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=2
ABBREVIATI MEANING
ON
CRCP Cooling radiant ceiling panel
AR Area ratio
HD Hydraulic diameter
AT Attached type
EM Embedded type
I Type with insulation on the back of panels
NI Type without insulation on the back of panels
C Closed type
PO Type with opening in a panel plate
LO Type with opening formed by layout of panels
71 & A A
SYMBOL MEANING UNIT
Ap floor area of a room m’
A; area of surface i m’
Ap total area of ceiling radiant cooling panels m’
Ao total area of an opening m’
A, area of fictitious surface m’
ARp opening area-floor area ratio, Ay /Ap -
ARp opening area-panel area ratio, Ay /Ap -
AUST area-weighted temperature of all indoor surfaces |°C
(excluding active panel surfaces)
Cx correction coefficient for coefficient of a cooling |-
capacity curve
Cn correction coefficient for exponent of a cooling |-
capacity curve
Cw specific heat capacity of water, 4.18 J/(gK) J/(kg'K)
D, equivalent diameter of panel m
D; inside diameter of pipe of panel m

- X1l —




SYMBOL MEANING UNIT

D, outside diameter of pipe of panel m

E energy of energy conservation equation (o)

Eq Percentage of enhancement of mnominal cooling |%
capacity

e Energy per unit mass of energy conservation equation (0)

Fp_; view factor between panel surface and surface i -

Fp_, radiation angle factor from panel surface to fictitious |-
surface

Fg - view factor between panel lower surface and surfacei |-

Fou-i view factor between panel upper surface and surfacei |-

E. radiation exchange factor -

F force of momentum conservation equation (0)

ﬁgmm. ty gravit.ational force of momentum conservation ©
equation

ﬁpre <5 pressure force of momentum conservation equation (0)

ﬁsh car shear force of momentum conservation equation (0)

g acceleration of gravity m/s’

H, height from a floor to a false ceiling m

H, height from a false ceiling to a room ceiling m

HDp hydraulic diameter of an opening calculated from |m
opening area and panel perimeter, 44, /Pp

HDpy, hydraulic diameter of an opening calculated from |m
opening area and sum of panel and wall perimeters,
440/ (Pp + Pyy)

hs Friction head loss (0)

Rrad radiant heat exchange coefficient between panel W/(m*K)
surface and space

hy r enthalpy of supply water J/kg

hy,s enthalpy of return water J/kg

J; radiosity from or to another surface in room W/m®

Jp total radiosity leaving or reaching panel surface W/m’

k coefficient of a cooling capacity curve -

* (0) :

The unit is omitted.
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SYMBOL MEANING UNIT

k. thermal conductivity of panel covering W/(m'K)

k, thermal conductivity of panel body W/(m-K)

k¢ thermal conductivity of pipe W/(m'K)

M adjacent tube spacing m

m mass of system or control volume (0)

m,, mass flow rate of cooling water I[pm or

g/s

N number of surfaces in room other than panels ea

n exponent of a cooling capacity curve -

n normal vector -

Pyn wetted perimeter by downward cool airflow from a |m
plenum

Py total perimeter of openings m

Pp total perimeter of ceiling radiant cooling panels m

Ppy, sum of panel and wall perimeters, pp + py m

By wetted perimeter by upward warm airflow from an |m
occupied zone

Py total perimeter of walls m

p pressure of energy conservation equation kPa

Ds standard pressure kPa

Q heat of energy conservation equation (0)

Qvuib power of a bulb in the cooling load simulators W

Qp total heat removal by CRCPs Y

Qs total heat output of the cooling load simulators A\

q specific cooling capacity W/m’

qn cooling capacity at nominal temperature difference 8 K | W/m’

Qne natural convective heat flow density W/m®

Qne.s,1 natural convective heat flow density on lower surface | W/m’
of panel

Qne s natural convective heat flow density on upper surface | W/m’
of panel

qp cooling load per panel area removed by CRCPs W/m’

Qrad radiative heat flow density W/m®

- X1V —




SYMBOL MEANING UNIT

qs cooling load per floor area W/m’

s, heat flow density on lower panel surface W/m®

qsu heat flow density on upper panel surface W/m®

T thermal resistance of active panel surface covers (m™K)/W

T thermal resistance of panel body (m*K)/W

Ty thermal resistance between pipe and panel body per (m'K)/W
unit spacing between adjacent pipes

7 thermal resistance of pipe wall per unit spacing (m'K)/W
between adjacent pipes

Ty characteristic (combined) panel thermal resistance (m*K)/W

T; absolute temperature of surface i K

Tp absolute temperature of panel surface K

T, absolute temperature of fictitious surface (uncooled) K

i internal energy of a system (0)

74 velocity of flow, V= (u,v,w) (0)

w work of energy conservation equation (0)

X thickness of panel covering m

Xp thickness of panel body m

Xt thickness of pipe wall m

z elevation of system (0)

& emittance of surface i -

&p emittance of panel surface -

& emittance of fictitious surface3 -

0, air temperature °C

04,0z average air temperature in the zone below the height of | °C
2.6m

Oaplenum | @verage air temperature in a plenum °C

O surface temperature of a ceiling °C

Or surface temperature of a floor °C

8y measured globe temperature in the experiment °C

0; temperature of surface i °C

Omr mean radiant temperature °C

_XV_




SYMBOL MEANING UNIT

Omr.0z mean radiant temperature in the zone below the height | °C
of 2.6 m

Bop operative temperature, uniform temperature of an |°C
enclosure in which an occupant would exchange the
same amount of heat by radiation plus convection as in
the actual non-uniform environment

Op average panel surface temperature °C

0, average water temperature °C

Ow s supply water temperature °C

Ow r return water temperature °C

05, average temperature of the lower surface °C

Os v average temperature of the upper surface °C

p density of a system or a control volume kg/m’

o Stephan Boltzmann constant (5.67<10°) W/(m>K?)

Tw.dn viscous stress by downward cool airflow from a ©
plenum

Twup viscous stress by upward warm airflow from an ©
occupied zone

A6 difference between operative temperature and mean |K
cooling water temperature

AB,,. measured difference between supply and return cooling | K
water temperature in ISO DIS 18566-2

AB,, difference between supply and return cooling water |K
temperature

De measured output of CRCPs in ISO DIS 18566-2 W

Dime measured cooling capacity of CRCPs in ISO DIS |W
18566-2

Dy nominal cooling capacity of CRCPs in ISO DIS |W
18566-2

(OF standard cooling capacity of CRCPs in ISO DIS |W

18566-2
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Backgrounds Review on the cooling mechanism of ceiling radiant cooling panels (CRCPs)
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Fig. 1.1 Research process and methods
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Fig. 2.1 Cooling mechanism of CRCPs
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Table 2.1 Types of CRCPs
Category Type Description Notes
little temperature
Attached type Pipes attached on  difference between cooling
Relation (AT) thin panel plate water and lower surface of
between a panels
panel plate Relatively a little
and a pipe Embedded type Pipes embedded in temperature difference
(EM) a thick panel body  between cooling water and
lower surface of panels
Relatively high
Insulation on Insula;ule)d type With insulation temperature at upper
surface of panels
the back of u P
panels i i
No insulated type Without insulation Relatively low temperature
(ND at upper surface of panels
No opening in the Blocked air flow between
Closed type installation | f ili | d
©) installation layer o ceiling plenum an
CRCPs occupied zone
Opening in T ith .
the ype Wi (I)ptlentlng With opening in a
installation Ina p"’g]é plate panel plate
layer of (PO) Unblocked air flow
CRCPs ili
Type with opening With openi betwgen ce|I|_nE]j plenum
formed by layout f pd b g and occupied zone
of panels ormg C yC
(LO) separated CRCPs
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Table 2.2 Classification of CRCP products

CRCP Type CRCO Type
STEEL PIPE bty
BY SPRING CLIP (AT)
(NI)
C)/(LO
ALUMINUM PAN 12 ( ) ( ) ('?I-)r)
— L AT (©)/(LO)
Q 4 Q /
X T 7 (N1)
A IMNOM SHEET . (©LO)
|<—M—»|
_—I @) T"D“ S (AT)
' T i (NI) AT
“ammerson . 12 (CY(LO) ((NI))
SvpsUM LaTH (EM) (PO)
(C)(LO)
TUBES OR PIPES
” (EM)
5 A (NI)
T METAL LATH 12 (C)/(LO)
(EM)
O]
(C)/(LO)
r Insulation
Pipe — i: ~—Plaster board (EM)
——— (1)
O 91, ©io

1 ASHRAE, ASHRAE Handbook-HVAC systems and equipment (American Society of Heating,
Refrigerating, and Air Conditioning Engineers, Atlanta, GA, 2012), p.6.6.

2 ISO, "ISO DIS 18566-1: Building environment design-Design, test methods and control of
hydronic radiant heating and cooling systems,” in Part 1: Definition, symbols, technical
specifications and requirements (2015), p.15.

3 http://www.feukltd.com/Radiant%20Panel%20Page.htm

4 Lun Zhang, Xiao-Hua Liu, and Yi Jiang, "Experimental evaluation of a suspended metal ceiling
radiant panel with inclined fins," Energy and Buildings 62 (2013): p.524.

5 84E etal, "W HAF G e wpE Wl B kel #ek A" [A Study on
the Evaluation of the Cooling Capacity of Radiant Ceiling Panel According to the Panel Type.]
A5t =25 - AEA 30, no. 12 (2014).
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ISO DIS 18566-3: Building environment design-Design, test methods and control of

hydronic radiant heating and cooling systems," in Part 3: Design of ceiling mounted radiant

panels (2015).
7 ASHRAE, ASHRAE Handbook-HVAC systems and equipment, pp. 6.1-6.21.
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EN142408, DIN4715°, NT VVS 078%°°] 4| 7|+ 54 279 A3
At A Wit dldSs #HAFor HAAste] Wy 2%, S 5%,

H7tE Pk g3 244 (cooling capacity curve, Fig. 2.2 ()oYt 3 (Fig.
g

W g-2F 2k (nominal cooling capacity, Fig. 2.2 (c)) =< 7]+

574 4y =25y % Jw 85 (standard cooling capacity)¥} =% WdHF
2-2F (nominal cooling capacity)2 A| A3t =5 &Fal QT

AAAZLS AR A7 7129 Adi e wek F7 Al e Al
of W §%e AAZEAA (F)9 (G) WAlClA &&sto] thd &9
dog e Ay W 2ds A4 Utk

ASHRAE Handbook-HVAC System and Equipment 7] <& &4 2] 6720 A +=

Hae] ol wet ArE FeE AT ArbA o shd e of

8 CEN, "EN 14240:2004 Ventilation for buildings-Chilled ceiling-Testing and rating " (2004).

9 DIN, "DIN 4715-1: Cooling surfaces for rooms - part 1: measuring of the performance with free
flow," (1997).

10 NORDTEST, "NT VVS 078 Ceiling cooling systems: Cooling capacity," (1999).

11 ISO, "ISO DIS 18566-2: Building environment design-Design, test methods and control of
hydronic radiant heating and cooling systems,” in Part 2: Determination of heating and
cooling capacity of ceiling mounted radiant panels (2015).

12 ASHRAE, ASHRAE Handbook-HVAC systems and equipment; ibid.
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=——Cooling capacity =—Heating capacity

T 100,0
2 900
'g.. 80,0 —
g; 70,0 / /
2 800 / /
E 50,0 / /
-:g 40,0 / /
g 30,0 / /
20,0 //
10,0 //

Temperature diffe

18

rence in [K]

(a) climaBOARD® cul’ produced by Integrale Climasysteme GmbH

Performance Data - Cooling - Metric Units

Room Desi Room Air Temperature minus Mean Water Te {°C)
= 55 | 6.1 67 | 72 | 78 | 83 | 89 | 94 | 10.0 | 106 | 11.1 | 11.7 [ 122 | 128 | 133 | 139 | 144 | 150
A
(Interior Room) 54 60 66 69 76 82 88 95 98 104 | 110 | 117 | 123 | 126 | 132 | 139 | 145 | 151
B
(Perimeter) 66 73 79 85 88 85 | 101 | 107 | 114 | 120 | 126 | 132 | 136 | 142 | 148 | 154 | 167 | 167
Performance Notes:
1. Outputs expressed in Watis/square meter of pansl.
2. Values are based on BSRIA BS3528:1977
3. ASHRAE A138 values are available as per DIN14037 (Heating) and DIN14240 (Cooling).
(b) Radiant panels produced by Price industries
emcocool model MD50WT Capacity

Oxygen diffusion-proof system in accordance
with DIN 4726
Consists of

Highly flexible diffusion-proof cooling and
heating pipe made from plastic (PB)

Aluminium heat-conducting lamella for
holding the PB pipe

Mounting channel for holding the lamella

Flexible connections for air conditioning
elements with releasable connectors

(c) emcocool model MD50WT produced by emco

' Cooling capacity:
Up to 96 W/m?

Y Heating capacity:
Up to 110 W/m?

n accordance with
DIN EN 14240, depend-
ing on the version

% Taking DIN EN 14240
into consideration

Fig. 2.2 Examples of cooling capacity of existing panel products rated by standards
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W OERAAY e AF B Pgel A8 Egol ¥4 srevim

Kochendorfer'*s= DIN 4715¢] A 3o] g5l duwds FAIE 5 3
T 9 HAR o]FoX, V7L gl TAtelA AAHY] wEel, A¥
AelA S8 dde] W SR AA AEelA W 5] 25%
o] Fds] Avk= AMNS BT oA Al dECAMY W &F

= Z1FelA ANEHE AF e 2 AA dEelA

14 Christoph Kochendoerfer, "Standardized testing of cooling panels and their use in system
planning,” ASHRAE Transactions 102, no. 1 (1996).

15 Jae-Weon Jeong and Stanley A. Mumma, "Ceiling radiant cooling panel capacity enhanced by
mixed convection in mechanically ventilated spaces," Applied Thermal Engineering 23, no.
18 (2003).

16 "Impact of Mixed Convection on Ceiling Radiant Cooling Panel Capacity,” HVAC&R
Research 9, no. 3 (2003).
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Radiative heat removal | Convective heat removal
.~ - ”

Heat removal on
upper panel surface

Cooling\ |
water

Heat removal o
lower panel surface

2

L, : PS
% St =) 2%
9, 7 P N

e ‘Ure 2
S @y S Of " wy
"doo;’%ac the pir velo©

ent ¢ o
Pa o o\ 4 02

0,-DINAT

Fig. 2.3 Literature reviews on the rating of CRCPs cooling capacity

17 Zhe Tian et al., "Research on the actual cooling performance of ceiling radiant panel,”" Energy
and Buildings 47 (2012).

18 UMEE, HA HAL Wy g i HohE A8 A 2d A4 (e,
2016).
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Z7, £27h vl mEe o] Bk dF dusiowr 79 o
UAES AAGA Ak olelg WAUEeR HEHoR AREA

Asta Ydv ZHde 37 &7t wopd Aoz oArE

DOUBLE FOIL
FACED INSULATION

LURANYL
RETAINING
CLIPS

(a) CRCPs with insulation on the back of (b) Room with the closed type CRCPs
panelst® which have the backside insulation?

Fig. 2.4 Panel products with insulation on the back of panels

¥ Open-type CRCPs

@ ca-TELUS Spark
@ 0E - Carpus+Partner AG, Aac
@ 0c - Apparatebau Gauting G.

oy

..... DE - Carpus+Partner AG, Aachen
@ OE - caverion GmbH, Aachen 4

@ o 08 Cargo, Mainz
@ 0k - Engineering office Reim

-@

@ us - Upper lowa University Li
@ OE - Allianz Deutschland, Ber.
® OE - Deutsche Wertpapierzen
@ 8E - Eurostation, Anderlecht
@ NL- Holland Casino, Nijmegen
@ OE - John Deere European P.
@ O - Kranhaus EINS, Cologne
@ 0E - Liebherr-\erk Ehingen
@ 0 - MTV Networks GmbH &
@ oc-ffice Buildings, Schwia
@ OE- office building M+w Za

P e

@ 0k - office building Rahman.

AU - University of
Wollongong, Gwynneville
US - Upper lowa University NSW

Liberal Art Building, Fayette,lowa

Fig. 2.5 Cases with open-type CRCPs

19 http://www.feukltd.com/Radiant%20Panel%20Page.htm
20 http://cms.esi.info/Media/productimages/Zehnder_Zehnder_Carboline_radiant_panel_1.jpg
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Table 2.3 Results of experiments to rate cooling capacity of CRCPs®

Cooling experiments

Aluminum pin type Adhesion type Insert board type
Experiment No. ATAP1|ATAP2|ATAP3|ATAD1|ATAD2|ATAD3] ISIBL | ISIB2 | ISIB3
Results of measurements
Water flow rate (kg/s)| 0.111 | 0.110 | 0.110 | 0.095 | 0.095 | 0.095 | 0.073 | 0.073 | 0.073
Water inlet (°C) | 14.71 | 16.96 | 19.22 | 14.99 | 16.99 | 18.93 | 14.56 | 17.00 | 19.14
Water outlet (°C) | 17.22 | 18.96 | 20.64 | 17.42 | 18.93 | 20.42 | 17.20 | 19.02 | 20.64
Globe (°C) | 26.06 | 26.13 | 25.89 | 26.02 | 25.81 | 25.90 | 26.19 | 26.06 | 25.85
o Air—11m (°C) | 26.67 | 26.64 | 26.18 | 26.52 | 26.27 | 26.28 | 26.51 | 26.24 | 26.04
% Surface wall 1 (°C) | 26.00 | 26.03 | 26.01 | 25.93 | 25.92 | 25.92 | 25.94 | 25.93 | 25.92
g Surface wall 2 (°C) | 26.01 | 26.02 | 25.99 | 25.93 | 25.92 | 25.93 | 25.93 | 25.93 | 25.92
g Surface wall 3 (°C) | 25.94 | 25.98 | 25.92 | 25.89 | 25.91 | 25.91 | 25.90 | 25.89 | 25.86
= Surface wall 4 (°C) | 26.03 | 26.03 | 26.02 | 25.93 | 25.93 | 25.94 | 25.98 | 25.96 | 25.94
Surface inside floor | (°C) | 26.03 | 26.01 | 26.01 | 25.88 | 25.91 | 25.90 | 25.92 | 25.91 | 25.92
Surface inside Ceiling| (°C) | 25.86 | 25.82 | 25.90 | 25.77 | 25.80 | 25.91 | 25.74 | 25.85 | 25.89
Air — void (°C) | 24.40 | 24.78 | 24.96 | 24.29 | 24.61 | 24.93 | 24.27 | 24.78 | 24.93
Heating capacity of dummy| (W) | 1175 | 940 646 940 764 587 764 587 411
Height (m)
3.5 —4 & — S ————— 2 :
>0 A A A A A A
R 11 1 o e L e i Lt Rt 1 |
25 A A A A A A
) 8 | e e Ay R 1 T I ) Y i
1.5 A A A A A A
B R ettty ettt ottt ettt i e et e i et sy et I s
I
05 A A A A A A
0 — A —A—A—A
23.0 235 240 245 250 255 260 265 270 275 280 285
Temperature (°C)
Upper surface temperature of Cooled radiant ceiling panel (°C)
20 21 A 22 23 A 24 A 25 A2 A 27 A 28

Fig. 2.6 Vertical air temperature profile depending on upper surface temperature of CRCPs
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£

0

=

19.0 19.5 20.0 20.5 21.0 21.5 22.0 22.5 23.0 23.5 24.0 24.5 25.0 25.5 26.0 26.5
Temperature (°C)

16°C
—6— Opened type

18°C
—B— Opened type

Surface temperature = 20°C

A Opened type

—&— Closed type —— Closed type —8— Closed type

Fig. 2.7 Vertical air temperature profile depending on surface temperature of CRCPs

and installation types

(Lower surface temperature assumed as same with upper surface temperature)®

FE 2R RoldsS e} AL fAGSRY 5% 2 9
of, g Elel o8] WztE §) G4 okdlz Fstud st W
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25 Ibid.

26 Ibid.
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Fig. 2.8 Airflow through the opening
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MEE-S E3k Ay F7]9 %52 Fig. 287 #o] sfdo dAwy 24
o] HHE # W g FAE #A Hdolg = TUHAAMY fF

(internal flow) .= Azte 4= Qo Wl o] #F5& sHstr] Sl of

2221, A% BE 942 (Mass conservation equation)
A Aol Wk k= Ao A A oA, Frgo] AlZtel wel Wk =
2 AFE)] (steady state)o] ™, H]S}3EA) 95 (incompressible flow) & 7%, &

F nE A e wgaor mdAn

fcs (V-#)dA =0 (2.1)

J (Vi-7y)dAy + | (V- 7ip)dA, =0 (22)
Ay A,
o] uf,
I71 = (uy, vy, wq) _>2 = (uz, v, wy)
n, = (0,0,1) n, = (0,0,2)

27 Frank M White, Fluid Mechanics, 5th ed. (McGraw-Hill, 2003), pp.148-49.
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A2 A SA 9 Hde B Sl i oAuA uF

Ay =4 =14

o|HE 2(2.2)&

(W —wy)dA=w; —w, =0 (2.3)
Ao

ow Aed F Atk
2.2.2.2. AR BE W2 (Energy conservation equation)
A Aol WakA] = Aol A A A incompressible and steady flowo] ™,

Alzdle] MRS HEu Hylol gle A, duA BE WA ve 9

242 FHFES

B, @Ol E sAzEAo B2 A@4ye D¥s @del olol w4

(25)¢} &o] Zo°f Fed = Ut

p  V? p V?
—+2—+Z + —+2—+Z
PY g 1,in PY g 2,in

p V2 p V2
= —+2—+Z + —+2—+Z (25)
Py 9 1,out Py 9 2,out
1 +1 — Uy gy — Uy
i 1,0ut 2,0ut 1,in 2in 9 n hf
g 9
28 Ibid., pp.172-73, 352.
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22.23. 5% HE WA 4 (Momentum conservation equation)

A A o] WMakA] oki= Ao A A o A, incompressible and steady flow?! 73,

9 $EF HE WAL Bt HEeE YUY & Yup

-

Fpress + Fgravity + Fshear = P f V(V ’ ﬁ) dA
CcS

ALE AZY ALHE AAH e = B+, %

=]
B
2(2.6) 0.2 HE 2@z dad F A

(pl - pZ)AO + ,Dng (Zl - ZZ) - (Tw,uppup - Tw,andn)(Zl - ZZ)

= pw?A,

oo RHE ol 7] fsol B WS vl

At thet 2,

From mass conservation :
Wi — W, = 0

From energy conservation :

V2 V2
(£+2_+Z) +(£+2_+Z)
P9 9 lin P9 9 2,in

p V? p V?
=|—+ 2— +z +|—+ 2— +z
P9 9 1,out Pg 9 2,out
ﬁ1,out: + ﬁ2,0ut - al,in - az,in q
g g

+

29 Ibid., pp.153-54,351.
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From momentum conservation :

(p1 — p2)Ao + pghAo(z1 — z2) — CwupPup — Tw,anPan) (21 — 22)
2.7)

= ,D(W12 _sz)Ao

WA Wes S 7Y AHE dEE 22 wy, o wa, Gyou

ﬁZ,outa ﬁl,ina ﬁ2,inv P1, pzi E]X]ZI:-Q] 7H*}l:7]' HJ—?E;)]&_Q] 7H*JF‘EE]' BWE]'QE

= AAReRA, dAEY el wE w4 Qe Ae WEE
empiricalst Al 7-sfofoF o},

2 AFM e ddS MYgor AXF wet e HAAHE 7|+
o% 9% I offF I3 Abol9 V] o]wo]l HXHI 1o wE
o] ¥k g7Fo] of@A gdepx A diste] #ilo] glnh o] A
of A& & Sle Ad WHoly AlEdeld W= vidshy] $lshe

B

of vlg F7bk o @A o] Fol g
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21148004 AR5l HES e 3 Ad 39 2 7] Abo]

of Amste] oa) S Wukae, WY wWe Lxt Ao P4

sw &8 ofHT dudHS A 5 3= Ao A4

30 Bjarne W. Olesen et al., "Heat exchange coefficient between floor surface and space by floor
cooling-theory or a question of definition / Discussion," ASHRAE Transactions 106 (2000).

31 ASHRAE, ASHRAE Handbook-HVAC systems and equipment.

32 ASHRAE Handbook-Fundamental (American Society of Heating, Refrigerating, and Air
Conditioning Engineers, Atlanta, GA, 2009), p.4.15.
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34 DIN, "DIN 4715-1: Cooling surfaces for rooms - part 1: measuring of the performance with

33 CEN, "EN 14240:2004 Ventilation for buildings-Chilled ceiling-Testing and rating ".
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B7F el st agskal, olek vhE WgoR Med VEEs

Aste] vlw w AR S

2321 A¥A

Aol A7)= 7R 4 m, AR 4 m, =0] 3mE JHE FHEL 9o,
HhebE A 10.0~21.0m?, 7}FE-AE H] 05 oAk, k& o] 2.7~-3.0mel ¥
Slel dsiM = A3 2712 2o

Ao g¥= 99E FF ddZo] 040 WimPolstE, 9vE 3 o
=95 Hasglehr] A oty =, Ao W ke A W dd
2 AAH ok gk AE oudtty & g dvk B iy 29

WARE S 0.9 ool HEE & A& qrAdsta itk
=

P
T
2] &}+= water controller boundary ® ol 413

e
i

PN
T
A& 9 AW o] A XSk room within roomyH S A A SFaL QLT

35 NORDTEST, "NT VVS 078 Ceiling cooling systems: Cooling capacity."
36 I1SO, "ISO DIS 18566-2: Building environment design-Design, test methods and control of
hydronic radiant heating and cooling systems."
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Table 2.4 Description of a test room

EN14240 NT VVS078 ISO DIS 18566-2
Size e 4 m(W)x4 m(D)x3 m e W4mxD4mxH3m < Not specified.
(H) ¢ Ceiling area minimum However, a figure
e Floorarea 10.0 ~21.0 2.4x3.6 m describing a test room
m? * Room height between adopts dimension
* Width to length ratio 2.7and 3.0 m recommended in

of the test room shall
be not less than 0.5
* Inside height 2.7~3.0

EN14240

m
Material and ¢ Average heat flow * The walls and floor * Average heat flow
thermal through surfaces is should be composed of through surfaces is
properties less than 0.40 W/m? 10-15 mm solid less than 0.40 W/m?

timber with no surface
finish on the interior

* Inner surfaces
emissivity of the room

Inner surfaces
emissivity of the room

shall be at least 0.9 side shall be at least 0.9
* U-value of ceiling is
less than 0.35
W/(m?-K)
Control of ~ « Water controller * Room within room * Not specified
surface boundary method method
temperature ¢ Room within room
method
Air tightness  » Sufficiently tight to * Not specified » Sufficiently tight to

minimise flow from
the ambient air outside

prevent air infiltration.

Without forced air
flow

The air within the test .
room shall not be
influenced by any

forced air flow.

Forced air .
flow

Not specified

2.322. Y 3 BALE st A

Al 3 A 5‘4 2 Hol

= v 2

AT HAA G HAFE A%EH oz 2 Apsstelol i,

7} 0.9~1.35m22] ufehA dS oat

719 Vel AAS AL =

5



2.3.2.3. 37} O Hde AXA

b A AE e A wRlel o WE2 Tl we W Aols
Holm®g 7t 7| HE I &g 1Esh

(1) EN 14240
fd 2 AT A s AlE el wel AXEop sk vk 3 |

o] Aga g dARG 22 Ae, e A Ed Afeld] d

Ao GALE WA o] AA migH A ] 70% o]o] HEE XS
ofof stw, BldAZFH HAAA7IA Y] =ol= 300mmE @A FEF 3
of 3ttt g A Ao figk WrtE oy}t gle ASE Hg9

Zapo] 4 Foko] ©EE A gfolo} B,

Nordtest VVS 078
> AL AAlSkE Al W whel A Efop st g 9]

WS Ha s m? o]dow, A WA 50~70% FL7t Holop gt

)

AR HANAEE 250 mm ol E U Folo, FH O FHE 200 mm



Al 2 g A BAFGY e W 8ol @3 ouA uF
Table 2.5 Description of a cooling load simulator (dummy)
EN14240 NT VVS 078 ISO DIS 18566-2
Size 1
f— | * Not specified 2;_\%
DE?7 \ N
- b -
/ ‘ 0| ! 3¢ b
3—!——@— — N
\\ ! 0 N\, o
b A !\. ¢ \
s— L 9PEE
6 1 awi :in,ns o LS
T Do
(Dimension in m) (Dimension in m)
Mate- e« Painted steel sheet * Painted steel sheet
rial * The emissivity of the inside * The emissivity of the inside
and outside surface shall be at and outside surface shall be
least 0.9. at least 0.9.
Heat * The output of each simulator * The output of each simulator
output must not exceed 180 W must not exceed 180 W
* Continuously adjustable * Continuously adjustable

¢ Each simulator shall have an
identical heat output and the
same number of bulbs.

Number e« The number of dummies shall ¢ The test room will be heated
be even and chosen so that with 6 electrical heated
each dummy covers an cooling load simulators

average floor area of 0.9 m?
to 1.35 m? (i.e. the maximum
heat load is 200 W/m?).

(3) I1SO DIS 18566-2
AEHY v A E Ash wjaat Ao e g Fte Holdl

active length®7} 2.9 ~3.1m<e M7} ¥ %o] 0.3~15me HH7} HE

37 "ISO DIS 18566-1: Building environment design-Design, test methods and control of hydronic
radiant heating and cooling systems," p.1.
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Table 2.6 Test report of EN14240

Example of Test Report Form and measurement

Description of product

Test object type —open/closed

Insulation

Manufacturer

Water — connection of specimen

Description of test object

Description of measurement series

Manufacturer's comments

Customer

Reference area

Additional measurements of test room

Test room area [m?] At 14,44 Ceiling height [m] h 2,30
Projection area [m?] Ai 12,16 Edge insulation [m] S1 0,10
Active area [m?] Aa 11,00 Edge insulation [m] S2 0,20
Results of measurements
Number of measuring point 1 2 3 4 5 6
Date of measurement 15-06 15-06 16-06
Cooling water flow rate [kgh-1] Ow 538,7 545,3 543,4
Water inlet Ow1 15,39 17,33 19,33
Water outlet Buw2 16,90 18,51 20,18
Globe 6y 26,42 26,07 25,73
Air—1,7m Ba17 26,8 26,4 26,0
? Air—1,1m Ba11 26,9 26,4 26,0
@ |ar-o01m Bw1i | 266 | 263 | 259
é Surface wall 1 Bsw1 25,8 25,8 25,8
“g’. Surface wall 2 Bowz 260 | 260 | 26,0
& Surface wall 3 Bsus 25,7 25,7 25,7
Surface wall 4 Oswa 26,0 25,9 25,9
Surface inside floor Bfloor 25,9 25,9 25,9
Surface inside ceiling Bceiling 25,9 25,9 25,9
Air-void Ba-void 19,6 20,6 21,6
Heating capacity — dummies [W] Ps 927,9 717,9 518,1
Calculations from measurements
Number of measuring point 1 2 3 4 5 6
Reference temperature [°C] Oref 26,42 26,07 25,73
A8 [K] Water temperature rise ABw 1,52 1,18 0,85
Reference mean water AB 10,28 8,14 5,98
Cooling Specific — Test room area [Wm?] Pt -65,8 -51,9 -37,3
capacity Specific — projection area [Wm?] Pi -78,2 -61,6 -44.3
Specific — active area [Wm?] Pa -86,4 -68,1 -48,9
Total [W] P -950,9 | -748,8 | -538,3
Heat transfer/test room periphery [W] Ps 24,2 24,8 26,0
Heat balance [W] AQ 1,2 -6,1 5,8
Heat balance maximum value [W] 0,05 P 47,5 37,4 26,9

-41 -




Table 2.7 Standard deviation of the recorded measurements for steady state condition
in EN 14240 and NT VVS 0783

EN14240 NT VVS 078
Globe temperature Less than 0.05 °C

Less than 0.4 °C
Interior room surface temperature Less than 0.5 °C -
Mean water temperature Less than 0.05 °C -
Cooling water inlet temperature - Less than 0.2 °C
Cooling water outlet temperature Less than 0.2 °C
Cooling water flow rate Less than 2 %

Less than 1 %

ST 2% 0,7F 32°C, A7} 15:0.5 K1 =71 tf3te] 1SO DIS 18566-2

°] Annex A¥ol AAH test reporte] =S FAAE A =4 3o}

s
el tigh v =i ofpel gt
37 X wzat +0.05 K
B A1t 1%

1IS0°] A= uE 7+ g2 2484 U9
3lM, IR (infrared) A|2~ElO 2 s d o] H
=5 sta Qo
2325 Y &2 =&

(1) EN142403} NT VVS 078

AG o] AIZHA oMy, Oy,,0,s E SAR HCIHE H(227) -

38 MMALE et al, "AA WAL A ARle] whdE @) AF " [An Experiment for

Estimating the Cooling Capacity of the Radiant Ceiling Panel System.] f ¢/-77 5 8/3] =&
# - A2 7] 30, no. 2 (2014).0 & ¥ &S BE XHT

39 ISO, "ISO DIS 18566-2: Building environment design-Design, test methods and control of
hydronic radiant heating and cooling systems," pp.15-16.
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9= (2.8)
Qp = ¢y "My, (Qw,r - gw,s) (2 9)

xFE A0, yFS FEAT PY 8 qR st 1dZE Od ¥
curve fitting 3t0 ¢ = kAol Yk & =
w o] SHA T I &S AAkste] ¥4 Wy 8% (nominal cooling

capacity) ©. = A|A]s}7| = Sttt

(2) ISO DIS 18566-2
57 2% 6,7} 32 °C, A67}F 15205 K1 el A A ¥ dlolElE 2

(229)°1 thdstol e I &35 oo

D = 1ty (Mg = hay ) (2.10)

N\

8 371 8 ()3 71E 271 4 E (s =101,325 kPa)ell thete] o

o,

& 42307 Lol WY §FS

filo
kT

(o

g
0.4
Ps
Deme = Ome [0.5 + 0.5 (;) ] (2.11)

A6 7F 15 K & uije] ¥ &% 7]+ W &% (standard cooling
capacity) ®cs 9+ 8 K & weo I gl ¥ I §F (nominal
cooling capacity) @y 21(2.31) ~ (2.32)°.= 3+ 4= )t}
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31 AA Fdol wE ¥ &9 ¥

Wgel A Pt WA WEE BT+ 9t AW PUS B3
L oo U% AR A8 PRYS X 5 Uk AF Pyow

33 WY 22 (nominal cooling capacity) =2 7]+ Wd £ (standard
cooling capacity) s THFst FEj= A A E L QU

T W & 34 I S digt 7 AAe JEE A
sbal Qlo], AAl Al AFE W &% oS50l Jhssta &&str] =

Attt AAlz dAmiEa e B dd AESe] ¥ &3] d4d

A2 AR E o] QlEdl(Table 26 %), 1 5 A0%} 2o dig-3t= g9
e B2 vAl et Table3.13 2t
x5S A9, yES qF 3= IYEZE I9 3 curve fitting 3 (Fig. 3.1

Fx), AGDH 22 W9 £ JHs EF8 g Ak

q = 7.489 A91051 (3.1)

g, Ag7F 8°Ccd el 7 ¥ &2 66.6 WimPo|t,
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Table 3.1 Measured A8 and g in EN14240

Measurement No.

5.98
48.9

8.14
68.1

10.28
86.4

A8 (°C)

q_(Wim?)

Test results

- Cooling capacity curve from measured data

ko (AB)"c

q=

4 Nominal cooling capacity

150

[=1 (=
(=} [rel

(quy/pn) b Ayoedes 3urjooo oroadg

11

10

Temperature difference between OT and average water temperature, A9 (K)

Fig. 3.1 Cooling capacity curve fitted from test results of EN14240
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wpeb B A= ko9 ko Aol BAIE 2(3.2)¢F #ol ¢ F B
o3kaL, neot nyp Aol BAIE 2(3.3)F #ol ¢, 0 F A, o5

‘W7 A<= (correction coefficient)’e} W3R T AE I wjx| o

=

et ¢, 9F ¢, ol oA GElx =X EAste] HAy I £ 34
S x5E dd X tE Y ¥ &7 A4S A5 F s
= A o)
Test results
- Cooling capacity curve from test results (closed type)

—~ a Nominal cooling capacity
E Enhanced cooling capacity curve (open-type)
%100
z q = ko (A9)"10 =
§ T
NJ
% x Ck ,.4.,.,. |~ .,‘.,,‘.,4,
8
)
& - i

0

0 1 2 3 4 5 6 7 8 ; | 11

Temperature difference between OT and average water temperature, A9 (°C)

Fig. 3.2 Enhanced cooling capacity curve of open type CRCPs
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» Opening

(a) Plan

e W=
Y VN

——— Opening +———

(b) Section (c) Example

Fig. 3.3 Description of the opening in open-type CRCPs
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(figuration parameter)2} &7 5} % t}.

3.2.14 9 7NyF-¢]

golol whet, Ao WAL wde]

o wheh WAoo zRE AW AU WAL W o=, Hde] WA
&3k wig WA A os G K = kol
Ap=32.0m>
Ap=8.0m>
CRCP
/
Ap=16.0m> A R
A Ap=24.0m>
; (a)
A(): 8.0m~ /
CRCP
Ap=8.0m>
\\\\ Ap=132.0m’
(b)\ A(): I60m3
CRCP
Ap=16.0m>

Fig. 3.4 Generalization concept of the opening area
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AR (Opening -floor area ratio)

ARp (Opening - panel area ratio)

HDpy, (Hydraulic diameter of an opening calculated from opening area
and sum of panel and wall perimeters)

HDp (Hydraulic diameter of an opening calculated from opening area

and panel perimeter)
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/ndﬁ-?:ﬁmensiona]iiéﬂau ______________________ N _:_L:“T\ "7 77" " generalization__
’ A = < A
v Ap/Ap \\\J Ap/Ap "V 4A,/(Pp + Py)
Hydraulic diameter of
Parameter Opening area- Opening area- Opening

floor area ratio
ARp

panel area ratio
ARp

calculated from opening area &
sum of panel and wall perimeters

HDpy

Hydraulic diameter of
Opening
calculated from opening area
and panel perimeter

HDp

Fig. 3.7 Categorization of figuration parameter of the opening
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41 Mohammad Kazkaz and Milan Pavelek, "Operative temperature and globe temperature,”
Engineering MECHANICS 20, no. 3/4 (2013): p.2.
42 ANSI/ASHRAE, "ASHRAE Standard 55-2010," in Thermal environmental conditions for

human occupancy (2010), p.23.
43 Svyatoslav Yatsyshyn et al., Handbook of Thermometry and Nanothermometry (International

Frequency Association Publishin, 2015), p.205.
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Fig. 3.8 Schematic description of a room for the simulation
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Table 3.2 Level of factors predicted to influence on cooling capacity

Label Factor Low High
A Ceiling installation type closed open
B Height from a floor to a false ceiling (H1), m 2.6 3.2
C Height from a false ceiling to a room ceiling (H2), m 0.3 0.9
D Floor area (Ag), m? 16 32
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Table 3.3 Cases and results of 2X factorial DOE

CASES RESULTS

Factors

No. A B C D

Ceilingtype  Hi(m) H (m) Ap (M?) a0z (°C) 6, (°C)

1 closed 2.6 0.3 16 27.51 26.37
2 open 2.6 0.3 32 24.02 23.36
3 closed 3.2 0.9 16 27.94 26.82
4 closed 2.6 0.9 32 27.15 25.89
5 closed 3.2 0.3 32 27.37 26.13
6 open 3.2 0.9 32 24.47 23.85
7 open 2.6 0.9 16 24.06 23.59
8 open 3.2 0.3 16 24.92 24.34

24 Aol S dgete] AlEdoldE s Table 3.39
&

el oJg GFol /% Ax 1 At FAT W Ak ol whe WA

Aps 16m*(dmx4mez Rae & F9u 32m*@8mx4m)ez 2
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Effect Type
# Not Significant
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Effect
Lenth’s PSE = 0.238429

Fig. 3.10 Normal plot of the effects on response variable 6,,, (a=0.05)

99
Effect Type
# Not Significant

95 - B Significant

0y * Factor Name

a0- A Ceiling type

73 B H1
' ] s C H2
@ 607 D Room area
W 504
T 40

&,

e 304

20- .

104 ma

5 4
1 T T T T T T T
-25 -20 -15 -1.0 -05 0.0 0.5
Effect
Lenth’s PSE = 0190433

Fig. 3.11 Normal plot of the effects on response variable 6,, («=0.05)

-71 -

5 4 2T 8t



Symmetry plane

JLO.BmJ

2.6m

2.6m

Fig. 3.13 Room modeling by STAR-CCM+
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(a) Example of CFD simulation results

(b) When 6,,=6, — 2.0 °C

RESULTS RESULTS
O Omr o0z 84,02 Oy q Omr o0z 04,0z
(°C)  (Wim?)  (°C) (°C) (°C)  (Wim?) (°C) (*C)
16 126.64 24.01 26.40 14 126.64 24.47 10.47
18 99.33 24.72 26.79 16 99.33 24.73 8.73
20 7256 25.78 27.73 18 72.56 25.00 7.00

* Cooling capacity curve :
q = 4.9227 - Ag1-3848
(c) When 6,,= 65, — 1.0 °C (d) When 6,,= 6,

RESULTS RESULTS
O q Omr oz 84,02 Ow q Omr oz 4,02
(°C)  (Wim)  (°C) (°C) (°C)  (Wim?) (°C) (°C)
15 126.64 24.01 9.47 16 253.27 24.47 8.47
17 99.33 24.72 7.73 18 198.65 24.73 6.73
19 7256 25.78 6.00 20 145.11 25.00 5.00

* Cooling capacity curve :
q = 8.1599 - Ag12207

* Cooling capacity curve :
q = 13.266 - A§10562

150
(b) when 6,,=6,, — 2.0 °C
®— (b) Cooling capacity curve
© (¢) when 8,,=6,, — 1.0°C
5; (c) Cooling capacity curve
= (d) when 6,,=6,
Ewo | = o
Sa (d) Cooling capacity curve
=
g
&
(&}
2{4
.=
S
S
(&}
;;:1: 50
(5]
2,
2]
,//,/
0 L
0 1 2 3 4 5 6 7 8 9 10 11

Temperature difference between OT and average water temperature, A8 (K)

Fig. 3.15 Cooling capacity curves depending on relationship between 6, and 6,
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3.3.2.4. A4t Ed (Calculation models)

o] FElr doyA =S wisltl STAR-CCM+ES &85} o]g]st Aoy
A o] w3 olF T At Ay F719 2k 4 iy x|
%

5 dolfr] gsid A3 A 2 d(calculation model)S A€

* Material: 33+ We] A= AR FV|0|EE ‘GassE A Esta
‘Gas” W9 389l &7L STAR-CCM+ ¢tel dHoJEHo] Az R E
=45 Axtel A AEF S

o Time: G4 dH £HoR e A WHE W AlEdelA
T A AHE Y52 E Steady’S A B3I

* Space: WA7]olA REAHE A, g, TAA FAo] TtE, A=,
=o]& zt= FHEo]2 2, ‘Three dimensional’= 41 &3} T,

* Flow: ajAlstaat sk 50l 4H54YL -9+ Coupled Flow £,

- ‘Segregated Flow & Z] &3ttt & AtoflA] 3|4

s s B0 U 37 FES VYHHOIZL Segregated
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2 AEstoith o]9} & segregated approach:= * 1A} 3=
A WFANES SxH oz Axkshe A u] wga] ko] AAL
¥

A vy als E3o) Gradient Metricse] ‘Gradient’= A% A€

Equation of State: 3712 AEHl= %9} o wleg} YErl WHal=
oA} 71A WMo My £ QoM R ‘Ideal gas’ S AT}

= QA SRR, 2EE FAA sk R 8] oA g4
S ¥ 29l ‘Segregated Fluid Temperature’ & 41 &} 8} T}

Viscous Regime: AUl & 3telA] dojut= &719 F%

rlo

ol B R
‘Turbulent’ & A1 83} T,

Turbulence: ‘Viscous Regime’©. 2 ‘Turbulent’S A& ‘Reynolds —
Averaged Navier —Stokes’7} A-s A€ttt d7FE f4]st7] 915}
Al kA doju= 3719 fes dlAskrlel Add K-

Epsilon models’s A1 818}t ‘K-Epsilon model’e] A Rd

of

viscous sublayerE o9 A A ZiQ17tel| wel thEd], STAR-
CCM+el M= o8 7He] EE Alzsta ok & AelX=
‘Realizable K-Epsilon model’?} ZAZS F /ME uro] Hshes
Two-layer approach”} 2% ‘Realizable Two-Layer K-Epsilon’s 41 €}
At AT 5 54E diAe] AF EdS AL B
< AASe AT = e 7P IHbA QL “Two Layer All y+ Wall

Treatment’S A1 &3} o}
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Shell Three dimensional

Three dimensional
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Fig. 3.16 Selection flow chart of calculation models in STAR-CCM+
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(d) Inside of the test cell

(e) Panel system (f) Panel system (open)
]

(9) temperature measurement (h) flow rate measurement and control
Fig. 3.17 Description of a test cell*

48 Ibid., p.273.
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Opening A, = 3.04 m?
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E 6%&"‘5; o T
5)

4.0m
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fe

4.0 m

Fig. 3.18 Installation of CRCPs in the test cell

Table 3.4 Cases of experiments for verification of a simulation model

Activated Cooling Cooling Supply water  Predicted Predicted

bulbs load water flow rate  temperature cooling water return water

No. temp. rise  temperature
Qs Y mw ew,s ABw 2 ew,r 9
(ea) (W) (lpm)  (gfs) (°C) (K) (°C)
1 24 1409.76  7.00 117 13.00 2.89 15.89
2 16 939.84  7.00 117 15.00 1.93 16.93
3 8 469.92  7.00 117 17.00 0.96 17.96

Notes:

1) Qs = Quup X Activated bulbs, where a power of abulb @,,,;;, is58.78 W
2) Ab,, = Q¢/(c,, - my,) where ¢, =4.18 J/(gK)
3) by = bys + 406,
Table 3.5+ A3 A¥E Hgst Ao=w SA4E ¥W L& 35 A5

ol AA Ao R Y dle] AAS A

ind
&
il
2
e
i
=
o
i
juei)
Ay

EECR Y
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Table 3.5 Results of experiments

Result of measurements No.l1 No.2 No.3 Index
Heating capacity of dummy Qs (W) 1409.76 939.84 469.92 |2
Cooling water flow rate m,, (9fs) 123 117 114

Water inlet Ow s (°C) 1325 1510 17.13
Water outlet O r (°C) 1598 17.10 18.13

CRCPs surface temp. 65, (°C) 1583 16.97 18.38 |

Surface wall 1 0, (°C) 2572 25.03 2471 |

Surface wall 2 6, (°C) 2559 25.09 24.63 |

Surface wall 3 05 (°C) 25.67 2490 24.67 |

Surface wall 4 0, (°C) 2535 25.12 2445 |

Surface floor O (°C) 25.64 2483 2422 |

Temperature g\, face ceiling 6.  (°C) 2471 2435 2437 |

Globe 0y (°C) 2528 24.19 23.39 OY

Air-0.1m 0a01 (°C) 2582 2465 2376 O

Air-0.4m 0u04 (°C) 25.83 2465 23.66 O

Air-0.8m Baos (°C) 2483 2420 2382 O

Air-1.1m 0a11 (°C) 2573 2452 2363 O

Air—-1.7m Ou17 (°C) 25.62 2439 2346 O

Air — Plenum Oapienum (°C) 2450 2399 2358 O

Calculation from measurements

Heat removal by CRCPs 9 0p (W) 1398.49 972.26 476.52 O
Water temperature rise A, (K) 2.73 199 1.00
Average water temperature 6. (°C) 1461 16.10 17.63
Temp. difference between 6,,,and 6w  AO (K) 1068 8.04 575

Notes:

1) Qp = ¢, -m,, - AG,, where ¢, =4.18 J/(gK)
2) | : Value used as CFD boundary condition
3) O : Value compared with CFD analysis results
@ Limits of error :

- T-type thermocouple : +0.5 K or 0.4 %

- Flowmeter: £0.1 Ipmor 1.0 %

-85 -



Table 3.6 Comparison between experiment results and simulation results

No.1 Msz:;reed Expected value? S'Telgljlt ;on

Globe 0, (°C) 2528 2478 ~ 25.78 24.88

Air-0.1m Ba01 (°C) 2582 2532 ~ 2632 25.55

Air-0.4m 0a0a (°C) 2583 2533 ~ 26.33 25.75

Temperature Air—0.8m Oa0s (°C) 2542 2492 ~ 2592 25.91

Air-1.1m 0a11 (°C) 2573 2523 ~ 26.23 25.76

Air—1.7m 0417 (°C) 2562 2512 ~ 26.12 25.94

Air—Plenum 04 pienum  (°C) 2450 24.00 ~ 25.00 24.83

Heat removal by CRCPs Y Qp (W) 1398.49 1379.46 ~ 1417.52 1409.08
No.2 Mszfgged Expected value S'Telgljlt tlon

Globe 0, (°C) 24.19 23.69 ~ 24.69 23.96

Air—01m 6.0, (°C) 2465 2415 ~ 2515  24.42

Air—04m 6., (°C) 2465 2415 ~ 2515 2443

Temperature  Air—-0.8m Oa08 (°C) 24.20 23.70 ~ 24.70 24.41

Air—11m  6,,, (°C) 2452 2402 ~ 2502 2473

Air—17m  6,,, (°C) 2439 2389 ~ 2489  24.37

Air—Plenum O pienum (°C) 2399 2349 ~ 2449 2406

l

Heat removal by CRCPs Y Qp (W) 97226 958.37 986.15 961.02

Measured Simulation

No.3 Expected value
value result

Globe 04 (°C) 23.39 2289 ~ 23.89 23.58

Air—01m 6,0, (°C) 2376 2326 ~ 2426  23.79

Air—04m 6, (°C) 2366 2316 ~ 2416  23.77

Temperature  Air—0.8m Oa08 (°C) 23.82 2332 ~ 2432 23.74

Air—-1.1m 0,11 (°C) 23.63 2313 ~ 24.13 23.77

Air—17m  6,,, (°C) 2346 2296 ~ 2396 2361

Air—Plenum 08¢ pienum (°C) 23.58 23.08 ~ 24.08 23.55

l

Heat removal by CRCPs Y Qp (W) 476,52 469.55 483.49  470.18

Notes:
1) calculated from limits of error

- T-type thermocouple : +0.5 K or 0.4 %
- Flowmeter : £0.1 Ipm or 1.0 %
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* ARy (Opening -floor area ratio)
* ARp (Opening - panel area ratio)



and sum of panel and wall perimeters)

* HDpy, (Hydraulic diameter of an opening calculated from opening area
and panel perimeter)

* HDp (Hydraulic diameter of an opening calculated from opening area
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sk W ZdolZ k= Aol AE AASIY. ZF Aol WE (4p,4p)

sl

(5.76 m?, 10.24m?), (9.00 m?, 7.00 m?), (12.96 m?, 3.04m?)°] =2 AR,

sl

0.64, 0.4375, 0.19°] t}. (Fig. 4.1°] a)

(3) M) (1M ==9 ARr 3t 0.19,0.4375,0.64,0.75 Alo]Alo]of o1H
ARp 38 Zfol7} ¢k 0.1 ol 2 4 ALEF 107 order of
magnitude®®] ARp%t 0.1,0.3,0.4, 0.5 37}3kt}. (Fig. 4.19] m)

(4) VA ARpF 7o ApolE FY =oli, ARgks s A6
9ske] 91919 ARRZE 0.0975,0.24,0.325,0.595, vl 7}# = ©] A A3}
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ARE: 0.0975 0.1 0.19 0.24 0.3 0.325 0.4 04375 0.5 0.595 0.64 0.75
C B A

mdex: L K J I H G F E D
050 060 070  0.80

0.10 020 030 040

0.00
ARF (-)
Fig. 4.1 Values of ARy for simulations
(A) (B) ©
. ‘ !
E 2
= s
f
CRCPs CRCPs CRCPs
£ 2.0mx2.0m), 1x1 £ (24 mx2.4m), 1x1 £ (24 mx2.7m), 1x1
Sl I S| I T S| ]
- A e
< Aj 0.8m V 0.8 m
X : 4\;‘ o= »
4.0m L r 4.0m 4.0m

Ap=4.00M?  Ap=1200m?  Ap=576m?  A,=1024m?  Ap=6.48m?>  A,=9.52m?

ARp=1.7778  AR=0.595 AR,=1.4691

AR;=0.75  ARp=3.0  AR;=0.64
(D) (B) (F)
~ be - !
1 =7
CRCPs CRCPs CRCPs
E| [ |B@omxs2m) IXli| E| [ GOmx3.0m), 1x1 | | E G 0med 2 m), IR
B 0.75m B 0.5 l“; ‘0.5 m
|
40m 40m r 40m
Ap=8.00m? A,=8.00 m2 Ap=9.00m?  A,=7.00m2  Ap=9.60m?  A,=6.40 m?

AR;=05  ARp=1.0 AR;=0.4375 AR,=0.7778 AR;=0.4 AR,=0.6667

Fig. 4.2 Basic cases according to ARy
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Ap=10.80 m? A,=5.20 m? Ap=11.20m2 A,=4.80 m Ap=1120m2  A,=4.80 m?
AR;=0.3250 ARp=0.4815 ARp=0.3 ARp=0.4815 ARy=0.3 ARp=0.4286
() (K) L
e = ‘ L E
T — 1s s
CRCPs CRCPs CRCPs
Os_: (3.6 mx3.6 m), 1x1 J Os_: (4.0 mx3.6 m), 1x1 g (3.8 mx3.8m), 1x1
0.2m Oim
— ‘ —Y v ‘|
F 4.0m :J‘ {L 4.0m | : 40m :

Ap=12.96 m*> A,=3.04 m? Ap=14.40 m> A,=1.60 m? Ap=14.44 m? Ap=1.56 m?
AR;=0.19 AR,=0.2346 ARy=0.1  ARp=0.1111  ARz=0.0975 AR,=0.1080

Fig. 4.2 Basic cases according to AR, (continued)
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id AFe 7tE-AE dolvt Aul ¥z Aol order of magnitude”}
102 m & Faste] e Aoyt el o]k 102 m order of
magnitude ©]%to] =% AAsl tvk Ao FHCE S oF =
5 HES A 231s WEA717] flste] AN Aol order of

magnitude”} 10°m 7} Hi= A$= 2 Fof Aojxd xSt

4.2. AlEE A Aol

418 AAFHE FJAF 249 gtor FAE AlEHolA AolAe F
7471 2, Table 4.1 ~ Table 4.122} 7t}

Table 4.1 CRCPs layout and opening figuration parameters of case A*

CASE A
Ap=  4.00 m? Ap= 12.00 m?
VRy= 0.750 VRp= 3.000
Index Aa Ab
CRCPs CRCPs
El (@0mx1.0m), 1x1 | E| | [20mx20m) Ix1|
} 1.0m
40m 4.0m
Py [m] 8.00 8.00
P, [m] 22.00 24.00
HDp [m] 6.000 6.000
HD, [m] 2.182 2.000
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Table 4.1 CRCPs layout and opening figuration parameters of case A*(continued)

CASE A

Index Ac

Ad

1.0m

CRCPs

© 1.0m

(6] CIJ?S

(0.3 mx2.0 Jn). 1x4

El [ (10mx20m).1x2 | &
] 0.7m I ‘:.()A(» me | 0.7m B
‘F 40m L 4.0m W‘
Py [m] 12.00 20.00
P, [m] 28.00 36.00
HDp [m] 4.000 2.400
HD, [m] 1.714 1.333
Index Ae
CRCPs ¥
El [ (10mx1.0m),2x2 8
N 0.7m I %0.(» m% | %0.7 m B
£
) 40m L
Py [m] 16.00
P, [m] 32.00
HDp [m] 3.000
HD, [m] 1.500
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Table 4.2 CRCPs layout and opening figuration parameters of case B*

CASE B
Ap= 5.76 m? Ap= 10.24 m?
ARgp= 0.64 ARp= 1.778
Index Ba Bb
|
CRCPs CRCPs
El L] @Oomx14d4m), Ix1 E| | jledmxadm) 107
i 0.8m
3 40m L I 40m
Py [m] 8.00 9.60
Ppy [M] 21.12 25.60
HDp [m] 5.120 4.267
HDpy, [M] 1.939 1.600
Index Bc Bd
‘E - VE
AO !\C
CRCPs CRCBPBs
El [l (2mx24m). 1x2 | E| || (08mx24m) |x3 |
T04m
0.5m Tosm Tosm
- ! :|\ - J
N 4.0m L 4.0m ]
Py [m] 14.40 19.20
Poyy [M] 30.40 35.20
HDp [m] 2.844 2.133
HDpy, [m] 1.347 1.164
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Table 4.2 CRCPs layout and opening figuration parameters of case B*(continued)

Index Be Bf
- v S ¢E_
8 "
S 121
CRCPs CRCP
E H@- mx2.4 L',“ﬂ E| [ (12mx12m),2x2 &
0.32m Lol = = = -
[ 0.5m 0.6 m 0.5m
| |
£
o le | T L . O.—I
I 40m ] r 40m L
Py [m] 24.00 19.20
Ppyy [M] 40.00 35.20
HDp [m] 1.707 2.133
HDpy, [mM] 1.024 1.164
Index Bg
. J{E_
I . _Td
CRCPs L 4]
E| | 06mx12m)2x4 g
\BERN
o] 1 (]
== 157
I 40m ]
Py [m] 28.80
Ppoyy [M] 44.80
HDp [m] 1.422
HDpy, [M] 0.914
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Table 4.3 CRCPs layout and opening figuration parameters of case C*

CASE C
Ap= 648 m? Ap= 952 m?
ARp= 0.595 ARp= 1.469
Index Ca Cb
CRCPs CRCPs
El |l @.0mx1.62m), Ix1 | @4mx2.Tm) Ax1 |
il 0.8m
r 4.0m 7 40m
Py [m] 8.00 10.20
Poy [M] 20.76 26.20
HD, [m] 4.760 3.733
HDpy [mM] 1.834 1.453
Index Cc Cd
l e Y
e A =S
CRCPs CRCPs
Bl | (GeE ] E| [l o - .
l.Im 1 ] 0.7m I 7l 0.8m [ 7] 0.7m B
[ 4.0m :" 40m
Py [m] 10.80 18.00
Py [M] 26.80 34.00
HDp [m] 3.526 2.116
HDpyy [M] 1.421 1.120
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Table 4.3 CRCPs layout and opening figuration parameters of case C*(continued)

CASEC
Index Ce Cf
| g___ y E
P —— =
FRCPL CRCPs
Bl Gsmpaom. 15| Bl e e
< = s
_‘40.55 mK_ < >
‘ ‘ I.Im I
r; 4.0m T 4.0m
Py [m] 25.20 14.40
Ppyy [M] 41.20 30.40
HDp [m] 1.511 2.644
HDpy, [mM] 0.924 1.253
Index Cg
L2
=
£ 0.9 n ST%II)TSI 2x2 \ e
S ™ T 7S
o[ osm[  lom[
A S R B
T fs sl
[ 40m 1
Py [m] 21.60
Ppoyy [M] 37.60
HDp [m] 1.763
HDpy, [M] 1.013
-101 -



Table 4.4 CRCPs layout and opening figuration parameters of case D*

CASE D
Ap=  8.00 m? Ap= 8.00 m?
ARy= 050 ARp= 1.000
Index Da Db
- \ L
ot TAO
CRCPs ~ CRCPs y
g @4.0mx2.0m), Ixl | g | (40mx1.0m),2x1 E i
|
e ) - ‘T‘o
I 4.0m 1 4.0m
Pp [m] 8.00 16.00
Poyr [M] 20.00 28.00
HD, [m] 4.000 2.000
HDpyy [m] 1.600 1.143
Index Dc Dd
§ &
Tfo’-
CRCPs
E| | Bemitm L g
“lo75m| T 1
‘( 4.0m :’i 40m
Py [m] 11.40 16.40
Ppy [m] 27.40 32.40
HD, [m] 2.807 1.951
HDpy [m] 1.168 0.988
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Table 4.4 CRCPs layout and opening figuration parameters of case D*(continued)

CASE D
Index De
7S]
E *-CR‘((’S'- ______ '_LE
- To’
A/‘()AS m
1e
4.0m : 7l
Py [mM] 22.80
Ppy, [M] 38.80
HDp [m] 1.404
HDpy, [mM] 0.825
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Table 4.5 CRCPs layout and opening figuration parameters of case E*

CASE E
Ap=  9.00 m? Ap=  7.00 m?
ARy= 0.4375 AR,= 0.778
Index Ea Eb
}
,TO'
el | wom2mmax | g | | Gomom. x|
i
[ 4.0m 7 4.0m
Pp [m] 8.00 12.00
Poyr [M] 19.20 28.00
HD, [m] 3.500 2.333
HDpyy [m] 1.458 1.000
Index Ec Ed
-
gl |l (smaomix | gl Ll (LomaomiK3
33 m _7].4 nT ( & O‘—-’an
|
[ 4.0m :" 4.0m
P [m] 18.00 24.00
Ppy [m] 34.00 40.00
HDp [m] 1.556 1.167
HDpy [m] 0.824 0.700
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Table 4.5 CRCPs layout and opening figuration parameters of case E*(continued)

Index Ee Ef
- EL 5 ‘LE—
£ s LLQ{-COPJ)D gl L= (smalamze e
A i
0.1 m —0>"2m 02m 02m 0.2’;: 0.13 _())SnT _)0.4 m<_ 0.3 nT
[ | (| [ [ [— ‘ I J,J:
o le | T L Tg_l
I 40m ] I 40m L
Py [m] 36.00 24.00
Ppy [M] 52.00 40.00
HDp [m] 0.778 1.167
HDpy [M] 0.538 0.700
Index Eg
- e
N -,
N R e e —"
S| [== — —JZ"
0.1 m 0.2 mP0.2 m 0.2 m 0.2 mb0.1 m
e
o L TO—J
I 40m ]
Py [m] 42.00
Poy [M] 58.00
HD, [m] 0.667
HDpy [M] 0.483
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Table 4.6 CRCPs layout and opening figuration parameters of case F*

CASE F
Ap= 9.60 m? A= 6.40 m?
ARp= 0.4 ARp= 0.667
Index Fa Fb
| -
= 7o
/I\
CRCPs CRCPs |
ElL @omedem il ElL (el omienl =
- < “T‘d _
| E]
= ¥ £ " = T =) -
[ 4.0m L 4.0m
Py [mM] 8.00 16.00
Ppy, [M] 17.06 27.20
HDp [m] 3.200 1.600
HDpy, [M] 1.455 0.941
Index Fc Fd
£ : - =
=) 5
CRCPs CROPs
£ _GOmx32m), IxI | | E| || (1.5mx3.2m). 1x2 |
: {"5 m‘: 04 nT FZ ‘m ﬂO.-l nT
|
=, " X —v "
[ 40m L 40m
Pp [mM] 12.40 18.80
Ppy, [M] 28.40 34.80
HDp [m] 2.065 1.362
HDpy, [mM] 0.901 0.736
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Table 4.6 CRCPs layout and opening figuration parameters of case F*(continued)

Index Fe Ff
- gl — gl
e e R et T e
CRCPs "RCP
g (1.0 mx3.2 m)/ 1x3 g (063n _}_._2_{1) 1x5
025m 01m 02m 02m 02m 02m O.1m
| | 8 N N W
o le | T L ]
I 40m ] r 40m L
Py [m] 25.20 38.00
Ppy, [M] 41.20 54.00
HDp [m] 1.016 0.674
HDpy, [mM] 0.621 0.474
Index Fg Fh
. £ J/ . \ll i T
o‘T ke
CRCPs CRCPs
£ (1.6 mx3.0m), 1x2 £ (L3mxlem)2x2 | &
g t g 7S
03m —072 m 03m T04m 02m 04m
‘ l | | Y EJ
o L | o L IT\g |
I 40m ] I 40m L
Py [m] 18.40 24.80
Ppoyy [M] 34.40 40.80
HDp [m] 1.391 1.032
HDpy, [mM] 0.744 0.627
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Table 4.7 CRCPs layout and opening figuration parameters of case G*

CASE G
Ap= 10.80 m? Ap,= 520 m?
ARp= 0.325 ARp= 0.481
Index Ga Gb
! bg_
g -
T "
X @omdamx || [ TS w231 £
=< T~ =g
{ Ej
N » " =2 T » :
[ 4.0m L 4.0m
Py [m] 8.00 16.00
Ppy [M] 18.40 26.60
HDp [m] 2.600 1.300
HDpy, [M] 1.130 0.782
Index Gc Gd
g gl
&7 a7
CRCPs CROPs
E DG .0mo3 om), IXINEE| 3= (L5mx3.4m), 1x2 7|
4 L 04m 02m T04m
0.5m ‘ ‘
N : | v ‘
F 4.0m :" 4.0m
Py [m] 13.20 20.40
Poyy [M] 29.20 36.40
HDp [m] 1.576 1.020
HDpy, [m] 0.712 0.571
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Table 4.7 CRCPs layout and opening figuration parameters of case G*(continued)

Index Ge Gf
— gl ]
» o
U _OIT o - .,E.
i
RCP. CRCPs
g (0.6 mx3.6 m). 1x5 g (I,_mx3.0r_r_12._l>f_3___
01m 02m 02m 02m 02ml0.1m @F
l
] |
Le &l le K]
I 40m i ' 40m l
Py [mM] 42.00 25.20
Ppy, [M] 58.00 41.20
HDp [m] 0.495 0.825
HDpy, [mM] 0.359 0.505
Index Gg Gh
. J[ E . * 57_
1\C
CR(Ps CR(Ps
£ 0.9 mx3/0 m), 1x4 £ (Lsmx].8m).2x2 | £ |
g = o
0.08 m 0:4mil 02m 04m
I
[ e
o | o ! T O'_l
40m ] I 40m
Py [mM] 31.20 26.40
Ppoyy [M] 47.20 42.40
HDp [m] 0.667 0.788
HDpy, [mM] 0.441 0.491
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Table 4.8 CRCPs layout and opening figuration parameters of case H*

CASEH
Ap= 11.20 m? Ap= 4.80 m?
ARgp= 0.3 ARp= 0.429
Index Ha Hb
b be
PO 1
CRCPs CRCPs
El | j Dim2 §im) 1 L E| [____comxtam 2xt
F 4.0m T 4.0m
Pp [m] 8.00 16.00
Ppy [M] 18.40 26.40
HDp [m] 2.400 1.200
HDpy, [M] 1.043 0.727
Index Hc Hd
J E | E
7S F 8
CRCPs CROPs
El [l G2mx35sm)1xl | El [l (16mx3.ym), 1x2
o4 mi P (0.3 m} 2m Ro3m
[ 4.0m :" 4.0m
Pp [m] 13.40 20.40
Ppy [M] 29.40 36.40
HDp [m] 1.433 0.941
HDpy, [M] 0.653 0.527
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Table 4.8 CRCPs layout and opening figuration parameters of case H*(continued)

CASE H
Index He
| E
e
CR(Ps
E| L] (08 23 Jo), TS [
0.16m
F 4.0m ﬁ
Py [mM] 34.40
Ppyy [M] 50.40
HDp [m] 0.558
HDpy, [mM] 0.381
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Table 4.9 CRCPs layout and opening figuration parameters of case I*

CASE |
Ap= 1216 m? Ap= 384 m?
ARp= 024 ARp= 0.316
Index la Ib
e | E
To‘ "T‘O-
CRCPs CRCPs
E| [ Gdlmsiompbal E| /= At S—
F" 4.0m I 40m
Py [m] 8.00 16.00
Ppy [M] 17.92 25.92
HDp [m] 1.920 0.960
HDpy, [M] 0.857 0.593
Index Ic Id
Ve . fE_
S | =]
CRCPs CRCPs
SR | G:8mx32m), IxIF s E | || (Lomxa.4m). 1x2 = 1|
0lm 03m 02m 03m
|
_\—\; | _L >
[ 4.0m L 4.0m ]
Py [m] 14.00 21.60
Poyy [M] 30.00 37.60
HDp [m] 1.097 0.711
HDpy, [m] 0.512 0.409
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Table 4.9 CRCPs layout and opening figuration parameters of case I*(continued)

CASE |
Index le If
'1‘5 ! £
=== 5
il
CR(CPs CRCPs
El |l O8mx38m). x| E| | (19mx32mx0.03m). 1x2
0.16m 0.06 m 0.08 m 0.7)‘671
[ I
f 4.0m T 4.0m
Py [m] 36.80 20.40
Ppyy [M] 52.80 36.40
HD, [m] 0.417 0.753
HDpy [M] 0.291 0.422
Index Ig
lg_
1‘0'
CRCPs
L — (Lomxl.om).2x2 | E
e fs
0.06m 0.08 m 0.06m
l bel
- le e T\
) 4.0m L
Pp [m] 28.00
Py [M] 44.00
HDp [m] 0.549
HDpy [M] 0.349
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Table 4.10 CRCPs layout and opening figuration parameters of case J*

CASE J
Ap= 1296 m? Ap= 3.04 m?
ARp= 0.19 ARp= 0.235
Index Ja Jb
g 1:”5
,pg 2=
S ’ CRCPs
El | @oma2m. x| = B e =)
| '
= ¥ " " = Tg
[ 4.0m L 4.0m
Py [mM] 8.00 16.00
Ppy, [M] 9.52 17.52
HDp [m] 1.520 0.760
HDpyy [m] 1.277 0.694
Index Jc Jd
| g YE___
To fs ]
CRCPs CRCPs
E| |l @G6mx36m)ixl | El o (18mx3.qm).1x2
0.2m 0.1 m 02m 01'm
\ I |
[ 4.0m :" 4.0m :
Py [m] 14.40 21.60
Ppy, [M] 30.40 37.60
HDp [m] 0.844 0.563
HDpy, [m] 0.400 0.323
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Table 4.10 CRCPs layout and opening figuration parameters of case J*(continued)

Index Je Jf
- IR= _— l g
T =]
CRCPs CR(Ps
g (1.2 mx3.6 m). 1|x3 g I 0.9 mx3(6 m), | x4
0lm 0.08 m
l I
o le | T L ]
I 40m ] r 40m L
Py [m] 28.80 36.00
Ppyy [M] 44.80 52.00
HDp [m] 0.422 0.338
HDpy, [mM] 0.271 0.234
Index Jg
I - *ST
CRAPs
= 7S]
01 m 02m 0.1 m
Al | il
| [ S
I 40m 7
Py [m] 28.80
Ppoyy [M] 44.80
HDp [m] 0.422
HDpy, [M] 0.271
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Table 4.11 CRCPs layout and opening figuration parameters of case K*

CASE K
Ap= 1440 m? Ap= 160 m?
ARg= 0.1 ARp= 0.111
Index Ka Kb
v E i lfj
,r;' ’Po‘
o CRCPs
Bl @omdomixi Y E— @Omxlfm. 21 Je
< < s
= 5F £ " S T; _
[ 4.0m L 4.0m
Py [m] 8.00 16.00
Ppy [M] 16.80 24.80
HDp [m] 0.800 0.400
HDpy, [M] 0.381 0.258
Index Kc Kd
| E | E
(= TS
CRCPs CRCPs
El | ja Dt ). o £ | |- @Om=x0om)d4xl
T"' 4.0m ﬁ 40m
Py [m] 24.00 32.00
Ppy [M] 32.80 40.80
HDp [m] 0.267 0.200
HDpy, [mM] 0.195 0.157
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Table 4.12 CRCPs layout and opening figuration parameters of case L*

CASE L
Ap= 14.44 m? Ap= 156 m?
ARz= 0.0975 ARp= 0.108
Index La Lb
| E { €
‘Tg T<s
gl @omadsimix gl |l GEmsm.ix
0.1 m
= E v ‘|
r 4.0m T 4.0m :
Py [m] 8.00 15.20
Poy, [M] 16.80 31.20
HDp [m] 0.780 0.411
HDpy, [mM] 0.371 0.200
Index Lc Ld
i< (=
Py smelomza = gl | (omslom.22 |z
S ] = = s
F=f le— = l<— OA:(,)Srm ?I‘n; (F)S(:m
04I.m 0.1 m
11 et | [T
I i gﬁ L=
’- 4.0m 4.0m
Pp [mM] 22.80 30.40
Ppy, [M] 38.80 46.40
HDp [m] 0.274 0.205
HDpy, [mM] 0.161 0.134
-117 -



Figuration parameters

Range

Ao/Ar

Opening area - floor area ratio
ARy

Ao/Ap

Opening area - panel area ratio
ARp

4A9/(Pp + Pyw)

Hydraulic diameter of Opening
calculated from opening area &
sum of panel and wall perimeters
HDpy,

440/Pp

Hydraulic diameter of Opening
calculated from opening area and
panel perimeter
HD,

——o—+—o—0o—00+—00—@ & —e—

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 080 [-]
H—e0-00t—0-0—+—0— +Ho——e—+——F—+—+—F+—+—+—+—+—++@

0.00 0.50 1.00 1.50 2.00 2.50 3.00 [-]

0.00 0.50 1.00 1.50 2.00 [m]
HENDEDINNIDED® N9 900 0000 0—0+o—H—+—+0
0.00 1.00 2.00 3.00 4.00 5.00 6.00 [m]

Fig. 4.3 Ranges of opening figuration parameters
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S © |
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T
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Fig. 43% 7} Alol2elA il e ¥ 249 H9E vehd A
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4.3. AlEH ol A

Table 4.13%= AlEdo] A8 A¥ghes At xolH, o] AxEHEH &

¥ ZF AolA ¥ &8 341 Table 4.14¢ =8kl

e

Table 4.13 Simulation results

Conditions Simulation results
Case g, O Ap Qp q Omror  baoz  bop 46
() () (M) W) (Wm) (C) () (%C) (K)
16.0 14.00 16.00 1428.13 92.63 24.01 26.40 2520 11.20
S 180 16.00 16.00 1214.00 75.88 24.72 26.79 25.75 9.75
20.0 18.00 16.00 1024.00 64.00 25.78 27.73 26.76 8.76
16.0 14.00 400 506.54 126.64 24.26 24.67 24.47  10.47
Aa 180 16.00 400 39731 99.33 2456 24.90 24.73 8.73
20.0 18.00 400 290.23 7256 24.86 25.13 25.00 7.00
16.0 14.00 400 504.17 126.04 24.03 24.33 24.18 10.18
Ab 180 16.00 400 395.09 98.77 24.32 2456 24.44 8.44
20.0 18.00 400 288.61 7215 24.74 2494 24.84 6.84
16.0 14.00 400 51422 12856 23.69 24.01 23.85 9.85
Ac 18.0 16.00 400 403.49 100.87 24.10 24.37 24.23 8.23
20.0 18.00 400 29480 73.70 2452 2473 24.63 6.63
16.0 14.00 400 52397 130.99 23.41 2375 23.58 9.58
Ad 180 16.00 400 41178 102.94 23.87 24.15 24.01 8.01
20.0 18.00 4.00 300.19 75.05 24.31 2451 24.41 6.41
16.0 14.00 400 524.44 131.11 23.63 23.95 23.79 9.79
Ae 18.0 16.00 400 411.04 102.76 23.93 2422 24.07 8.07
20.0 18.00 400 300.26 75.06 24.38 24.60 24.49 6.49
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Table 4.13 Simulation results (continued)

Conditions Simulation results
Case 65, O Ap Qp 9 Omroz Gaoz  Oop 46
() () (M) (W) (W/m’) (°C) (€C) (C) (K)
16.0 14.00 576 70757 122.84 24.19 24.74 24.47  10.47
Ba 18.0 16.00 576 ~ 555.97 96.52 2456 25.03 24.79 8.79
20.0 18.00 5.76 40532 70.37 24.84 25.19 25.02 7.02
16.0 14.00 576 71032 123.32 23.83 24.27 24.05 10.05
Bb 18.0 16.00 576 557.90 96.86 24.23 24.60 24.41 8.41
20.0 18.00 5.76  406.89 70.64 24.64 24.92 24.78 6.78
16.0 14.00 576  725.12 125.89 23.61 24.11 23.86 9.86
Bc 18.0 16.00 576 569.71 98.91 24.06 24.47 24.27 8.27
20.0 18.00 5.76  416.27 72.27 2451 24.84 24.67 6.67
16.0 14.00 5.76 73155 127.01 23.89 2445 2417  10.17
Bd 18.0 16.00 576  575.03 99.83 24.31 24.79 24.55 8.55
20.0 18.00 576  420.24 72.96 24.70 25.07 24.88 6.88
16.0 14.00 576  743.92 129.15 23.78 24.21 23.99 9.99
Be 18.0 16.00 576 584.81 101.53 24.23 2457 24.40 8.40
20.0 18.00 576 42725 7418 2456 2481 24.69 6.69
16.0 14.00 576 ~ 737.00 127.95 23.36 23.89 23.62 9.62
Bf 18.0 16.00 576  579.55 100.62 23.86 24.30 24.08 8.08
20.0 18.00 576 42347 7352 2435 24.69 24.52 6.52
16.0 14.00 576 74583 129.48 23.11 23.60 23.35 9.35
Bg 18.0 16.00 576 ~ 586.70 101.86 23.65 24.06 23.86 7.86
20.0 18.00 576  429.10 7450 24.19 2452 24.36 6.36
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Table 4.13 Simulation results (continued)

Conditions Simulation results

Case es,l GW AP QP q gmr,oz ga,oz gop 40
() (¢ (m) W) Wim?) (C) () () (K

16.0 14.00 6.48  790.53 122.00 24.16 24.75 2445 10.45
Ca 18.0 16.00 6.48 62042 9574 2449 24.98 24.74 8.74
20.0 18.00 6.48 45193 69.74 2483 2521 25.02 7.02

16.0 14.00 6.48 79545 12275 23.73 2421 23.97 9.97
Ch 180 16.00 6.48 62438 96.35 24.15 24.54 24.35 8.35
20.0 18.00 6.48 45498 70.21 24.56 24.86 2471 6.71

16.0 14.00 6.48  797.83 123.12 23.80 24.24 24.02 10.02
Cc 18.0 16.00 6.48  626.00 96.60 24.21 24.55 24.38 8.38
20.0 18.00 6.48 45475 70.18 24.49 2473 24.61 6.61

16.0 14.00 6.48  822.37 12691 2335 23.97 23.66 9.66
Cd 180 16.00 6.48  646.30 99.74 23.83 24.34 24.08 8.08
20.0 18.00 6.48 47124 7272 2430 24.69 24.50 6.50

16.0 14.00 6.48  833.32 128.60 23.04 2353 23.28 9.28
Ce 18.0 16.00 6.48  654.82 101.05 23.61 24.09 23.85 7.85
20.0 18.00 6.48  477.86 73.74 24.14 2452 24.33 6.33

16.0 14.00 6.48 798.09 123.16 23.56 23.93 23.74 9.74
Cf 180 16.00 6.48  626.60 96.70 24.01 2431 24.16 8.16
20.0 18.00 6.48  456.55 70.45 24.45 24.68 24.56 6.56

16.0 14.00 6.48  825.63 127.41 2331 23.96 23.64 9.64
Cg 18.0 16.00 6.48 648.71 100.11 23.80 24.32 24.06 8.06
20.0 18.00 6.48 47324 73.03 2428 24.68 24.48 6.48
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Table 4.13 Simulation results (continued)

Conditions Simulation results

Case 95,1 Hw Ap Qp q gmr,oz Ga,oz gop 46
) (¢ (m) W)  (Wmj) () (¢ () (K

16.0 14.00 8.00 960.86 120.11 24.00 24.68 2434 10.34
Da 18.0 16.00 8.00 75270 94.09 24.36 24.93 24.64 8.64
20.0 18.00 8.00 550.21 68.78 24.74 25.18 24.96 6.96

16.0 14.00 8.00 990.63 123.83 2347 2411 23.79 9.79
Db 180 16.00 8.00 776.69 97.09 2391 2443 24.17 8.17
20.0 18.00 8.00 568.40 71.05 24.40 2481 24.60 6.60

16.0 14.00 8.00 97272 12159 23.72 24.40 24.06 10.06
Dc 18.0 16.00 8.00 76195 9524 2411 2464 24.38 8.38
20.0 18.00 8.00 556.82 69.60 24.57 24.96 24.77 6.77

16.0 14.00 8.00 976.94 12212 2354 24.17 23.86 0.86
Dd 180 16.00 8.00 76532 9567 23.99 2451 24.25 8.25
20.0 18.00 8.00 560.09 70.01 24.47 24.89 24.68 6.68

16.0 14.00 8.00 1004.26 12553 2341 24.14 23.78 9.78
De 18.0 16.00 8.00 786.26 98.28 23.79 24.30 24.04 8.04
20.0 18.00 8.00 57588 7198 24.29 24.69 24.49 6.49

16.0 14.00 9.00 107159 119.07 2391 24.66 2428 10.28
Ea 180 16.00 9.00 839.68 93.30 2431 24.93 24.62 8.62
20.0 18.00 9.00 61356 68.17 2471 2521 24.96 6.96

16.0 14.00 9.00 1082.13 120.24 2351 2421 23.86 9.86
Eb 18.0 16.00 9.00 848.39 9427 23.98 2453 24.25 8.25
20.0 18.00 9.00 620.24 68.92 2446 24091 24.69 6.69

16.0 14.00 9.00 1099.12 122.12 23.38 24.12 23.75 9.75
Ec 180 16.00 9.00 862.08 9579 23.88 24.50 24.19 8.19
20.0 18.00 9.00 630.63 70.07 2438 24.88 24.63 6.63
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Table 4.13 Simulation results (continued)

Conditions Simulation results
Case 6, 6, A Q 9 Omror Baor Oy 40
() (O (M) (W)  (Wm?) (°C) () () (K
16.0 14.00 9.00 1104.65 122.74 23.29 24.04 23.66 9.66
Ed 18.0 16.00 9.00 866.59 96.29 23.79 2441 24.10 8.10
20.0 18.00 9.00 633.98 70.44 2433 2483 24.58 6.58
16.0 14.00 9.00 111221 12358 23.19 24.00 23.60 9.60
Ee 18.0 16.00 9.00 87190 96.88 23.70 24.36 24.03 8.03
20.0 18.00 9.00 638.61 70.96 2423 2471 24.47 6.47
16.0 14.00 9.00 1113.82 123.76 23.22 24.02 23.62 9.62
Ef 18.0 16.00 9.00 87411 97.12 23.75 24.42 24.09 8.09
20.0 18.00 9.00 639.90 7110 2429 24381 24.55 6.55
16.0 14.00 9.00 1124.65 124.96 23.01 23.78 23.39 9.39
Eg 18.0 16.00 9.00 88254 98.06 2355 24.17 23.86 7.86
20.0 18.00 9.00 64581 71.76 24.13 24.60 24.37 6.37
16.0 14.00 9.60 1140.19 118.77 24.13 25.06 24.60 10.60
Fa 18.0 16.00 9.60 89524 9325 2440 25.14 24.77 8.77
20.0 18.00 9.60 652.72 67.99 24.79 25.36 25.08 7.08
16.0 14.00 9.60 1173.85 122.28 23.48 24.28 23.88 9.88
Fbo  18.0 16.00 9.60 92163 96.00 23.97 2458 24.27 8.27
20.0 18.00 9.60 67245 70.05 2443 2491 24.67 6.67
16.0 14.00 9.60 1154.19 120.23 23.63 24.46 24.05 10.05
Fc 18.0 16.00 9.60 905.39 94.31 24.06 24.74 24.40 8.40
20.0 18.00 9.60 660.22 68.77 2449 24.98 24.74 6.74
16.0 14.00 9.60 116556 121.41 2350 24.32 23.91 9.91
Fd 18.0 16.00 9.60 91413 95.22 2394 2458 24.26 8.26
20.0 18.00 9.60 669.61 69.75 24.39 24.84 24.61 6.61
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Table 4.13 Simulation results (continued)

Conditions Simulation results
Case 0, Ow Ap Qp 9 Omroz Gaoz  Oop 46
() (O (M) (W)  (Wm?) (°C) () () (K
16.0 14.00 9.60 1176.01 12250 23.23 24.02 23.63 9.63
Fe 18.0 16.00 9.60 923.08 96.15 23.76 24.41 24.08 8.08
20.0 18.00 9.60 673.98 70.21 2428 24.79 24.53 6.53
16.0 14.00 9.60 118451 123.39 23.16 24.03 23.59 9.59
Ff 18.0 16.00 9.60 929.54 96.83 23.69 24.41 24.05 8.05
20.0 18.00 9.60 679.09 70.74 2423 24.78 24.50 6.50
16.0 14.00 9.60 1160.25 120.86 23.35 24.08 23.72 9.72
Fg 18.0 16.00 9.60 910.60 94.85 23.86 24.47 24.16 8.16
20.0 18.00 9.60 664.58 69.23 24.37 24.86 24.61 6.61
16.0 14.00 9.60 1172.85 122.17 23.25 24.07 23.66 9.66
Fh  18.0 16.00 9.60 920.89 95.93 23.78 24.46 24.12 8.12
20.0 18.00 9.60 67229 70.03 2430 24.85 24.57 6.57
16.0 14.00 10.80 1272.78 117.85 23.97 25.00 24.48 10.48
Ga 18.0 16.00 10.80 997.14 9233 2440 2526 24.83 8.83
20.0 18.00 10.80  729.08 67.51 24.73 25.37 25.05 7.05
16.0 14.00 10.80 1296.82 120.08 23.55 24.48 24.02 10.02
Gb 18.0 16.00 10.80 1016.01 94.07 23.99 24.70 24.34 8.34
20.0 18.00 10.80 74391 68.88 24.46 2501 24.73 6.73
16.0 14.00 10.80 1285.49 119.03 23.58 24.57 24.08 10.08
Gec 180 16.00 10.80 1006.66 93.21 24.01 24.79 24.40 8.40
20.0 18.00 10.80 73545 68.10 24.45 2501 24.73 6.73
16.0 14.00 10.80 1299.54 120.33 23.45 24.42 23.94 9.94
Gd 18.0 16.00 10.80 1018.13 94.27 23.89 24.66 24.27 8.27
20.0 18.00 10.80 744.85 68.97 2437 24.92 24.64 6.64
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Table 4.13 Simulation results (continued)

Conditions Simulation results
Case 6, 6, A Q 9 Omror Oaor  Oop A6
() (O (M) W)  (Wm?) (°C) () () (K
16.0 14.00 10.80 1320.05 122.23 23.07 24.03 23.55 9.55
Ge 180 16.00 10.80 1035.34 9586 23.62 24.43 24.03 8.03
20.0 18.00 10.80  758.24 70.21 24.19 24.80 24.49 6.49
16.0 14.00 10.80 1286.31 119.10 23.38 24.26 23.82 9.82
Gf 18.0 16.00 10.80 1008.23 93.35 23.88 24.61 24.25 8.25
20.0 18.00 10.80 73754 6829 24.40 24.99 24.69 6.69
16.0 14.00 10.80 1288.35 119.29 23.43 2441 23.92 9.92
Gg 18.0 16.00 10.80 1009.93 9351 2391 24.72 24.31 8.31
20.0 18.00 10.80 738.64 68.39 24.41 25.04 24.73 6.73
16.0 14.00 10.80 1302.75 120.63 23.18 24.12 23.65 9.65
Gh 18.0 16.00 10.80 1021.54 9459 23.72 2450 24.11 8.11
20.0 18.00 10.80  748.24 69.28 24.27 24.90 24.59 6.59
16.0 14.00 11.20 1318.27 117.70 24.05 25.14 2459  10.59
Ha 18.0 16.00 11.20 1032.19 92.16 24.37 25.25 24.81 8.81
20.0 18.00 11.20 75458 67.37 2474 2541 25.07 7.07
16.0 14.00 11.20 1346.16 120.19 23.50 24.46 23.98 9.98
Hb 18.0 16.00 11.20 1054.30 94.13 23.93 24.71 24.32 8.32
20.0 18.00 11.20 771.36  68.87 24.42 25.00 24.71 6.71
16.0 14.00 11.20 1331.01 118.84 2355 24.56 24.06  10.06
Hc 18.0 16.00 11.20 1042.75 93.10 24.00 24.81 24.41 8.41
20.0 18.00 11.20 761.75 68.01 24.45 25.03 24.74 6.74
16.0 14.00 11.20 1343.21 119.93 23.46 24.46 23.96 9.96
Hd 18.0 16.00 11.20 1053.29 94.04 23.92 24.70 24.31 8.31
20.0 18.00 11.20 770.84 68.83 24.39 24.96 24.67 6.67
16.0 14.00 11.20 1353.93 120.89 23.22 24.10 23.66 9.66
He 18.0 16.00 11.20 1060.88 94.72 23.68 24.45 24.06 8.06
20.0 18.00 11.20 776.47 69.33 2424 2484 24.54 6.54
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Table 4.13 Simulation results (continued)

Conditions Simulation results
Case 6, 6, A Q 9 Omror Oaor  Oop A6
() (0 (M) W) (Wm?) (°C) () () (K
16.0 14.00 12.16 1422.03 116.94 24.06 25.30 24.68 10.68
la 18.0 16.00 1216 1112.77 9151 2441 25.44 24.93 8.93
20.0 18.00 12.16  812.08 66.78 24.78 25.58 25.18 7.18
16.0 14.00 12.16 144464 118.80 23.52 24.61 24.07 10.07
Ib 18.0 16.00 1216 1131.10 93.02 23.92 24.75 24.34 8.34
20.0 18.00 1216  825.96 67.92 24.42 25.03 24.73 6.73
16.0 14.00 12.16 1427.62 117.40 23.65 24.78 2421 10.21
Ic 18.0 16.00 12.16 1116.96 91.85 24.05 2491 24.48 8.48
20.0 18.00 1216 81485 67.01 2451 25.16 24.84 6.84
16.0 14.00 12.16 1441.06 11851 23.20 24.23 23.71 9.71
Id 180 16.00 12.16 112895 92.84 23.73 2458 24.16 8.16
20.0 18.00 12.16  824.64 67.82 24.28 24.96 24.62 6.62
16.0 14.00 12.16 1460.69 120.12 23.26 24.42 23.84 9.84
le 18.0 16.00 12.16 114473 9414 23.78 24.73 24.25 8.25
20.0 18.00 12.16 836.49 68.79 2431 25.05 24.68 6.68
16.0 14.00 12.16 1430.10 117.61 23.66 24.81 2423 10.23
If 18.0 16.00 12.16 1119.36  92.05 24.08 24.97 24.52 8.52
20.0 18.00 12.16  816.54 67.15 2453 25.22 24.88 6.88
16.0 14.00 12.16 144229 11861 2325 24.24 23.74 9.74
lg 180 16.00 12.16 1129.38 92.88 23.77 24.58 24.17 8.17
20.0 18.00 12.16 82465 67.82 2430 24.93 24.62 6.62
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Table 4.13 Simulation results (continued)

Conditions Simulation results
Case 6, 6, A Q 9 Omror Oaor  Oop A6
() (O (M) W)  (Wm?) (°C) () () (K
16.0 14.00 12.96 1503.14 11598 23.65 24.91 2428 10.28
Ja 180 16.00 1296 1176.27 90.76 24.10 25.14 24.62 8.62
20.0 18.00 12.96 859.50 66.32 2453 25.33 24.93 6.93
16.0 14.00 12.96 1523.26 117.54 23.32 24.38 23.85 9.85
Jo 180 16.00 12.96 119256 92.02 23.83 24.70 24.27 8.27
20.0 18.00 1296 87154 67.25 2435 25.02 24.68 6.68
16.0 14.00 12.96 1511.42 116.62 23.26 24.29 23.78 9.78
Jc 180 16.00 12.96 1183.16 91.29 23.80 24.63 24.21 8.21
20.0 18.00 1296 86450 66.71 24.34 24.97 24.66 6.66
16.0 14.00 12.96 1522.41 117.47 23.38 2454 23.96 9.96
Jd 180 16.00 12.96 1191.85 91.96 23.88 24.84 24.36 8.36
20.0 18.00 1296  871.00 67.21 2439 25.14 24.76 6.76
16.0 14.00 1296 152257 117.48 23.34 2451 23.92 9.92
Je 180 16.00 12.96 1192.02 91.98 23.84 24.80 24.32 8.32
20.0 18.00 1296  871.21 67.22 2436 25.11 24.73 6.73
16.0 14.00 12.96 152356 117.56 23.34 2453 23.93 9.93
J18.0 16.00 12.96 1192.78 92.04 23.84 24.83 24.33 8.33
20.0 18.00 1296  871.84 67.27 2436 25.15 24.75 6.75
16.0 14.00 1296 1534.62 118.41 2336 24.62 23.99 9.99
Jg 180 16.00 12.96 1201.79 92.73 23.86 24.91 24.39 8.39
20.0 18.00 12.96 878.86 67.81 24.37 25.19 24.78 6.78
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Table 4.13 Simulation results (continued)

Conditions Simulation results
Case 6, 6,  Ap Q 9 Omror Baor Oy 40
() (O (M) W)  (Wm?) (°C) () () (K)
16.0 14.00 1440 1651.13 114.66 23.81 25.37 2459  10.59
Ka 18.0 16.00 1440 129405 89.86 24.36 25.66 25.01 9.01
20.0 18.00 14.40 943.05 65.49 24.73 25.76 25.24 7.24
16.0 14.00 1440 1666.56 115.73 23.65 25.09 2437  10.37
Kb 18.0 16.00 1440 130552 90.66 24.11 25.30 24.71 8.71
20.0 18.00 1440 95343 66.21 24.67 25.63 25.15 7.15
16.0 14.00 1440 1667.96 115.83 23.73 25.30 2452 10.52
Kc 18.0 16.00 1440 1306.45 90.73 24.16 25.46 24.81 8.81
20.0 18.00 1440 952.89 66.17 24.60 25.61 25.10 7.10
16.0 14.00 1440 1669.45 11593 23.66 25.20 2443 1043
Kd 18.0 16.00 14.40 1308.06 90.84 24.13 25.44 24.78 8.78
20.0 18.00 1440 954.10 66.26 24.57 25.60 25.09 7.09
16.0 14.00 14.44 1654.36 11457 23.72 25.27 2450 10.50
La 18.0 16.00 14.44 129443 89.64 24.20 25.50 24.85 8.85
20.0 18.00 14.44 94425 65.39 24.64 25.65 25.15 7.15
16.0 14.00 14.44 1658.37 114.85 23.20 24.66 23.93 9.93
Lb 18.0 16.00 14.44 1296.89 89.81 23.95 25.04 24.49 8.49
20.0 18.00 1444  946.31 6553 2432 2529 24.81 6.81
16.0 14.00 14.44 1666.53 11541 23.75 25.38 2456  10.56
Lc 180 16.00 14.44 1303.86 90.30 24.22 2557 24.89 8.89
20.0 18.00 1444 95141 65.89 24.64 25.69 25.16 7.16
16.0 14.00 14.44 167159 11576 23.80 25.49 24.65 10.65
Ld 18.0 16.00 14.44 1308.04 9058 2422 2559 24.90 8.90
20.0 18.00 14.44 955.01 66.14 2471 25.75 25.23 7.23
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Table 4.14 Cooling capacity curves

Case AR ARp HDpy HDp,  Cooling capacity R? k n
(m) m) curve
S 0.00 - - - q = 2.4824(A0)14%°1 0.9993 2.4824 1.4991
Aa 0.75 3.00 2182 6.000 q=4.9227(A0)1%%2 0.9997 4.9227 1.3843
Ab 0.75 3.00 2000 6.000 q=4.8808(A0)!“* 0.9986 4.8808 1.4040
Ac 0.75 3.00 1714 4.000 q=5.1972(A0)*%% 0,9997 5.1972 1.4039
Ad 0.75 3.00 1.333 2400 q=5.7117(A0)*%"* 09998 57117 1.3974
Ae 0.75 3.00 1500 3.000 q=5.9039(A0)*%2! 0.9986 5.9039 1.3621
Ba 0.64 178 1939 5.120 g=4.6654(A0)13%2 1.0000 4.6654 1.3932
Bb 0.64 1.78 1.600 4.267 q=4.7035(A0)**" 0.9995 4.7035 1.4170
Bc 0.64 1.78 1.347 2844 (=4.8686(A0)1%??° 09996 4.8686 1.4229
Bd 0.64 1.78 1.164 2133 (=4.7228(A0)**> 0.9998 4.7228 1.4200
Be 0.64 178 1.024 1.707 q=5.4023(A0)**7® 1.,0000 5.4023 1.3786
Bf 0.64 1.78 1164 2133 (=5.1191(A0)}%* 09997 5.1191 1.4229
Bg 064 178 0914 1422 q=52811(A0)1%32% 09996 5.2811 1.4326
Ca 0.595 147 1.834 4760 q=4.5341(A0)140% 09960 4.5341 1.4044
Cb 0595 147 1453 3733 (q=4.7661(A0)*1% 09997 47661 1.4141
Cc 0595 147 1421 3526 q=5.4822(A0)*%%° 1.0000 5.4822 1.3499
Cd 0595 147 1120 2116 q=5.2586(A0)1%% 0.9996 5.2586 1.4053
Ce 0.595 147 0.924 1511 q=4.0579(A0)*4?¢ 1.0000 5.0579 1.4526
Cf 0595 147 1253 2644 q=4.9305(A0)+> 0.9997 4.9305 1.4315
Cg 0595 147 1.013 1.763 (=5.2817(A0)*4%¢ 09996 5.2817 1.4066
Da 0.50 1.00 1.600 4.000 q=4.4731(A0)*4%%7 0.9997 4.4731 1.4097
Db 0.50 1.00 1.143 2.000 q=4.9732(A0)**1 0.9994 4.9732 1.4110
Dc 0.50 1.00 1.168 2.807 q=4.7235(A0)*4® 0.9992 4.7235 1.4090
Dd 0.50 1.00 0.988 1.951 =4.625(A0)"* 09996 4.6250 1.4323
De 0.50 1.00 0.825 1.404 ¢=5.7069(A0)1358 09982 5.7069 1.3588
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Table 4.14 Cooling capacity curves (continued)

Case ARr AR, HDpy, HDp, Cooling capacity R? k n
(m) (m) curve

Ea 0.4375 0.78 1.436 3.500 q=4.2658(A0)1%?% 0.9997 4.2658 1.4298
Eb 04375 0.78 1.000 2.333 (=4.5348(A0)**%0 0.9994 45348 1.4340
Ec 0.4375 0.78 0.824 1556 =4.5790(A0)'*% 09997 45790 1.4432
Ed 04375 0.78 0.700 1.167 q=4.6462(A0)***>° 0.9994 4.6462 1.4453
Ee 0.4375 0.78 0.538 0.778 =5.1300(A0)14%2 09998 5.1300 1.4082
Ef 04375 0.78 0.700 1.167 q=4.7346(A0)4?® 0.9997 4.7346 1.4428
Eg 04375 0.78 0.483 0.667 (=5.1262(A0)27 09995 51262 1.4276
Fa 0.40 0.67 1.333 3.200 q=4.5719(A0)*%27 09983 4.5719 1.3827
Fbo 040 067 0941 1600 q=4.7575(A0)148 0.9996 4.7575 1.4189
Fc 0.40 0.67 0.901 2.065 q=4.7868(A0)1%%% 09998 4.7868 1.3983
Fd 0.40 0.67 0736 1362 q=5.2277(A0)*%% 0.9998 5.2277 1.3726
Fe 0.40 0.67 0.621 1.016 q=4.7410(A0)***"> 0.9996 4.7410 1.4375
Ff 040 067 0474 0674 q=4.8605(A0)46 0.9997 4.8605 1.4316
Fg 040 067 0744 1391 q=4.5988(A0)'482 09996 4.5988 1.4482
Fh 0.40 0.67 0.627 1.032 q=4.5995(A0)14"* 0.9996 4.5995 1.4474
Ga 0325 048 1118 2.600 q=4.3262(A0)*“%1 1.0000 4.3262 1.4061
Gb 0325 048 0782 1.300 q=4.7740(A0)M4%15 0.9994 4.7740 1.4015
Gc 0325 048 0.712 1576 =4.8676(A0)13%° 0.9998 4.8676 1.3849
Gd 0.325 048 0571 1.020 q=5.0346(A0)*%7 0.9997 5.0346 1.3837
Ge 0325 0.48 0.359 0.495 =4.7891(A0)14¥%5 0.9998 4.7891 1.4365
Gf 0.325 0.48 0505 0.825 q=4.3439(A0)**%° 0.9996 4.3439 1.4509
Gg 0325 048 0441 0667 q=4.4657(A0)1*3%2 09996 4.4657 1.4332
Gh 0325 048 0491 0.788 q=4.4956(A0)'*% 0.9996 4.4956 1.4525
Ha 0.30 0.43 1.043 2400 q=4.5055(A0)*%4 09995 45055 1.3841
Hb 0.30 0.43 0727 1200 q=4.7328(A0)**%0 09995 4.7328 1.4080
Hc 0.30 0.43 0.653 1.433 (q=4.7683(A0)*%0 09999 4.7683 1.3940
Hd 0.30 0.43 0527 0941 q=4.9417(A0)*%8° 09997 4.9417 1.3889
He 0.30 0.43 0.381 0558 q=4.7713(A0)**?" 09992 4.7713 1.4273
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Table 4.14 Cooling capacity curves (continued)

Case ARr AR, HDpy, HD,  Cooling capacity R? k n
m) (m) curve
la 0.24 0.32 0.857 1.920 q=4.1493(A0)%*1%° 0.9998 4.1493 1.4109
Ib 0.24 0.32 0593 0960 q=4.8430(A0)%8 09988 4.8430 1.3883
Ilc 0.24 0.32 0512 1.097 q=4.5734(A0)%% 09991 45734 1.3988
Id 024 0.32 0.409 0711 q=4.4956(A0)%?> 0.9996 4.4956 1.4525
le 0.24 0.32 0.291 0417 q=4.4613(A0)**8 0.9996 4.4613 1.4418
If 024 0.32 0.422 0753 q=4.4400(A0)41% 0.9993 4.4400 1.4108
g 024 032 0349 0549 q=4.4249(A0)-4%° 09996 4.4249 1.4459
Ja 0.19 0.23 0.694 1520 q=4.2643(A0)418 0.9999 4.2643 1.4183
Jb 019 023 0694 0760 q=4.3561(A0)'417 0.9998 4.3561 1.4417
Jc 0.19 0.23 0.400 0.844 q=4.2304(A0)461 0.9997 4.2304 1.4561
Jd 019 023 0323 0563 q=4.2543(A0)144° 0.9997 4.2543 1.4449
Je 0.19 0.23 0271 0422 q=4.3287(A0)*%® 09997 4.3287 1.4398
Jf0.19 0.23 0.234 0.338 =4.2455(A0*7° 09996 4.2455 1.4479
Jg 0.19 0.23 0271 0.422 q=4.3309(A0)**% 09998 4.3309 1.4385
Ka 0.10 0.11 0.381 0.800 g=3.5390(A0)*4?° 09999 35390 1.4729
Kb 0.10 0.11 0.258 0.400 =3.4671(A0)*0%6 09986 3.4671 1.5026
Kc 0.10 0.11 0.195 0.267 g=4.0333(A0)1*%3 09997 4.0333 1.4283
Kd 0.10 0.11 0.157 0.200 g=3.8915(A0)**% 09999 3.8915 1.4484
La 0.0975 0.11 0.371 0.780 g=3.6991(A0)*% 09999 3.6991 1.4609
Lb 0.0975 0.11 0.200 0.411 ¢=23.8057(A0)!*%9 0.9993 3.8057 1.4819
Lc 0.0975 0.11 0.161 0274 g=3.8414(A0)***° 1.0000 3.8414 1.4439
Ld 0.0975 0.11 0.134 0.205 =23.7818(A0)!*% (09992 3.7818 1.4486
Table 4.145 A9 X Curve fittingsh W &5 =79 A3 Al R7F
BE AlojxolA 099 o)folnE Algdeold ARERYH WY &F =

Aol wjg- EfgatA EEH vt & 5 QU
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A4 ANTY A% A gl I §F Fa
431.9% &% 7 A%
AUe APFoz ANPoRM ANYoR NP et §3

ol T7heke AEE BAE) skl B W 8% ¢y VIO
o A@n% 2ol B, = Bekir.
qn(CASE) — qn(S)
Eq(%) = x 100 (5.1)
qn(S)
Table 4.15% 7 Aol W= 33 W §3%0) T ARE Y@ 2
ol tt.
Table 4.15 Enhancement of nominal cooling capacity qy
Case ARy ARp HDpy HDp qy E4 |Case ARy ARp HDpy HDp qy Eq
(m) (m) (Wim?) (%) (m)  (m) (Wim’) (%)
S 0.00 - - - 56.07
Aa 075 300 218 6000 8757 56 | Ce 0595 147 0924 1511 9020 61
Ab 075 300 2000 6000 9045 61 | Cf 0595 147 1253 2644 9675 73
Ac 075 300 1714 4000 9630 72 | Cg 0595 147 1013 1763 9841 76
Ad 075 300 1333 2400 10226 82 | Da 050 100 1600 4.000 8389 50
Ae 075 300 1500 3000 10029 79 | Db 050 100 1143 2000 9352 67
Ba 064 178 1939 5120 8454 51 | Dc 050 100 1168 2807 8845 58
Bb 064 178 1600 4267 8956 60 | Dd 050 1.00 0988 1.951 9091 62
Bc 064 178 1347 2844 9384 67 | De 050 100 0825 1404 9628 72
Bd 064 178 1164 2133 9049 61 | Ea 04375 078 1436 3500 8341 49
Be 064 178 1024 1707 9497 69 | Eb 04375 078 1000 2333 8945 60
Bf 064 178 1164 2133 9867 76 | Ec 04375 0.78 0824 1556 92.07 64
Bg 064 178 0914 1422 10387 85 | Ed 04375 078 0700 1167 93.83 67
Ca 0595 147 1834 4760 8410 50 | Ee 04375 0.78 0538 0778 9591 71
Cb 0595 147 1453 3733 9079 62 | Ef 04375 0.78 0700 1167 9512 70
Cc 0595 147 1421 3526 9772 74 | Eg 04375 078 0483 0667 99.78 78
Cd 0595 147 1120 2116 10370 85
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Table 4.15 Enhancement of nominal cooling capacity q (continued)

Case ARr ARp HDpy HDp qy E;|Case ARy AR, HDpy HDp qn Eg
m  (m) (Wm’) (%) m  (m) (Wm) (%)
Fa 040 067 1333 3.200 81.06 45 Ga 0325 048 1118 2.600 80.53 44
Fb 040 067 0941 1600 9094 62 | Gb 0325 048 0.782 1300 88.02 57
Fc 040 067 0901 2065 87.67 56 Gec 0325 048 0.712 1576 86.70 55
Fd 040 067 0736 1362 90.76 62 | Gd 0325 048 0571 1.020 89.45 60
Fe 040 067 0621 1016 9420 68 | Ge 0325 048 0.359 0.495 94.96 69
Ff 040 0.7 0474 0674 9540 70 Gf 0325 048 0.505 0.825 88.75 58
Fg 040 067 0744 1391 9343 67 | Gg 0.325 048 0441 0.667 87.94 57
Fh 040 067 0627 1.032 9329 66 Gh 0325 048 0491 0.788 92.16 64
la 024 032 0857 1920 78.01 39 Ja. 019 023 0.69% 1520 81.41 45
Ib 024 032 0593 0960 86.87 55 Jb 019 023 0.694 0.760 87.31 56
Ic 024 032 0512 1.097 8385 50 Je 019 023 0.400 0.844 87.37 56
Id 024 032 0409 0711 9216 64 Jd 019 023 0323 0.563 85.84 53
le 024 032 0291 0417 89.44 60 Je 019 023 0271 0.422 86.42 54
If 024 032 0422 0.753 8346 49 J 019 023 0234 0.338 86.20 54
Ig 024 032 0349 0549 89.47 60 Jg 019 023 0271 0.422 86.23 54
Ka 010 011 0381 0800 7569 35 La 0.0975 0.11 0.371 0.780 77.16 38
Kb 010 011 0258 0400 78.88 41 Lb 0.0975 0.11 0.200 0.411 8293 48
Kc 010 011 0195 0267 7862 40 Lc 00975 011 0.161 0.274 7735 38
Kd 010 011 0157 0200 79.10 41 Ld 0.0975 0.11 0.134 0.205 76.90 37
dWeds Mo dAstd &3 9 &Fo] HAa 37 % (Case Ld)el
A Z ) 85 % (case Bg)7FAl S7Falaith bE-o] WA o] F4=E (P4}
22 ARp St ARp7Y Z75), /NS WA o] e A ddo] Ak v
Aol Zeldol7t goldFS (4 &4 HDpy ¥ HDp7t &%) ¥
3 g gl AA TARE & 5 AT T AL A7t ¥
4 earh B gl MAE 9T Fo AN A
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—S CRCPs layout
— Aa (0.75)* pattern 1
—Ba (0.64)
—Ca (0.595) CRCPs Z
—Da(0.5)
—Ea(0.4375)
—TFa(04) * Figures in parenthesis rofor to AR s
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-~ Ha(0.3)
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Specific cooling capacity ¢ (W/m?)
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Temperature difference between OT and average water temperature, A8 (K)

Fig. 4.5 Cooling capacity curves of the cases with same layout pattern 1
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Table 4.16 Rank of gy accordingto AR when same layout pattern 1

Index S Aa Ba Ca Da Ea Fa Ga Ha la Ja Ka = La

ARy 0.00000.7500 0.6400 0.5950 0.5000 0.4375 0.4000 0.3250 0.3000 0.2400 0.1900 0.1000 0.0975

ARp 3.00001.7778 1.4691 1.00000.7778 0.6667 0.4815 0.4286 0.3158 0.2346 0.1111 0.1080

(\/3/%2) 56.07 87.57 84.54 84.10 83.89 83.41 81.06 80.53 80.11 78.01 81.41 75.69 77.16

Rankof gy 1 2 3 4 5 7 8 g 10 6 12 11

150

—S CRCPs layout
—Ab(0.75)* _ patten2
—Bb (0.64)
—Cb (0.595) CRCPs
—Dc (0.5)
—EDb (0.4375) I
—Fc(04) * Figures in parenthesis refer to ARx
—Gc (0.325)
He (0.3)
Ic (0.24)
50 Jc (0.19)
—Lb (0.0975)

100

Specific cooling capacity g (W/m?)

0 1 2 3 4 5 6 7 8 9 10 11
Temperature difference between OT and average water temperature, A8 (K)

Fig. 4.6 Cooling capacity curves of the cases with same layout pattern 2

Table 4.17 Rank of gy accordingto AR when same layout pattern 2

Index S Ab Bb Cb Dc Eb Fc Gc Hc Ic Jc Lb

ARy 0.0000 0.7500 0.6400 0.5950 0.5000 0.4375 0.4000 0.3250 0.3000 0.2400 0.1900 0.0975

ARp 3.0000 1.7778 1.4691 1.0000 0.7778 0.6667 0.4815 0.4286 0.3158 0.2346 0.1080

(V(\]//sz) 56.07 90.45 89.56 90.79 88.45 89.45 87.67 86.70 86.55 83.85 87.37 77.35

Rank of gy 2 3 1 5 4 6 8 9 10 7 11
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Fig. 4.7 Cooling capacity curves of the cases with same ARy 0.75 but different HD

Table 4.18 Rank of gy accordingto HD when same ARy 0.75

Index S Aa Ab Ac Ad Ae
HDpy, (M) 0.00 2.182 2.000 1.714 1.333 1.500
HDp (m) 6.000 6.000 4.000 2.400 3.000
qy (W/m?) 56.07 87.57 90.45 96.30 102.26 100.29

Rank of HDpy, 1 2 3 5 4
Rank of HDp 1 1 3 5 4
Rank of gy 5 4 3 1 2

Ao Bt Aol whe I 8% S AT AR jlo] Fds] 2
FE, 5 R WAl 245 Fele) vehdh 2y AR ol
ZrofAl= A, = WO WA o] A2 Aol Ae] Agolle oI A
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Fig. 4.8 Cooling capacity curves of the cases with same ARy 0.19 but different HD

Table 4.19 Rank of gy accordingto HD when same ARy 0.19

Index S Ja Jb Jc Jd Je Jf Jg
HDpy (m) 0.00 0.694 0694 0400 0323 0271 0234 0.271
HDp, (m) 0.00 1520 0.760 0.844 0563 0422 0.338 0422
qy (W/m? 56.07 8141 8731 8737 8584 8642 86.20 86.23

Rank of HDpy, 1 1 3 4 5 6 5

Rank of HDp 1 3 2 4 5 6 5

Rank of gy 6 2 1 4 3 4 5
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Al g WY 8% 49 BAAS
Table 5.1 Correction coefficients ¢, for k and c, for n
Case ARp ARp HDpy,  HDp k e n Cn
(m) (m)
S 0.00 - - - 2.4824 1.4991
Aa 0.75 3.00 2.182 6.000 4.9227 1.9830 1.3843 0.9234
Ab  0.75 3.00 2.000 6.000 4.8808 1.9662 1.4040 0.9366
Ac 0.75 3.00 1.714 4.000 51972 2.0936 1.4039 0.9365
Ad 0.75 3.00 1.333 2400 5.7117 23009 1.3974 0.9255
Ae 0.75 3.00 1.500 3.000 5.9039 2.3783 13621 0.9086
Ba 0.64 1.7778  1.939 5120 4.6654 18794 13932 0.9294
Bb 0.64 1.7778 1.600 4.267 47035 1.8947 14170 0.9452
Bc 064 17778  1.347 2.844 48686 1.9612 1.4229 0.9492
Bd 0.64 17778  1.164 2133 47228 1.9025 1.4200 0.9472
Be 064 1.7778  1.024 1.707 5.4023 21762 1.3786 0.9196
Bf 0.64 17778  1.164 2133 51191 2.0622 1.4229 0.9492
Bg 0.64 1.7778 0.914 1.422 5.2811 21274 14326 0.9556
Ca 0.595 1.4691 1.834 4760 45341 18265 1.4044 0.9368
Cb  0.595 1.4691 1.453 3.733 47661 2.2084 1.4141 0.9005
Cc 0.595 1.4691 1.421 3.526 54822 21184 1.3499 0.9374
Cd  0.595 1.4691 1.120 2116  5.2586 2.0375 1.4053  0.9690
Ce 0.595 14691  0.924 1511 5.0579 1.9200 1.4526 0.9433
Cf  0.595 1.4691 1.253 2.644 49305 1.9862 1.4315 0.9549
Cg 0.59 1.4691 1.013 1.763 52817 2.1109 1.4066 0.9089
Da 0.0 1.00 1.600 4.000 4.4731 1.8019 1.4097 0.9404
Db 0.50 1.00 1.143 2.000 4.9732 2.0034 1.4110 0.9412
Dc 0.0 1.00 1.168 2.807 4.7235 1.9028 1.4090 0.9399
Dd 0.50 1.00 0.988 1.951 46250 1.8631 1.4323 0.9550
De 0.0 1.00 0.825 1.404 57069 2.2989 1.3588 0.9064
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Table 5.1 Correction coefficients ¢, for k and ¢, for n (continued)

Case ARy AR,  HDp,  HDp k Ck n Cn
(m) (m)

Ea 04375 0.7778 1.436 3.500 4.2658 1.7184 1.4298 0.9538
Eb 04375 0.7778  1.000 2.333  4.5348 18268 1.4340 0.9566
Ec 04375 07778 0.824 1556  4.5790 1.8446 1.4432 0.9627
Ed 04375 0.7778 0.700 1.167 4.6462 1.8717 1.4453 0.9641
Ee 04375 0.7778 0.538 0.778  5.1300 2.0665 1.4082 0.9394
Ef 04375 0.7778 0.700 1.167  4.7346 19073 1.4428 0.9624
Eg 04375 0.7778 0.483 0.667 51262 2.0650 1.4276 0.9523

Fa  0.40 0.6667  1.333 3.200 45719 1.8417 1.3827 0.9224
Fb  0.40 0.6667  0.941 1.600 47575 19165 1.4189 0.9465
Fc  0.40 0.6667  0.901 2065 4.7868 19283 1.3983 0.9328
Fd 040 0.6667  0.736 1362 52277 21059 13726 0.9156
Fe 0.40 0.6667  0.621 1.016 4.7410 19098 1.4375 0.9589
Ff 040 0.6667  0.474 0.674 48605 1.9580 1.4316 0.9550
Fg 040 0.6667  0.744 1.391 45988 1.8526 1.4482 0.9660
Fh  0.40 0.6667  0.627 1.032 45995 1.8528 1.4474 0.9655

Ga 0.325 0.4815 1.118 2.600 43262 1.7427 1.4061 0.9380
Gb  0.325 0.4815  0.782 1300 47740 19231 14015 0.9349
Gc 0.325 0.4815 0.712 1576  4.8676 19608 1.3849 0.9238
Gd 0.325 0.4815 0571 1.020 5.0346 2.0281 1.3837 0.9230
Ge 0.325 0.4815  0.359 0495 47891 1.9292 14365 0.9582
Gf  0.325 0.4815  0.505 0.825 4.3439 1.7499 14509 0.9678
Gg 0.325 04815 0.441 0.667  4.4657 1.7989 1.4332 0.9560
Gh  0.325 0.4815 0491 0.788  4.4956 1.8110 1.4525 0.9689

Ha 0.30 0.4286  1.043 2400 45055 1.8150 1.3841 0.9233
Hb  0.30 0.4286  0.727 1.200 4.7328 19065 1.4080 0.9392
Hc 0.30 0.4286  0.653 1.433 47683 1.9208 1.3940 0.9299
Hd 0.30 0.4286  0.527 0.941 49417 19907 1.3889 0.9265
He 0.30 0.4286  0.381 0558  4.7713 1.9221 14273 0.9521
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Al g WY 8% 49 BAAS
Table 5.1 Correction coefficients ¢, for k and ¢, for n (continued)
Case ARy AR, HDpy  HDp k C n Cn
(m) (m)
la 024 0.3158 0.857 1.920 41493 1.6715 1.4109 0.9412
Ib 024 0.3158 0.593 0.960 4.8430 1.9509 1.3883 0.9261
lc 024 0.3158 0.512 1.097 45734 1.8423 1.3988 0.9331
ld 024 0.3158 0.409 0.711 44956 1.8110 1.4525 0.9689
le 024 0.3158 0.291 0.417 44613 1.7972 1.4418 0.9618
If 024 0.3158 0.422 0.753 44400 1.7886 1.4108 0.9411
lg 024 0.3158 0.349 0.549 44249 17825 1.4459 0.9645
Ja 0.19 0.2346 0.694 1520 42643 1.7178 1.4183 0.9461
Jb 0.19 0.2346 0.694 0.760 43561 1.7548 1.4417 0.9617
Jo 019 0.2346 0.400 0.844 42304 1.7042 14561 0.9713
Jd 019 0.2346 0.323 0.563  4.2543 1.7138 1.4449 0.9638
Je 019 0.2346 0.271 0.422  4.3287 1.7438 1.4398 0.9604
J 019 0.2346 0.234 0.338  4.2455 1.7102 1.4479 0.9658
Jg 019 0.2346 0.271 0.422 41990 1.6915 1.4455 0.9642
Ka 0.10 0.1111 0.381 0.800 3.5390 1.4256 1.4729 0.9825
Kb 0.10 0.1111 0.258 0.400 34671 1.3967 15026 1.0023
Kc 0.10 0.1111 0.195 0.267  4.0333 1.6243 1.4283 0.9528
Kd 0.10 0.1111 0.157 0.200 3.8915 15676 1.4484 0.9662
La 0.0975 0.108 0.371 0.780 3.6991 14901 1.4609 0.9745
Lb  0.0975 0.108 0.200 0.411 3.8057 15331 1.4819 0.9885
Lc  0.0975 0.108 0.161 0.274  3.8414 15475 1.4439 0.9632
Ld 0.0975 0.108 0.134 0.205 3.7818 15234 1.4486 0.9663
A Q4 ul 7}A] ARp, ARp, HDpy, HDp S =2 Wiolo]g} s}al, 1
ol ¢ 8t e, b= TF WA} sile Wl 22 Wl FH Al Ao
o ¥AE AR AW 5 vk, vhFst wiAeke A4 24 e
= AArste] o] Ao didemA AMLE A o i I &
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[Step 1] Correlation analysis

Find figuration parameters which have strong
correlation with correction coefficients

%

[Step 2] Initial regression analysis

Derive an initial regression model on
the correlation between figuration parameters and
correction coefficients

%

[Step 3] Regression coefficient comparison

Remove figuration parameters which have
relatively low impact on regression model

%

[Step 4] Interaction check

Check the interaction between determined shape
factors and correction coefficients

\’

Final equations for
correction coefficients

Fig. 5.1 Research flow of deriving regression models for correction coefficients
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Table 5.2 Correlation and correlation coefficient®!

Degree of correlation

Correlation coefficient

Almost no correlation

~0.2
02~04
04~07
0.7~1.0

Some correlation
Significant correlation

Strong correlation
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52 Ibid.

- 150 -



B AES wmstel JrjHoz AL A AFLE A- PY QAES

AAskA thAl 22F 34 BEe =tk

=
e}
EN
L
=
i
>
1o
vy}
S
of\
JP)
i
o
D
3
)
>
&
=
099
tlo
=)
e
ui
&l
ek
£

o} o] & AT wo £ Wyl Wk ofAto] A7 dEhA
S 9m3t) % Fig. 5.2 (a)$F #o] A9l Brle] A5 #go] = Ase=

B oMo F5 W Wty BrpgolM e wakske] wiseA L

>

}S Zgo] e A9E B FFAAY & W
W3l BT =49 Wstsro] delxt) Fig. 5.2 (b)oll A= B FFollA

of <]

Al

o Alll et T Wps SUIRAIRE BT el Aadt

rr

oL
iz

60 |- B 60—
2 50 - 2 50 |~
S 40 - 3 § 40~
2 30 / 2 30
& [
20— 20
o B 10k
{ | 1 |
- + - +
Factor A Factor A
(a) Without interaction (b) With interaction

Fig. 5.2 Response to parameters A and B with or without interaction®*

53 47, @A e} A, p.201.
54 Montgomery, Design and analysis of experiments, p.184.

-151 -



(5.4)

Bo + B1X1+ B2 Xy + P12 X1 X, + €

Y =

7} ol o

PN
T

AW, 42 23 W g4 A

75

el 39 Aok v

o] R2gtol =A

oR
¢+

B

A
W
ol

0
O

PR

=
=

53.1. 24 AT ¢,

ARg, ARp, HDpy,, HDp, 1

S

o

<0

A A GAE B AF ¢ 9

Table 5101] }\1 Ck:ﬂ]'

T -
.

171 Aol of

Sk
=

by
-

I

Ao
AL Bolv, B el

A

o 7

/BP

MR o7

~
HO

A

JJJ
0

A
ol

A
A

o]

e

Tr

cn ARolell

- 152 -
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¢k = 6.953 — 5.590¢,, + 1.3170AR; — 0.02034Rp — 0.3352HDpy,  (5.5)
(R2-value: 0.9326)
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Fig. 5.3 Correlation between ¢, and other parameters
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Pearson correlation coefficient index
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positive

Fig. 5.4 Correlation between ¢, and other parameters
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<

T e () A A, o, = A () A

-
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o

rJ

X

o] o o}
= =2 =

o
10
£3)

(f

el 5 A GAoE Al Jhx wWgE nE galkale] 37 B
e A, A (510 22 27 39 2 =ESTh
¢y = 11860 — 0.14166¢;, + 0.1536ARy; + 0.00064AR, — 0.0214HDpy,  (5.11)
— 0.00898HD,

(R?-value: 0.8475)

2](5.11) 319 R R? k& 084758 x4 WG9}

o\
AP
'

Farel g
AE 2 A9 vk

A dA BAR 619 A AFE Nusd 3 22 AR A
F7b (+0.00064)% T2 87 A wlske] Arlgre] wig- Atk webs

ARy AT 87 2L A BEAE 4(56)3 L.

¢, = 1.1858 — 0.1418cy, + 0.1562AR; — 0.0219HDpy, — 0.00882HDp (5.12)

(R?-value: 0.8475)
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(5129 R? g 084752 oA 22 A5G FE W 9
% 2 Agaa girk B A6 H7) A5E sk Dol 4
A Adigho] 0.00882% T AlGe] Hlste] Zt}

¢, = 1.1783 — 0.13536¢;, + 0.165AR; — 0.04979HDpy, (5.13)
(R?-value: 0.8351)

21(5.13)9] R? #H 0.8351%, 2](5.12)9 #rub:= Zolx A uk o] A3
24 Aol T5 HEe] #AE & Adeta Qlvk 2(5.13)0l4] Al
Aoz 39 AF7t 2 HDpy s AL 379 28S =& 2(5.14)
I S, R? gho] 05214 HAE & AdWsta A Eettte s &

& v,

¥

¢, = 1.0948 — 0.0808c, + 0.0120A4Rr (R*-value: 0.5214) (5.14)

Ul oA GAR G 23 MRS 7ol F5 Wl td 4E &gl
W= o, ARp, HDpy 8 Al 7FA|o] B =2
/\c]'i ZIL% ]5‘{[:11: (Ck'ARF), (Ck'HDpw)y (ARF'HDpw)O]E]'- U}E}/ﬂ O]l:é‘

= Xdete] 39 BEgs EEohd 2(5.15) ~ (5.17)3 #U

¢, = 1.1743 — 0.1332¢;, + 0.1783AR; — 0.05HDpy, — 0.0067c, ARy (5.15)
(R?-value: 0.8354)

¢, = 1.1706 — 0.1313¢;, + 0.1664AR; — 0.0381HDpy, — 0.0064c, HDpy,  (5.16)
(R2-value: 0.836)
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1.18 — 0.1385¢;, + 0.1762ARr — 0.04482HDpy, — 0.0108AR-HDpy,  (5.17)

Cn

(R?-value: 0.8374)
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& HellMe 7IEY AF B4 9 i AlEE e 33tel 2A

S AoE JPYste], B AT AAT WA TS FET A

A ke =Esus .
NE AY WA QY AY AFBS 3338 AEAM Bd A58 A

L

& 9ato] Ao AXadd QAo AR dAAI}E = (NI) E
Jo 7} 0.6m, AlZ 0.6 m, o] 0.03me FHdo|t}l 7]E] A¥ AT
S e AREAA WY (Fig. 6.1 Fx)E, A4 EA A (Table 6.1 %)
o} Hgow Mol FHE (A9, q)% (Table 62 FF)S £ Ao ¥
Ao &gl

Table 6.22] =7 dHo|H=Z5H Fig. 6.2 o] 12 E 17 ¥ curve
fittingat™ 21(6.1)2] W &% F4E =T F Ak o] Ay +F

U & 067 8K ] gy) = 69.6 Wim?2o| T,

q = 7.2147(06)*08%8 (6.1)

55 ML etal, "HA BAb lde] @ nbE PP b ek A



Table 6.1 Properties of selected CRCP

Description Properties
Material of a panel plate Steel
Conductivity of a panel plate 15 W/m?K
Thickness of a panel plate 1mm
Size of a panel 600 X 600 mm
Installation area 12.96 m?
Projection area 12.74 m?
Active area 9.16 m?
Pipe spacing 90 mm
Material of a pipe Copper
Conductivity of a pipe 390 W/m?K
Outer diameter of a pipe 12 mm
Inner diameter of a pipe 11 mm
Upper insulation No
Copper Pipe Do=12mm

Section Aluminum pin THK=2.6mm

Steel panel THK=1mm

il \
N | | |

Fig. 6.1 Selected CRCP for an example®

56 Ibid., p.302.
57 Ibid.
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Table 6.2 Measured data of the selected CRCP%®

Measurement No. 1 2 3
A8 (°C) 10.1 8.17 5.96
q (W/m?) 89.7 71.14 50.48
150
Measured data

—— Cooling capacity curve from measured data

4 Nominal cooling capacity
100

50

Specific cooling capacity ¢ (W/m?)

P = 7.2147(08)1088

0 1 2 3 4 5 6 7 8 9 10 11
Temperature difference between OT and average water temperature, A8 (K)

Fig. 6.2 Cooling capacity curve of the selected CRCP

6.1 Akt AA ZT2AAY (A)GAFTE F)GAZA Fdsle] &9
Z71o] ol el i & w, Fig. 6.1

Table 6.1°] HE= HAAeh= Aoz 7PHste] UuA e A A

(@HA-QHA)E Fhste] A disks =Eskh

o A vleHZA A =16.0 m?

. M) A LE, 6, =260°C

58 Ibid., p.308.
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vhe A A 62.5 W/m?)

o A A
o HEo HA FHE AL =140°C
o A E e Y 7 A g =7.2147(49)105%8
= i
o .
CRCPs CRCPs CRCPs
g (1.2 mx2.4/m), 1x2 g 0.9 mf}:,(’,m)‘ 1x2 O:_: (3.6 mx3.6 m), 1x1
o =il 3 : L ol ol N “02m
|().5 m 10.6 ml 0.5n‘i 0.7m 0.8m 0.7m ‘ |
{L 4.0m ) 4.0m ’ {L 4.0m
Ap = 576 m? Ap = 6.48 m? Ap = 12.96 m?
AO = 1024 m2 AO = 952 m2 AO = 304 m2
Py, = 30.40m P, = 34.00m P, = 30.40m
Same as case (Bc) Same as case (Cd) Same as case (Jc)
(@) Alt.1 (b) Alt.2 (c) Alt.3
Fig. 6.3 Design alternatives of CRCPs

H] gk},

o A HARIS st AAA
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oro

© =¥, F& 59 A
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A0l S MAAL Fig 639 L Al A A kg
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A6 g N A 54 G wde] AA

Alt.32 Jeot s de] Wz 9 wjx7} Tt

(H) 24 ti’te] ARp, HDpy = AHASE & B4 Al o= w42 (H.1)

3 (H2el diedstel Al lekel e, Foha WY §7 FHL

A=
¢k = 7.004 — 5.63c,, + 1.2486AR;; — 0.3397HDpy, (H.1)
¢, = 1.1783 — 0.13536¢; + 0.165AR; — 0.04979HDpy, (H.2)

(Note: B4 Al o= W22 AAstua sk ddo] sjddo]

wlgko] PHuo] glow AR WAt g AL A ALY >
8%

 Ao] A AL A= Table 6.3% o, 5184 AlEHO|AH
Az AFE =EFFHAUT Be, Cd, e BAAAT 3t & E7IsATh Al

~Alt39] W% §3F =413 Be, Cd, Jeol W £ A4S IHEE UE

old A¥iE EEd BA A oS BEAe Fdse] de I &
H
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Table 6.3 ARy, HDpy,, cx, K, ¢, and n of alternatives

ARg HDpy, Cie k Cn n
(m)
S 7.2147 1.0898
Alt.1 2.0735 14.960 0.9363 1.0204
Bc 064 1.347 1.9612 14.149 0.9492 1.0344
Alt.2 2.0760 14.978 0.9397 1.0241
Cd 0595 1210 2.0375 14.700 0.9690 1.0560
Alt.3 1.6982 12.251 0.9599 1.0461
0.19 0.400
Jc 1.7042 12.295 0.9713 1.0585
150
-8
—Altl
----- Be
—Alt2
—-cd
100
—Alt3

50

Specific cooling capacity g (W/m?)

W #

SBRRYH g5 WFAIZIV] AT 40 e ¢, HF HF %9,

A dkelA e Y WAoo Wol @l WalE vire] Hue
el %

1 2 3 4 5 6 7 8 9 10 11
Temperature difference between OT and average water temperature, A8 (K)

Fig. 6.4 Cooling capacity curve of design alternatives

o

AAsF et F3t gpE TR (G)2] W

-
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Table 6.4 Calculation of 6, and m,, of preliminary open type alternatives

Ap qp 46 6,y 6, A8, O, 1y,
(m?)  (wWim?)  (K) () (°C) (°C) (°C) (Ipm)
Alt.1 576 1736  11.1 26.0 14.9 3.0 13.4 4.8
Alt.2 6.48  154.3 9.8 26.0 16.2 3.0 14.7 4.8

Alt.3 12.96 77.2 5.8 26.0 20.2 3.0 18.7 4.8

Table 6.5 Calculation of 6, and m,, of preliminary closed type alternatives

Ap qp A6 6,p 6, A6, Ouw.s my,

(m3)  (Wim?) (K) (°C) (°C) (°C) (°C) (Ipm)
Alt.1c 576  173.6 18.5 26.0 75 3.0 6.0 4.8
Alt.2c 6.48 1543 16.6 26.0 9.4 3.0 7.9 4.8
Alt3c  12.96 77.2 8.8 26.0 17.2 3.0 15.7 4.8

B Ao] o= W &5 A Ag,E 3 KE 7FEsle] Alxtslel o

71 A¥= Table 6.49F A Wb A7 tijky}l A W] S

i)

BP0z MG e A ABoT ANHAY Y §F FHo

=
e 6, & m, S AASA Hed 1 A7 Table 659 2k #7%F

m, 4.8 lpmS &0 7 Xgshd 084 misE, WP W T5S FHE )
7] 9% 751 0.24 m/s o]oln, &g AuH oA WAsky] 9l

4 24m/s olstol B2 A3}t

Table 6.4°] Alt29} Alt3S Hlwsto] B sjde] W42 Alt27}t Alt3
o] Antolal, wdg W F3 1000 WE AAsH] S8 dag g &
E7F 4 °C wskth dde] Y 2RE 4°C ¥ WA ] Sl Bed

2 " ANRE wjgo] d 7 B AR WlgET dAs] Aar gt
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Table 6.6 Cooling water conditions 6,, s and m,, of available design alternatives

Installation ~ A4p qp 460 6, 6, A6, By T
type (m)  (Wim?3) (K) (C) (C) () ()  (lpm)
Alt.2 Open 6.48 154.3 9.8 26.0 16.2 3.0 14.7 4.8

Alt.3 Open 12.96 77.2 58 26.0 20.2 3.0 18.7 4.8
Alt.3c Closed 12.96 77.2 88 260 17.2 3.0 15.7 4.8

6.3. A tite F&

Table 6.69] 7153 thelts 5 Alt3(& Alt.3c)s} 22 g wjxZ 333

Aol Ag el AAY AYY Bdoz Al APk R AR

A WA AE AlolAs HES HFow dAsta HiE A e
o] AA Wy 2% FHoR Het= Aoy, Ul WA AT AolA:
A HfFor AAsta, MEE X B AA W5 & 2o

2 s golth o5& Ex JshY Table 6.7} @k



Table 6.7 Experimental cases

CASE Ap Installation g, . m, Note
) type .
(m?) (°C)  (Ipm)
1 12.96 Open 18.7 4.8 Cooling water condition of open type alt.
2 12.96 Open 15.7 4.8 Cooling water condition of closed type alt.
3 12.96 Closed 15.7 4.8 Cooling water condition of closed type alt
4 12.96 Closed 18.7 4.8 Cooling water condition of open type alt.

dde] dAe ezte) dd Wy Fehes 1,000 WE, A e A
TS AR qpup= 5878 W) 17715 AA EARSEAT A7 A W

= dudrlelr Ao =3 dussto] e yFEHA=H 2A

¥
rfo

Ft

ZAHg H4 006, H 017 °C =4 ¥FEHIOH, FFS
478 ~ 4.89 Ipmo. 2 FFE Ut} Table 6.8% Fig. 6.5 213 Alo] A+ Ay

of ol23l& W 543 2%=E FYd Aot

Table 6.8 Measured temperatures of cooling water, globe, surfaces and air

Temperature Altl Alt2 Alt3 Alt4 Notes
Oy (°C) 18.83 15.78 15.76 18.87
6, (°C) 19.93 17.03 17.06 20.06
6p (°C) 20.64 17.87 18.07 20.95
6p — 6, (K) 0.70 0.84 1.01 0.89
04 (°C) 25.97 24.33 25.93 27.89 Height 1.1 m

6r Height 0m (°C) 26.10 24.50 26.04 27.61  Floor surface

Height 0.1m (°C) 2617 2459  26.36  28.32
Height 0.4m (°C) 2643 2474 2642  28.43

6, Heightllm (°C) 2637 2467 2643 2831
Height .7 m (°C)  26.08 2453 2635  28.20
Height2.1m (°C) 2526 2393  23.26  24.96 Plenum

6; Height2.2m (°C) 2451 23.24 22.70 23.90  Ceiling surface

-174 -



AR S o] A

-

- Height of CRCPs

Globe

temperature temperature

Air

PN

Alt1

—a—

Alt2

——

Alt3

—

Alt4

28.0

29.0

28.5

275

27.0

23.0 235 240

22.5

2.0

L5

<

—

() yyBreH

0.5

22.0

0.0

Temperature (°C)

Fig. 6.5 Measured air temperatures and globe temperatures
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Fig. 6.6 Comparison between results of CASE 2 and those of CASE 3
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Fig. 6.7 Comparison between results of CASE 1 and those of CASE 4
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* AR (Opening -floor area ratio) = Ay /Ar

* ARp (Opening - panel area ratio) = A,/Ap

* HDpy (Hydraulic diameter of an opening calculated from opening area
and sum of panel and wall perimeters) = 44,/ (pp + pw)

* HDp (Hydraulic diameter of an opening calculated from opening area

and panel perimeter) = 44, /pp
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the open-type installation of ceiling radiant cooling panels
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Recently, the architectural design shows increasing trend of open-plan building
where the floor is designed with large and open space without walls or partitions.
And the mechanical and electrical equipment and finishing technology have been
highly developed enough good to exposure equipment and building structure.
Accordingly, it is expected that the open-type installation of ceiling cooling radiant
panels (CRCPs) would increase so as to satisfy design requirements.

When the panel is installed in the open type, an opening will increase air
movement between the plenum and the occupied zone, enhancing the heat transfer
on the panel surface and the consequent cooling capacity of the panel.

Air movement through the opening is influenced by the opening figuration, which
is dependent on various factors such as area and/or perimeter of the opening. This

characteristics can make the cooling capacity of open-type CRCPs become quite
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different from that of conventional CRCPs. Therefore, in order to design the CRCPs
by using the enhanced cooling capacity with open-type installation, the calculation
method of exact cooling capacity and different design process from the existing are
necessary.

To this end, this study firstly derived the theoretical background for the analysis
on the cooling capacity of the open-type CRCPs and defined the figuration
parameters of the opening that can affect the cooling capacity. Secondly, the
simulation model to estimate the cooling capacity was developed by integrating the
advantages of experiment method and simulation. Using the developed simulation
model, correction coefficients for the cooling capacity were calculated from the
results of the simulation. And then the regression analysis was performed to find out
the relation equation between the opening figuration parameters and the correction
coefficients. Finally, the design process for the open-type installation was developed
so that it can take account of the room condition with open ceiling, and use derived
equations for the prediction of cooling capacity. The results of this study can be

summarized as follows:

(1) Depending on the area and perimeter of the opening, the resistance preventing
the air movements is changing, which also changes the characteristic of air
movement and the consequent cooling capacity of CRCPs. In other words, the
area and perimeter of the opening can influence the cooling capacity.
Therefore, based on the area and perimeter of the opening, the figuration
parameters were derived by analyzing the opening figuration with same

characteristics of the air flow through the opening.
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(2) Incases with same layout of CRCPs, as opening area ratio is larger, the cooling
capacity enhances more. However, the magnitude order of cooling capacity
does not agree with the order of opening area ratio. In case with same opening
area ratio, as hydraulic diameter of the opening gets smaller, or the panel
perimeter gets longer, cooling capacity enhances more. However this trend
was mitigated when opening area ratio became smaller Therefore, it was found
that the cooling capacity is influenced by both of the area ratio and hydraulic

diameter of the opening, not by one of them.

(3) By modifying the existing process of panel design, the design process for the
open-type installation was suggested. The suggested design process includes
the predicting equation for the correction coefficients of cooling capacity and
the additional consideration of the cooling load calculation. With this process,
designers can accurately predict the enhanced cooling capacity for the open-
type installation. Based on the prediction result, it can reduce the required
installation area of the panel, or reduce the condensation risk by applying

higher cooling water temperature with same area of CRCPs.

Keywords : Cooling radiant ceiling panels, Open-type installation,
Opening figuration, cooling capacity correction
coefficient, design process

Student Number: 2008-30165
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