.  The  experiments  were
performed until floor panel surface temperature
was in stable condition. The control time step
was 2 minutes taking into account the valve
actuating time.

The chilled water temperature ranges from
13C to 16 C due to the minimum temperature
of the chilled water while the cooling
performance of the high temperature cooling
was verified. The experiment conditions of the
chilled water are shown in table 4.

In the prEN-1264 methodi in order to obtain a
cooling capacity of 40W/m”, the average chilled
water temperature was 15.1°C. The supply
chilled water temperature could therefore not

within the pipe, the water velocity should not
exceed 1.2m/s. The water velocity could be
transformed to the water flow rate by
considering the diameter of the pipe. The water
flow rate should not exceed 14.48lpm when
using an XL pipe (D15). According to the
calculation results, when the chilled water
temperature was 15°C, the water flow rate was
25.26lpm. Therefore, the case where the water
temperature is 15°C was not considered.

3.2 Experiment results and discussions

The results of experiments are shown in table 5.
The cooling capacity 1is calculated by
multiplying the temperature difference of
chilled water by flow rate and the specific heat
of water when the floor surface temperature is
under stable condition. Also, the overall heat
transfer coefficient is calculated by dividing the
cooling capacity by temperature difference
between surface temperature and operative
temperature in the room.

In all cases of the wall panel set temperature is
34°C, the Value of cooling capacity was lower
than 40W/m The cooling capacity of cases
designed by prEN-1264 was close to 40W/m’
than those cases designed ASHRAE. It is
considered that chilled water temperature
differences of ASHRAE cases were too small
compared assumed temperature difference.

In cases of the wall panel set temperature is
377C, the cooling capa01ty of case 7 and case 9
were hlgher than 40W/m” but others were lower
than 40W/m”. In the same way, the chilled water
temperature differences of the ASHRAE cases
were too small. In consequence, if the supply
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Table 5 : Comparison design data and test results

Case S(e)} iflﬁ%)‘ Calculation Flow Wat?ECt?mp' AT(K) Cooling Overall heat
No. panel method fate Design | Test | Design | Test cz&),z/m%y transfer /cog Ecwnt
() (Ipm) data results data results (W/m’) (W/m™K)

1 34.0 ASHRAE 0.7 13.0 13.4 8.5 3.8 18.2 3.1

2 34.0 prEN-1264 | 14 13.0 13.3 4.0 3.0 29.8 53

3 34.0 ASHRAE 0.8 14.0 14.1 6.5 2.4 15.0 2.4

4 34.0 prEN-1264 | 2.6 14.0 14.0 2.1 1.7 31.0 4.8

5 34.0 ASHRAE 1.2 15.0 15.0 4.5 1.9 18.1 3.2

6 34.0 ASHRAE 22 16.0 15.6 2.5 1.4 21.2 3.8

7 37.0 prEN-1264 | 14 13.0 13.1 4.0 4.2 42.2 6.4

8 37.0 ASHRAE 0.8 14.0 14.0 6.5 4.7 28.8 4.6

9 37.0 prEN-1264 | 2.6 14.0 13.7 2.1 3.1 55.6 8.3

10 37.0 ASHRAE 1.2 15.0 14.9 4.5 2.3 20.0 2.9

11 37.0 ASHRAE | 2.2 16.0 15.8 2.5 1.4 23.7 2.8

chilled water temperature is designed 13C or
14°C, it is satisfactory that prEN-1264 methods
are appropriate.

The temperature difference ranges between
2.96K and 4.15K where supply water and 1.37
K and 1.44K where supply water temperature is
1600. According to experimental results, it is
considered to assume temperature difference 2K
to 5K where supply water temperature is 13 C
or 14C, 2K to 3K where supply water
temperature is 15C to 16 C in design process.

4 SUPPPLY CHILLED WATER
TEMPERATURE AND WATER FLOW RATE
TO OBTAIN COOLING CAPACITY

4.1 Determination of floor construction

Various floor construction types will be made
by varying the locations, types and thicknesses
of materials. Also, if the pipe spacing varies,
then the floor construction is also varied. By
considering the most effective parameters for
heat flow density and the floor construction
types for Korean residential buildings, the
representative floor panel type is selected. The
design data according to the representative floor
panel type is then suggested. According to
previous research (Shin, 2008), the pipe spacing
significantly influences the heat flow density,
followed by the thermal resistance of the floor
covering and the heat conductivity of the mortar.
If PB pipe is used, the pipe spacing varies from
150mm to 250mm. Linoleum and woods
covering are mainly used for the floor covering.
The thickness of the mortar, the diameter of the

pipe, the thickness of the pipe and the heat
conductivity of the pipe do not have a
significant influence.

4.2 Supply chilled water temperature and flow
rate according to floor construction type

By using prEN-1264 method, the supply chilled
water and the water flow rate were calculated
for various floor types. The cases designed by
prEN-1264 that the supply chilled water
Temperature is 15 C or 16 T were not
confirmed experimentally. Therefore, the design
data in those cases should be wused by
considering those limitations. The design data is
shown in table 6.

5 CONCLUSION

In this study, the design data of the supply chilled
water temperature and the flow rate for the
radiant floor cooling system in residential
buildings were derived by using calculation
method presented prEN-1264 standard. To
verify application of the standard, experiments
were conducted. The experimental results
showed the calculation results of the prEN-1264
can be used in design process, in case the
temperature of supply chilled water is low
(13C, 147C). If the temperature of supply
chilled water is higher than 15C, calculation
results need to be adjusted.

This study, however, experiments were
conducted under the floor construction was
fixed. If the pipe spacing or the floor covering is
varied, the supply chilled water temperature and
the water flow rate can be vary under the set

- 271 -



Table 6 : Cooling capacity for different pipe spacing, floor coverings, supply chilled water temperature and water flow rate

Supply Pipe spacing (mm
Floor chilled AT 150 180 200 230 250
Coverings water (K) Flow Coolipg Flow Coolipg Flow Coolipg Flow Coolipg Flow Coolipg
temp. rate | capacity | rate | capacity | rate | capacity | rate | capacity | rate | capacity
(©) (pm) | (W/n) | (pm) | (W) | (Ipm) | (W) | (pm) | (W/nr) | (Ipm) | (W/m’)
5 [ 274 4097 | 246 | 3671 | 2.06 | 3503 | 2.18 | 32.67 | 2.09 | 31.19
13 4 | 3.63 | 4337 | 325 | 3887 | 2.73 | 37.09 | 2.89 | 34.58 | 2.76 | 33.02
3 [ 509 | 4567 | 456 | 4093 | 3.83 | 39.06 | 4.06 | 3642 | 3.88 | 34.77
2 | 801 | 4790 | 7.18 | 4292 | 6.02 | 4096 | 6.39 | 38.19 | 6.10 | 36.46
5 [ 246 | 3674 | 2.20 | 3293 1.85 | 3142 | 196 | 2930 | 1.87 | 27.97
Linoleum 14 4 [ 328 | 39.19 | 294 | 3512 | 246 | 33,51 | 261 | 31.25 | 2.49 | 29.83
3 463 | 4152 | 415 | 3721 | 348 | 3551 | 3.69 | 33.11 | 3.52 | 31.61
2 | 732 ] 4376 | 6.56 | 39.22 | 550 | 3742 | 583 | 3490 | 5.57 | 33.31
15 3 [ 416 | 3736 | 373 | 3348 | 3.13 | 3195 | 332 | 29.79 | 3.17 | 28.44
2 | 6.63 | 3962 | 594 | 3551 | 498 | 33.89 | 528 | 31.60 | 5.04 | 30.16
16 3 [ 370 ] 33.19 | 332 | 29.75 | 278 | 2839 | 295 | 2647 | 2.82 | 25.27
2 | 593 | 3548 | 532 | 31.80 | 446 | 3034 | 473 | 2829 | 452 | 27.01
5 [ 220 ] 3289 | 2.00 | 2994 | 1.69 | 28.73 1.81 | 27.01 1.73 | 25.94
13 4 291 | 3482 | 265 | 3170 | 2.24 | 3042 | 239 | 28.60 | 2.30 | 27.46
3 1409 | 3667 | 372 | 3338 | 3.14 | 3203 | 336 | 30.12 | 322 | 28.92
2 | 643 | 3846 | 585 | 3501 | 494 | 3359 | 528 | 31.58 | 5.07 | 31.32
5 [ 197 ] 2950 | 1.80 | 26.86 | 1.52 | 2577 | 1.62 | 2423 | 1.56 | 23.26
Woods 14 4 [ 2.63 | 3146 | 239 | 2864 | 2.02 | 2749 | 2.16 | 2584 | 2.07 | 24.81
covering 3 [ 372 ] 3334 | 338 | 3035 | 2.85 | 29.12 | 3.05 | 2738 | 293 | 26.29
2 | 588 | 35.14 | 535 | 3199 | 451 | 3069 | 483 | 28.86 | 4.63 | 27.70
15 3 [334 ] 3000 | 3.04 | 2731 | 257 | 2620 | 275 | 24.64 | 2.64 | 23.65
2 [ 532 ] 31.81 | 484 | 2896 | 4.09 | 27.79 | 437 | 26.13 | 419 | 25.08
16 3 [ 297 ] 2665 | 270 | 2423 | 228 | 2328 | 244 | 21.89 | 2.34 | 21.01
2 | 476 | 2849 | 434 | 2593 | 3.66 | 2489 | 391 | 2340 | 3.76 | 22.46

cooling capacity. To establish accurate design
data, experiments or simulation should be
conducted for various floor construction types.
Despite those limitations, this study provides
quantitative design data of radiant floor cooling
systems for Korean residential buildings. These
data can be used to determine chilled water
temperature and water flow rate in design
process of radiant floor cooling system.
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