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Design, dimensioning, installation and control of
[SO 11855 . . . o o
embedded radiant heating and cooling systems

Water based surface embedded heating and cooling
EN 1264 [
systems

Design of embedded water based surface heating
EN 15377 . ®
and cooling systems

Ventilation for buildings - Chilled ceilings - Testing
EN 14240 ) o
and rating

Method of Testing for Rating Ceiling Panels for
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Sensible Heating and Cooling

Design, test methods and control of hydronic
1SO 18566 ) 4 . ®
radiant heating and cooling panel systems

ESS: Embedded Surface System
TABS: Thermally Activated Building System
PS: Panel system (e.g. CRCP)
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non-isothermal 7|75 &&% A7E, & AdFoMEs F2 AdUI7|e A=t

AW F7] 2

Chilled supply water

Temperature to ceiling panel

Airbox fan off: 18°C,
On :19-21°C

30°C
20g/kg
O (Outdoor air)

Infiltration rate
0.1t0 1.0 ACH

2o £xol JIRE WAEANM FYshe thekel s} AESFA G

Return water Temperature

18°C  Chilled water Airbox fan Off: 22°C,
i 0On: 23-24°C
TS ¢ 1

i ™ 27°C
| Radiant Ceiling Panel E
Airbox Humidity sensor 10-12g/kg
‘ On/off

E (Exhaust air)

25°C
Moisture generation E 10-12g/kg
57.6 g/h/person

Room
(Infiltration air) f

15°C Supply air ventilation rate
8-10g/kg 0.8to 1.5 ACH

S (Supply air)

[22 9] Kim and Leibundgutel CRCP 2 & 2! airbox convector



O Novoselac et al. (2006)

- 7 =2 =5 YFAE CRCP FWol A3 7I7& IAAA did WY A
GAFIF 4-17% S7VeES 19

- Fx7|A wrEAR F7IE HEdExde JPEA EoFr] Hdl Ale &2 =&
o] FHAE R HFAE AFste &3 AFE, B HAA|odA = HE HVAC

A"l glo] Aulgo =z g W9 V|FE FIAZE F A= oo AFdHolH e

4% W) AL aHE AE

B 3bA o A= high-aspiration diffuseret FAF 7152 29 & A

o= sjd FHY HGATE S 7| A

An g

rr

High aspiration diffuser

[Z22 10] Novoselac et al. 2] CRCP =% 2 high-aspiration diffuser

O Karmann et al. (2018)

- ALY B A" A ZH DA 2"(TABS: Thermally Activated Building System) &}%-
o Fedide AAsta, TABSSH FE3dAtolol &% DC #&, F530d3 F59
Jd Abolo) ceiling fang A X|ste] TABS ¥Wol AADAFE F7HA7|8 A stgon
Hol 26%7HA B-EFol SUtde AR H

- °] A= CRCP7} obd EejB F=4 AAE ¥A4A 7= TABS tidel d74=, &
AN A= CRCP7F HAT AFde Edste] Sdde F4ste 3t tde=
YiHides A=Estaa &

Ceiling plan

Section
.Cemng surface temperature b
T ET T T T Cavity D Ar temperature Q
I
0 [ | .v.\v”n:,.nz..:.z-.r»-u:"‘-‘“‘“"
| | | I | P’enumm ! - E m
| A
| | I
- + e - £ e
. 2 | codbgtan | 1 H Wall surface
| | | temperature D
Smail tan | s | N | 7 151 A
| —
FB =4+ o= -4 _—
i ™ A sensoryeton] if lemperature
| | Coreer .p.'::o.w‘ ol i Globe temperature @D
I | 1 ! i
| |
8- | ° - o 9
SECTION ‘
0 F .
loor surface temperature 2
- N @ [
X Tree (plan) @ Globe temperature [ ] P e sple)
O Anemometar @ Air lemp (RTD) @ e (RTD)

[2& 11] Karmann et al.2] TABS =&
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AP CRCPoIA ATFHE 58 Fdd 371 AFAANF FIHe BEHE
passived ¢l tietat P, el FmAMI F7) glo] AuI el ool A@eolEis

Fdd AEANF E3H& ol &3t active d thts W&

S 97] E]doly ALt A& fldl air systeme] B8Y Fe-E FAstA, 1
A Aed r71E ddEded ddsA Fastd ddge ANV S54E 96
vy FAerls HE3te active it F7HH 0 E AE

<E 5> 7|Z eTotel iAWY 29

IeF S 88 A7 & So dd 715 54
Shin et al. (2019) Natural convection by opening area Isothermal®”
Jeong & Mumma (2003) Forced convection by nozzle diffuser Isothermal
Kim & Leibundgut (2014) Forced convection by air convector Non-isothermal®
Novoselac et al. (2006) Forced convection by nozzle diffuser Isothermal
Karmann et al. (2018) Forced convection by ceiling fan Isothermal
Karmann et al. (2018) Forced convection by small DC fans Isothermal

Natural convection by opening area Isothermal
2 A Forced convection by air circulator,
plenum fan, active chilled beam Isothermal

(D) Isothermal: &R s2= 7|7 2271 Ayeze 5d (A7) A
(2) Non-isothermal: sjdE W] T2+= 7|F9 =7l AUrrt & (AY
yztated Fg)



23 £ al n
T E M 1}
2L =
AT A=
ATy AA
AFAEAA FFAa 7Y
. PeliA dgg A% sojuels FRdTAY A
° ARAEANES G Al 2=F A oyt ¢ % 39
Zl#dE o3
T+ ® A7) B Feld 75
E 1 3
TFHAT7| A
BolUA Age 913 stolues AAEADTIE A8 A
olitd ¢ 29
GrlENdw &
O 3tolBad e AR EAY LI (h-CRCP) Al2® Tt 7
- 3jA1 2% h-CRCP (AAF ©]& CRCP A|2=H)
- SlE| B3 h-CRCP (7] F8H4+ HxMu] W8 CRCP Al~H)
O stolHEs FZEAE A2" A5 HolH =&
- h-CRCP 4%%71& $1% Test-bed 73
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3l 84 S #3] EN 142409] cooling load simulator (%
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O Test-bed
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- ISO 77309 PMV Categoryl wel 3= 5% 37}

<3 6> ISO 7730 comfort criteria

General comfort Local discomfort
Category 0 0 PD [%]
PPD[%] PMV DR[%] ZHASER | NgETHes | SRS EA
A <6 -0.2~+0.2 <10 <3 <10 <5
B <10 -0.5~+0.5 <20 <5 <10 <5
C <15 -0.7~+0.7 <30 <10 <15 <10
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73 2 |2 ;}“ﬁfdf%i
Alr speed « Psychrometric chart
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O Matrix =% 2ok
- #2418 CRCP: Reference system
- #H313 CRCP+olo AEH ol A7 a7 <&
— HdxHA e HQFEAELE THAII= &3 9=
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) A%5H7} Test-bed T+

O Test-bed 7§ &
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<FE11> Air circulator M§ Ap2F

Item Performance Data
Fan step * [ I il
Fan speed 1200 rpm 1700 rpm 2000 rpm
Air flow rate 212 ni/h 284 ni/h 357 ni/h
Maximum air velocity 7.5 m/s
Air travel range 20 m
Area covered 20 o
TR A F71E AR Wi Aud Eoj¥o] riskS sk ¢ 1Hy &
AToN TEF Test-bedo] Z710l @3 FFe TIFL 5 Ae AW 48 T
2717t Qe BAR, Adnerle Fr12¢ Ay Aud A JrE £ 9
EE A2"g T4

« BAFoE AR AFHE QriAE A2HeRE 97| EEFZ7]I(DOAS:
Dedicated Outdoor Air System)7} o] &% o] HAL]7]|FZ2 FHEejz A
U, 2 AT Test-bede] P4 FdES Aetste] 7124¢0 A
SOl AlF, ¥4 7lso] FgE AsYY HFUHEES A&
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| NS
Energy Recovery . <) "> CRCP surface
Ventilator / : Active temperature: 17 °C
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beam

Cooling load: 200 W -

o
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[O3 27] Test-bed Zaild E™EH <Al
<E 12> SHCQX & MM Apt
Item Type Range Accuracy
A= NTC thermistor -20 - +70 ° C +0.2 ° C
FHd 2= T-type thermocouple -250 - +350 ° C +0.5 ° C
NEEE Hot wire 0-5mfs +0.03 m/s
Yres RTD PT100 =70 - +500 ° C +0.3 ° C
Wi Volumetric 0.2-42 1/min 2%
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?HH —
s 77 7o

Air circulator

Ead
Air Circulator 75

Az

[T

7|

LH
S

|

HJy
2 of

Air Circulator 7H&

G Box fan 75
Plenum fan - =
F e “
337 = | Lmy
Active = Chilled beam 7HE
chilled beam ) kS




<X 14> h-CRCP Y+ LI} Case MM HH
C - 715 «F Ay
e | Dee % A | s 2 | AF | 2%
Case 1 = 3 3 N - - - -
Case 2 ikl Re - - - -
Case 3 BRI AZd ol g sk - 2 4 m/s
Case 4 N g9 ol E g sk - 2 4 m/s
Case 5 73 Zyd A g AR u 7@ 5 1 m/s
Case 6 N Zdd A | W R ujj 1@ 10 1 m/s
Case 7 N3 Zdd A g A uj 7] 15 1 m/s
Case 8 Ny Zdd A g g F71? 5 1 m/s
Case 9 R ZdE A | d AR F71% 10 1 m/s
Case 10 R ZdE A | g AR F71% 15 1 m/s
Case 11 i\ ZdEd A Had A | F71,81° 20 1 m/s
Case 12 7N\ ZEg A Ha AR | F7,m@ 30 1 m/s
Case 13 7H Ay g s - 2 0.24 m/s“
Case 14 N Eh=pc) g s - 0.28 m/s?
D Fdd &7 F& dAsld F8d 3718 Fdst= el (Draw-through)
@) Fdd A7 F&o HAstd Edd 3718 "ol FE (Blow-through)
Q) Zdd d&F FEd HAEA Fdd F7NE FYMMES FA e FH
@) A= 13375 FFete ddudr|e T34 2o 458 23
]
- Sty 7
LOHZ:E;’ | Plenum fan
HFEY HFY

@ 3719 7l ¥4

(23 28] Plenum fan 7t &

(22l 29] MZHEl Plenum fan 28| AE



(b CFD A E#oldEs T8 8% 2 24387 H7t
O <A314(CFD) =4 o]& Hr} Z3
- Test-bed A2 AF A AA F9 Aoz sl FHAo] A3 24374
U B4 Rl 2dE S WHstA EAste=d @AV o8 2 Test-bed =
TLsHA AN mAs FAS Bt
- Test-bedE ©]-&3F A3olA h-CRCP A2=®lel 54 W47
of HX= FFES 4T o, T WFTE HAAI L
AN = FAVE JerE, FAHA Bds ol &ty o
A A7l A
O CFD #7} 3+
- WE&F  CRCP WA FTIFo2RE FH&F 44
- 249387 - 7 Case E AW 7|Ffrs 2 =5 3, PMV £4
O CFD =9 4 4w+
- STAR-CCM+ ©.2 h-CRCP A-&s%7} Test-bed, CRCP, 7|F<=3 R A4, JurHs}
AlEHolEH AH
- Test-bed A& dlolEl2te] vl HAZEFE 53] Model validation 21A|

Adlabatlc

Thermal
No opening area resistance;’

CRCP _Surface

temp.

i Ambient

Conditioned | Ambient
temp.

space  —— * | temp.

slmulator |

| Volumetric
heat

l Adiabatic

(@) 71& CRCP Alz=Hl (#3139 CRCP)

. Adiab_a_tic

Ambient
temp.

Conditioned '
space —— * ‘ : l
& Load

simulator - Volumetric

heat

(22 30] CFD 24 &4 2 A= MF



<HE 15> h-CRCP AlA® CFD Z# 2| Physics &%

.‘__rL

o

Hg w9

g 27

Material

Gas - Air

Fluid in the conditioned space is air (gas).

The simulation needs to be performed in accordance

Time Steady state with the testing method, wherein the cooling capacity
should be evaluated under steady-state conditions.
. . The geometry of investigated room, CRCPs and load
Space Three-dimensional . & . Y . & .
simulators is three-dimensional.
. The air flow in the conditioned space is
Incompressible, _ _ L
Flow incompressible. The segregated solution is known as

segregated flow

suitable for incompressible flows.

The state of air can be explained by the ideal gas

Equation of state Ideal gas equation, wherein the air density varies with air
temperature and pressure.
Viscous Regime Turbulent The air flow in the conditioned space is turbulent.

This turbulence model combines realizable k- ¢ and
two-layer model. The model is suitable for the
analysis of open-type CRCPs because it can improve

Turbulence Realizable two-layer k-e the capability of resolving through the boundary layer
and can accurately predict forced, natural, and mixed
convection for indoor air flow.

Surface-to-surface/ The radiation model was used to calculate the

Radiation Viewfactor calculate/ radiative heat exchange between the gray surfaces

Gray thermal radiation (wall, ceiling, and panel surface)
<X 16> CFD AlEzlo|Md A =7
Object Boundary type Unit Value
< A Heat flux W/m* 201
=1 Adiabatic - -
A& Adiabatic - -
Heat transfer coeff. W/m?* K 9.09
FAE Y Thermal resistance m?® K/W 1.71
Air temperature T 27.37
Heat transfer coeff. W/m?* K 9.09
W& o Ambient Thermal resistance m* K/W 1.71
Air temperature T 28.21
Heat transfer coeff. W/m?* K 23.3
5& 9 Thermal resistance m* K/W 1.71
Air temperature T 27.3
bl h=) Surface temperature Fixed C 21.69
EE xd Emissivity - 0.9




(th ¥ A A= 9 24387 H7}
O B7F ¥4
- Test-bed =+ CFDE ©|&3 WW&%F ¥ 24874 Hrle
T AlEHolAd A ZHkgk Ao R, HA Al 2o
A& B7kstr] o &
- h-CRCP A 2¥l& 7]& CRCP AzHEn W&ol FuiEo], Ay,
FHE FL3A st AL B AzHl THsAEe] EolEo] WvAE Azt
& 7hsdel e, olE HUshr] fldiAe AW ERxEE AAsta, Al2HS
43}”“1 A2 ¥ste] we} PFxu WE57] on/off 7l dojuve 3 FFS A
3l oF ¢
- h-CRCP Alz=glo] Wilo 4z H71E 93] §Y AWEE FASe 2Ho=E 747
o A|2H ik Y A ¥E7], S FZ, JIEEEAR Y A
- 7129 #H4 3 CRCPZ Reference® AA3}al, #4138 CRCPo| oo} AZF#HlHES &
23 case, 71"3¥ CRCPE # &3 case, 7/I'& CRCPel oo} A FdolES &3
cases Hlu AE
- 7} Case® 10413t 7Fs Al Agan)z 2 PMV =4 vlu

= ASH stollM e A
+AHAA 2HEs G 9

rl

rEL Ho

Ta: Room air femg
et g IO B % 1o covoios
m: Warles flow rabe )] L e LY 2 R T WP PP
E: Power meter CRCP surtac emperature: 17 *C /J‘ CRCP sutface lemperature; 17 °C
. Alr velogity Closed Closed e from Sioend
[Eenofhote dpace) i circudator Conditioned space
Chiller |... H
i i
®
=@ Cooing foad: 900 W ] - | Cooling load: 900 W
y T x{ .
D | oniof* E oot ‘
| o

E_______________________E * Applied for the energy anatysis

(a) Case A: #2138 CRCP (b) Case B: #|a1& CRCP+ol|o] A1&d o] ¥

.lspe;l.;nn CRCP surface temparatue: 17 °C o  CRCP suface temperature: 17 °C ‘;,;.,.ln.u.-/:‘
— [ consitoned spaco] > corse | Condioned spacl
)
&3 - | Cong ioat X0W__ 3] - | Cooling load 900 W
D imm‘ D D ;o"lm. D D
- =iz ; g I
_____________5 * Applied for the energy analysls i_______________________i * Applied for the energy analysis

(c) Case C: 7§%3 CRCP (b) Case D: 7R3 CRCP+oo] A E# o€

(23 31] d& o x] 2 2Lehd "It Case



(4) h-CRCP Al2H] H¥%%H7} A3}

(b Test-bed 4d< T3 WH&F B7F 2%

@ A B h-CRCP (13 CRCP) Al2¥l B7} Ax}: Case 1 vs Case 2

- A9 CRCPe| A% FelY 3718 AT WPl HEHA X3l el Wt )
4] (30.6C)
- Ts TR AR 7B ks FEl 9] h-CRCPY| A goz2%® Wyrr&aFo] 8%
Z7bee, ool 24T
- h-CRCP Ago =2 ZYY 255 ¢F 245CoA 26.7CE s3], ol MTEE
58 e Fed Br1s AFY gr1e Bl ojRold AsHez =
q-7AF 7)o eEAv} 2ad AvE woy
- ATRE B FAd E719 sFel AF Wil o= A% sqyctn A,
2E37 SHolA et A7) AAHER] 26C7H A= FEHA XSt F71H3F
Ql A5 7lAde]l B3t
e
920 31
900 30,60 < 20
880 ™
3 29
=5 860 )
28 1T
%8 840 832 (%Hu
il 27
820
800 26
780 25
Case 1l Case 2
[22l 32] iiAlE h-CRCP M & g1}
<E 17> jA|E h-CRCP A& Al Jddt2al B35}
yukg-=F 2% Y BA2
Y “ —I}‘ 1_5:—
Case =°] 1.7 m =0] 11 m F
ZX[W1 ZH %] Z] ZHC] #[c] ZHTC] Zc] ZHTC]
Case 1 832 - 30.35 - 30.60 - 30.56
Case 2 903 +8 27.37 -2.98 28.20 -2.40 28.10 -2.45
<I 18> TA|E h-CRCP M3EA| Eeid 2k ¥ 7|FEE
Sfdes NFEE
Case
ZHC] 2HTC] Ztm/s] ZHm/s]
Case 1 24.51 - 0.06 -
Case 2 26.69 +2.18 0.07 +0.01




@ HE]H h-CRCP (olo] AEdole -8 A28l H7} dik: Case 1~ Case 4

H & CRCPol| ool AEHlHE W& H-9(Case 3), Hd FHNA o 7

o A r

=1 =

7t W8S Case 1o wlsl 11% S7bstut, A2 o3 =4 74 (29.6C)

o Witdsel o= Ao® yEhd

Ha& CRCPO olo] AEHolHE HE3E 71 11ehst e h-CRCP (Case 2)1

Al B h-CRCP A|2®lQl Case 29 o] A ZFH oS AL3 HE]B h-CRCP (Case

)¢ 79, 71& CRCP Alz=®Hld] Hl&f| Wwr&=Fo] 16% F71stal, A% oF 3.2C 3t
et 24 AE = MAEHAF

- Case 49 7§ A3 Ao] 26CHT oy, 7|F&EE7F SV 2N A &2
LE ZAAE HH2AL o= AR WEAL £ Y& AOE VDY, TH=
CRCP +4%xAS TY3A FAHAE 2AS =0 UdE 4+ JE fgiete] 873

HHEE A2
1050 31
30135
1000 29.62 967 30
A (+16%)
S 950 < 9% (?121:)~ 2
w0 500 \_ 903 e
ao 28 |
0 ' ol
30 850 832 27
26.96
800 26
750 25
Case 1 Case 2 Case 3 Case 4
[O1& 33] YMEIE h-CRCP (ol MZ=I0lH M&) g1}
<E 19> HF7E 2 ol MZeole HE Al Hutgek #HE
AL
BALE
Case LKA o] 1.7 m E°] 1.1 m B2
\% W/nt ZH%] T ZHTC ] T ZHT] 10 ZHTC]

Case 1 832 92.5 - 30.35 - 30.60 - 30.56 -

Case 2 903 100.3 +8 27.37 -2.98 28.20 -2.40 28.10 -2.45

Case 3 926 102.9 +11 29.62 -0.73 29.58 -1.02 29.64 -0.92

Case 4 967 107.5 +16 26.96 -3.39 27.20 -3.39 27.33 -3.23

<I 20> JHTFF2 olo] MEzolE Mo wWE B 2% 5

a

INEEE

Zad ex PEETS
Case ] AC] Hm/s] 2 m/s]
Case 1 24.51 - 0.06 -
Case 2 26.69 +2.18 0.07 +0.01
Case 3 24.98 +0.47 0.27 +0.21
Case 4 25.26 -0.75 0.21 +0.15




O oo} AZdolE 7tEA Hds

=
HadxHe ddG AlgTe 39 A9 7/
doly 7ts A HEFHAANY VFEEE FH
HEIRE <474 (Kanomax Multi-Channel Anemomaster (Model 1560)°0.2 ujd®=
SHE 10cm YA ANA 7| FHEFeZ 30cm HHASo 2 10A- e 7FEEE 1AL 435
o 7z} - HHEFE 4
ool AEHolHY EESEE 45m/s Rom, do] AFdHolEdA He Eodss
Z1FEE7F Zastdod, 7P W AR Rl Ay J|REEQ] 0.2m/sE
=L VFEEE YERY.
ool AE#E ol WIFAE Ae 7]

S7HNE oy, A

B S wonw, do AE

S|
YR AddME NFEE} S e 29 RES BEY F UL
- 7IREEE HE STMAN7IA FHEts, A AAC 2AH VREEE SVHZE T
AT HitE FastH ol F A e FFol Argtx 7|F 4t fEd AXU &
f3lga Ay
Air velocity measurement point bt tn s b 8 o n s n p s 8 s 8 s alls s s s s P
| 01Mmg<ie-—@- PSR

A

\ Room air Temperature,

&
U=
@)

\

. — | airvelocity measurement
I Cooling load =TT oint
— | : p

21m

/
/
/
/
J
/
/
f
J

1.1m

Air circulator
i = = A =
[O8 3H] gexdH J)885: S8 XA
5
A_ar - Max
circulator
4 Mean
- % 3.62 Min
Es
= 285
: 2.62
E 2 215
% 134 % 137
1 Bog % 095 % OER % .80/
0

0.3 0.6 09 12 15 18 21 24 27 3

Distance from air circulator [m]

Elis
H

[22 35] ollof ME20lE 7t Al ddEH J|FEE



@ E]B. h-CRCP (Zgd WM ¥ A28 H7} Az Case 5~Case 12

O &9d # w71y "jx] (Case 5~Case 7)

U

ZYd A v o E wxd A (Case 5~7), Z#Ed &719 st7o] =35 o] P
kg 2ko] Case 19l W3l 14~19% Z=7}sty, A&x 28Co|st=Z HojA

Zdd WE AASA &3 AFET g1 U tas Fele] h-CRCP (Case 2)
Bt} Wnlgsko] SO E oy, A8 Case 2KHT O UWH7EA ol 24373 =dH
A& JfAle] Hadl teto g AlE .

- E949 25E vlustdA Case 19 vl&l 571 S71eks AS & F ded, ol &
A9 el W Wzt B AFHow sgety, AFde) 77 Bddow
FLEHA7] WEoZ Tk,

mAEE A2
1050 31
205 988
1000 050 954 (+19%) 30
5 950 503 b g 29
g—d 900 (+9%) 27.96 58 (c‘_),
0 ) i 27.54 LH
30 850 832 27
800 26
750 25
Case 1 Case 2 Case 5 Case 6 Case 7
[O2 36] YHEIE h-CRCP (Zed © wf7|d Jls) M8 &1
<I 21> HE|E h-CRCP (Zad H ui7|d 7I5) M3 Al eIk Bist
e A PFEALE
Case o] 1.7 m 0] 11 m =
W W/m ZH%] T ZHTC] L0 ZHT] T ZHTC]
Case 1 832 92.5 - 30.35 - 30.60 - 30.56 -
Case 5 950 105.5 14% 27.96 -2.38 28.60 -1.99 28.50 -2.06
Case 6 954 106.0 15% 27.54 -2.80 28.23 -2.37 28.40 -2.16
Case 7 988 109.7 19% 27.42 -2.93 28.29 -2.30 28.40 -2.16
<E 22> BZag W u7" Mo wE By 2x ¥ JIREE
ZHd £ NFEE
Case =
Z[C] ZHTC ] Zk[m/s] ZHm/s]
Case 1 24.51 - 0.06 -
Case 5 27.74 +3.23 0.06 -
Case 6 27.34 +2.83 0.06 -
Case 7 27.20 +2.69 0.08 +0.02




O

[
=
I

W 7718 A (Case 8~Case 10)

- Z8d WS FUIFOE ujX g A5 (Case 8 ~10), Ed9 719 o] 3= o W
vk @ 2Fo] Case 1ol Bl38l 18~22% Z=7}38lH, A% 27C o|3tE "ol
- Zdd AS Ar|g o2 mjxs Ao v ‘<5H Zd4d 3719 o] s 3" A
S8 HolH, ol HiZ|ZoE HAXT 78‘% g Mol o3 EEH 7R/ vIE o
Wol B9 AL W] WEoR A=
- =3k Ao 4+ 57)(Case 8)—1071(Case 9)%157H(Case 1002 =37 |, 57094 10
M2 5489 2% dUE8F So7F defA gk 1071004 15712 58 45 W89
vt Sule Uelyx gforv=z FHHyd A 10/0E1EE 271) A X|sl= Aol &
gl Aolgta FtE
mAE e —A2
1050 1013 1017 31
30.35 (+22%) (+22%)
1000 (?1732; 30
S 950 N 903 29
o 900 & 28 =
ol LH
30 850 832 T - 27
800 o 26
750 25
Case 1 Case 2 Case 8 Case 9 Case 10
(18 37] YMEIE h-CRCP (Zelld ™ 27|18 7ts) M8 &3
<¥E 23> HEIE h-CRCP (Zelld ©™ Z7|d 7ts) M3 Al Hur32F Hst
Wyl aF & HFEALL
FEALE
Case g 9] 1.7 m 0] 1.1 m '
\\% W/t ZH%] T ZHTC ] C ZHC] C ZH<C]
Case 1 832 92.5 - 30.35 - 30.60 - 30.56 -
Case 8 979 108.8 +18 26.76 -3.59 27.57 -3.03 27.58 -2.98
Case 9 1013 112.5 +22 26.50 -3.84 27.44 -3.16 27.50 -3.06
Case 10 1017 113.0 +22 26.20 -4.15 27.20 -3.39 27.11 -3.44
<E 24> Zgd ®W Z7|" Mo E Ed =2 9 IR
Fdd 2= RE=
Case =
] ZHT] FX[m/s] ZHm/s]
Case 1 24.51 - 0.06 -
Case 8 26.76 +2.25 0.12 +0.06
Case 9 26.18 +1.67 0.15 +0.09
Case 10 25.98 +1.47 0.11 +0.05




O Zdd & Fl71¥ wix] (Case 11~Case 12)

- ZEd ABE FdE AT TS BT AXS guir1d AX e e, g
22~25% Z7}slH, A% 26C o 7HEA A3,

- I8y g718 == w718 AR ZEd #HE F oo g wol] XSS 1T
s, W o) Bve 2% 24 @ong Fkd Ae) sl Ml 2g 5
e Aol A 2oty wvd. =3 Fdd A AA7} /S APl B >
AT, T MY HAFo] AT 2% BAE F2E - Ue

- aYEE EFEd A /RN BE MW H8F 49, 3718 MAE A8,
Zy3 Ao e ddd 27) (Case 9=E 3= Ao Agsittay AHd

Hete g A2
1050 1017 31
0. (:22%) 1041
1000 ) (+25%) 30
T 950 o 9% 29
&0 . 903 )
go 900 Y 28 ]
Y N o
30 850 832 ~_ 26,62 27
26.05
800 26
750 25
Case 1 Case 2 Case 11 Case 12
[ 38] HEIE h-CRCP (Zald ™ Zuj7|e Jls) M3 &3
<3 25> HE|EH h-CRCP (Sald © ZHi7]8 7ts) M8 Al LS #H35
AL
TEAZE
Case 4EF =°] 1.7 m o] 11 m ¥ t
W W/t ZH%] T ZHTC] i0 zH<C ] C zHC]
Case 1 832 92.5 - 30.35 - 30.60 - 30.56 -
Case 11 1017 113.0 +22 26.62 -3.73 27.47 -3.13 27.57 -2.98
Case 12 1041 115.6 +25 26.05 -4.29 27.14 -3.46 27.19 -3.37
<I 26> Zele ®W Fui7lg H3o uE Zedg 2k 2 VRS
449 2= NR&E=
Case - -
Z[C] ZHTC ] Zk[m/s] ZHm/s]
Case 1 2451 - 0.06 -
Case 11 26.40 +1.89 0.12 +0.06
Case 12 25.14 +1.63 0.15 +0.09




@

E]BE h-CRCP (AH|¥ ZAcq ¥y8) A28 Hrl A} Case 13~14

- Case 132 AWlg ZA=do 1Ag7IE Fastes A9udre TFe AT

(245CMH, 719 122.5CMH), Case 14%= 3L3F 2 (455CMH, 719 227.5CMH)o.2 A3

Ang ArHoM HEE+= F7]17F CRCP dldumdoAe dAES EXA7)+= &

HE Ao, Y& o] Had CRCP Alx®lo] Hl&) 15~18% =7}3l92.

Aeo] Axgd AAYE CRCPe F#(47l)o] ZoEA L%, CRCP &3 AALE

F2 S/ wel dd A W8 F2 925 Wind (#HA3 CRCPAA 129 W/nf

A F7F8E A=

g Ay HE F7]E isothermal flowZ TE7Z] fdl, & A3 & 229] 7]

E #=sl7] f8) A=Wl 24C e Ws Fael we A= AAe WigsF

gk A S =

W8 SHE Estal Aol A YEhd olfre, AME JER yihg

©] CRCP Alz="lHT o AX BEARdEe] EAEAIIHE Hl& 50% ©]/d)ol /V—*.ﬂxl

e, AHly FE FEEHE YT 255 24TE tha =4 dAs7] Wed.

JHuE ARy AoHs 7|F34F AN E 283 A9, e e A

grE HalMe A Air-sided] 7HERro R FE8tH, Water-sideo] 7t

galjoF g Water-side 7Fs Al W42%E CRCPo g3+ Wae 221t
] Ytold 4= glomg CRCP W4 ad

[e) L
T -
o B3 AenTE e USeEs A=y Wztndd 33T Best s

30 gso 832

800

750
Case 1 Case 13 Case 14

(22 39] %E|= h-CRCP (ZEY #E) &3}

s RASY sUCUHASY
1400
1200 330 =
__ 1000 :
S
=0 800
i]
%0 600
958 979
T 400 904
200
0
&gl D|7]—% Case 13 Case 14
(27 40) Mulg Hegof o8t Wetge Sy



(b)) CFD AlE# ol %5
D Test-bed A& wo

}5 r
Q
J
l-l:l
m.l.z
l=J
)
IN

[e)
- AA AN ¥ %’S‘P | Oiﬂ%—f% A 7IRAE 5= AESH] S8 ¥ Test-bed
£ CFD Al EdolA(Star-CCMH o2 A ste] A el )4 43
- S| et W -2.72%, HHEALE -0.36C, AF% 0.19C, PMV -0.03o.2

B Ao HAZ Bx o 3 LX(FLEF +5%, PMV 0.1 o|uDE =3

~ g

Star CCM+

g

f iy

Test-bed A% H|O|H Test-bed CFD 22 4 4TEF, 28 24

(323 41] CFD 22 #HZ MY

<3 27> CFD AlE22old 22 HZ &2zt

Output parameter Measured Simulated Discrepancy
RIS 883 W 859 W =24 W (-2.72%)
HaEAR = 284 C 28.04 C -0.36 C
AFe= 284 C 28.21 C -0.19 €
NHEE 0.09 m/s 0.02 m/s -0.07 m/s
PMV 1.03 1.00 -0.03

o2 AFsialn £YE h-CRCP A2He] F2 v
AUz BH THANE,

- 7]Z CRCP<} Hlaste], h-CRCP Al2=¥) (UId CRCP)IA Wzd Zd4d 57171 A
o Wl fFastA &850, AFH-Zdd 3718 2EHA}L daHe RS

OOP%O

- 7R REAUE ddshitol AXste Aok wd el AAste Ao
A 2EEES B4 23, i ARl wiAE Fert skl wiAE deRg 4
W 7Rl #Ed Aoz YEd

- I HFolA oo MEHCIHE ZIRE dAste AR dd FE, § Edd
SAA Z1FE dAdske Aol ¥HEH S WA Ferd, oo AZd ol
E Fdd ¢ AAgte AL Y Agem i EViestng &% Zdd
We AAshs Aol A Aoz Add



Temperature (C)

15.000 15,000 21,000 24.000 27.000 30.000

N e
AN

(@) 71 CRCP (#H#& CRCP) AJ2=H

[2! 42] h-CRCP AlAHIOAM Zald 37(2 H3o dat &8 At

Velocity: Magnitude
1

(m/s)
0.60000 1.2000 .8000

(b) h-CRCP (71®3 CRCP) A]2=H

(@ d s (AF) wA

(23 43] 7| 7ot ExMd|o] dx| f/xlof @E 7[|F ols 24

= OFAL

W AEEd FWe NREEE FANL A E
b, g SR 5 AT Adest Folnsd dastas. o
8 Hx MU AT A5, BAd % AFY 319 BFol &

A7t oY) YEOE BLE,

o

bt
o
:{o
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(h oz 20" 2 28874 37}
O W¥eluA %7} Az

- h-CRCP A|2=¥l& 7]& CRCP Al2=HlBT W&o FU=HEE AL 37
O w2l A d27kA] =gste AlRto]l @54E 5 Sla

- 2o wet A2l S A9 e Pz FEo] SaHEH, o w 9 o)y
Wfo] o] FoyXA] Forng H22 A dssiAl HH AXE ZhEel AE.

- olH g dHe] AAoNA Zk A 2=E tHPEE on/off ARl ztelZF UAl HH, Witg
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Case 1 (Baseline) Case 2 Case 3 Case 4
Air velocity 0.05 m/s 0.4 m/s 1.0 m/s 2.0 m/s
Chilled water flow rate 2.15 lpm 2.15 Ipm 2.15 lpm 2.15 Ipm
Chilled water A T(Min) 0.03 0.06 C 0.08 C 0.17 C
Chilled water A T(Max) 0.30 € 0.30 € 0.34 C 0.43 €
Chilled water A T(Mean) 0.17 0.18 € 0.24 0.29 €
Removed heat (Mean) 26.0 W 276 W 36.2 W 444 W
Cooling Capacity (Mean) 103.3 W/ni 109.5 W/nt 143.8 W/nt 176.0 W/ni
Increase ratio - 6.0 % 39.2 % 704 %
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1. Inuroduction

In residential buildings, the hearing energy consumption is
generally reduced by stopping the hot water supply or decreasing
the set-point lemperature, Even though various smart thermestats
have been Introduced |1), reducing rhe energy consumption in
many residential buildings often depends an manual contral by the
occupants, such as tuming off the thermostat or closing (solation
valves | 2], Set-back conirol during unoccupied periods also often
depends on the ocewpants adjusting the set-point temperature
when they lenve home, Oocupants need w readjust the set-point
temperature from the set-back remperature when they come hack
e,

Such manual contral is guite simple and effective; however, it
can be incorvenient and cause discomfont te occupants because
it requires repetitive adjustment. Furthermore, the radiant heating
system needs o be stopped slightly before the ocoupants depart
because it wiilizes the thermal storage effect during an unoccupied
period, while it should start slightly earlier than when occupants
return home to provide thermal comfort [3], It is quive difficult
for occupants to determine the stop and start time of the heating

* Correspanding authar,

systemn because the optimal stare and stap time is dependent on
the building parameters such as U-value, infiltration rate, thermal
masg and boiler capacity |4-G|. These parameters can be identified
by grey-box medel such as inverse modeling |T4] or co-heating
test |0,100), These data-driven models can be used 1o develop a
model predictive madel | 11,12], Once the parameters are identified,
It would be comvenient to predict the optimal start and stop time
to minimize heating energy and thermal discomfort, Another way
to implement the predictive control is to apply a black-boe model
(e.g. Artificial neurom network |4-6,13]) m estimate the oprimal
start and stop rime, Bule-based predictive comtrol, which is simpler
than above-mentoned methods, can also be used for the optimal
start amd stop contrad, [t is known that eopected ocoupancy pat-
terns may be used to take preventative actions according to a pre-
determined set of rules, which provides a simple way to use pre-
dictive control | 14], If the average occupancy schedule based on in-
ference resulis can be combined with the estimated start and stop
time, the energy saving potential can be enhanced while the ooou-
panis’ inconventence and thermal discomfort are minimzed | 15),
The occupancy can be inferred with the directfindirect de-
tection of human presence in residential buildings. The collected
inference results can be wsed o predict the occupancy, or the
timing of departure and arrival time, which can be applied to
determine the pre-start or pre-sop time of heating systems,
Candaneds et al, |16] suggested a simple methodology to predict
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Abstract Ceding radiant coobing panel {CRCP) sysbems are being menrasingly apphed to comoercal
Buildings due o their high thermal comfort lvel and enengy efficieney. s recommended that CRCP
sy stems should be operated at a relatively high challed water emperabuse o prevent condensaton
and save energy. However, even though a high chilled waler empe rature is effective for achievmg
condensation-free operation and high chiller ¢ ficiency, it can lsad to inguffcient cooling capacity.
In this s1u|_lg,', & method ofunhnm:ins Lhe umLinE c.lpau:iv,' ofCRCP oy sl was im‘uslisnlly_-d th:uup,lt
mock-up chamber kests. The open-ty pe installabion of CRCPs and the combunation of air circulatons
weie used o enhance the cooling capacity and energy percformance of CRCP systems. Experimental
resulis showed that compared to-a conventional CROP gystem, the coohing capacity of an open-tfype
CROP system with air circelatons incpeased by wp to 26.2%, and its cooling eneqgy consumphon
decreased by up to 26.4%. Addibonally, he open-ty pe CRCP system wath air circulators eeduced the
diffetence between the room ar kmperature and mean challed water temperatan:, Thus, the proposed
=y stem can opecate at a relatvely high chilked waber emperatue, whach s etfective for educng
condensabion fisk and cooling energy consumplion.
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: L Introduction
culdtnes  [nmpis 2021, M. S
Witpecy ok A ot Ceiling radiant cooling panel (CRCP) systems have been widely applied to space
cooling due to their high thermal comfort level, energy-saving potential, and harmonization
Focwivest: 28 Nowmsiber 2121 with architectural design [1,2]. Closed-type CRCFs are generally installed, where an entire
Avepbint 17 Docember 2120 ceiling surface is covered with CRCPs. As closed-type CRCT systems separate a plenum
Published 77 Divsmber 304 and an occupied space, it is difficult to utilize cooked plenum air to cool the occupied space.

This separation does not lead to problems for the top-insulated panels that minimize the
Publisher's Note MDPlwps ans hieat transfer at the upper surface of CRCPs [34]. However, metal eiling panels without
tial with e jpard b jusisdictionsl cldns top insulation, which are commonly installed in office buildings, can absorb heat from
it prublombid e and ottt the plenum space [5.6]. If metal ceiling parels are installed with closed-type CRCPs,

b the oocupied space is cooled by only the lower surface of the CRCPs only:. This might lead
= — to insufficient cooling capacity and a consequent increase in cooling energy. In contrast,
@l‘m in open-type CRCPs, openings can be created between two adjacent CRCPs or between

Cupyrisht 830 by th wthor L CRCPs and walls. Cooled plenum air can move down to the oocupied space through
o MDPL Bl Soviteerand Ths. the€5€ openings, This movement of plenum air can enhance not only the air mixturne in the
ik et e e artichs il 0CCUpied space but also the heat transfer rate at the CRCF surface [2].

ke b b el danidiions o Shim et al. reported that the cooling capacity of CRCP systems can be enhanced by
Cisati e Compons Attetntion (OCBY)  promoting the movement of plenum air through the openings in open-type CRCPs [7].
T (Htlpf f cntavesmamoty’  HOwever, the limitation of the study was that results were obtained using only a numerical
o A1) method. In the follow-up study, the numerical model of open-type CRCFs was verified
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Cooling Performance Evaluation of Open-type
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on Opening Area
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ABSTRACT
The present study wos conducted oo svialuate the conling performance of open-type cooling

mddiant ceiling panel (CRCT ) system, which is giining populerity due w0 good integnition witl
wchitectuml design, Using the cooling capacity datn from the previous study, the cooling
perfiormance of open-type CROP system wis investigated in tenns of room lempeariliie control
i energy perdommances, The CROP system was represented with the chil led cel ling maslule
provided by TRNSYS 1R, wherein the heal tnnsfer coefficient sod panel area of the open-iype
CROP system were inpubted a pummeters of chilled ceiling module, The results showed that
the room tempersiure control pedomuance can be improved by open-type CRCP sysiem
Becuuse it can reduce the conling time by utilizing higher cooling rate thun dosed-type CRCP, It
wit found that the open-ype CRCP cm increme the cooling rate by 1 %6250 and can raluce
ﬂ OPEN ACCESS the opersting hour by 5% 1985 10w abvo found thit the open-ype CRCP can increme chilled
warter temperntune difference and cun provide the higher cooling rie with relatively higher
chillal water temperure, which con comtribute W the improvement of the chiller efficiency,

TR0 MBS ANHSII (CROP), WS, N, A R0, A2 YR, At

Keywords: Ceiling radiwnt cooling panel (CRCP), Open-ty pe, Opening area, Room
temperntire control, Hewt removal, Operuting hour
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Development of Cooling Capacity Evaluation Unit
for a Ceiling Radiant Cooling Panel considering the
Effect of Air Velocity

Rhee, Kyu-hlam'™ - Kim, Sang-Yeop” - Chai, i-su®

'fssodate Professor, Department of Architedural Engineering, Pukyong National University, Busan, Korea
‘Undergraduate Stugent, Department of Architecturzl Engineering, Pulkyong National Uniersity, Busan, Korea
"Master Student, Division of Architectural and Fire Protection Engineering, Graduate School, Pukyong
Nationa | University, Busan, Korea

“orrespoding guhor: Rhee, Foyu-ham, Tel; = E2-51-@ 2000, E-mail: korhee @plaiac o

ABSTRACT

In this study, an evalstion unit was proposed to analyze the cooling capacity of ceiling radiant
cooling panel (CROP) system, The aim of this study was 1o develop a low-cost and simple testing
device by which the cooling capacity of o single CRCT can be evalusted and the impact of air
velocity on the cooling capacity can be analyzed. For this purpose, a thermoelectric element
module (TEM) was adopted o produce the hot water for the conling load as well as the chilled
water for the CRCP, The configuration of TEM, cooling fans, and radiator was studied to achieve
the propet temperature of hot and chilled water. In addition, a cross flow fan and fan speed
controller were deploved to represent the mir flow at panel suface. The test results showed that the
cooling capacity of the evalugted CROP was 1033 W/, without the air flow at panel surface. It
was also found that the cooling capacity can be enhanced up to 1760 W/ when the air velocity
mereases up to 2.0 mys. The enhanced cooling capacity led to the increpsed temperature difference
between room air and chilled water, which implies the possible mitigation of condensation nisks.
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Keywonds: Ceiling radiant cooling panel, Cooling capacity, Thermoelectric element, Air velocity
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