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Abstract

The purpose of this paper is to apply the numerical solution procedure to compute conduction
time series factors (CTSF) for construction materials with large thermal capacities. After
modifying the procedure in Ref. [9], it is applied to find the CTSF for the wall type 19 and the
roof type 18 of ASHRAE. The response periods for one hr pulse load are longer than 24hrs for
these wall and roof. The CTSF generated using modified procedure agree well with the values
presented in the ASHRAE handbook. The modified procedure is a general procedure that can be
applied to find CTSF for materials with complex structures. For the large thermal capacity
materials, it should be checked whether thermal response period of the material is over 24hr or
not. With suggested solution procedure, it is easy to check the validity of the CTSF based on
24hr period.

Keywords: AT A|AF A4=(Conduction Time Series Factors), 2AM] Al F(Radiant Time
Series), WHH5H Cooling load), ¥ 3 Z]-5(Wall and Roof), -8 (Thermal Capacity), 55
ZF7](Response Period), -8+ ZH& 5 (Finite Difference Method)
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S e AHEE AR5 [(w/m?], A3)

pLe, © (TIHAT) D8 (thermal capacity) [kJ/m*C]
g|A 23}

p - HE [m?/s]

1.ME2

WHHESEE H5h7] Qlaf AlIQte B & sh= BAAAIE B (Radiant Time Series Method(RTS))©]
ch P EAAAD B RTS)S H-45HH, HALY 2% B viete] igh M=AA A(Conduction Time
Series (CTS)) lo]el7} ©asict. o] £E2] AL e MEAAIE A5 (Conduction Time Series Factor
(CTSE))=} #27]|2 3t} Fisher ¢} Spitler 52 RTS W'H-& Aot o, 2hZ2kA gk ARgallA] CTSF gt
& 7. RTS Wel Fash 7 5 shie 449
(periodic steady state) o], ofuf X[ol] WM} ALEe] F=7]= 24417 0|t} Wang} Chen2 CTSFE -6k
] AFE TRkt B Ee] o BARANE #.om, Z-transform?, State Space method”, Time Domain
method® 5o AREHTh BrEF) E3 22 5 <1 Frequency Domain Regression (FDR) HH-S 7ot
o, o5 AgalA EtA|9] CTSFE +3itt. Spitler?} Nigusse= Finite Volume MethodE AH&-5l14
CTSF 2 73rta 2ok B uglom” Nigusse o BPASH] =298 1 B4 183k daed A&l ohd
i} A}, ‘FE-S Aottt ZF Sof| AREH -6-3E1 2 ( Finite Volume)-2 671011 A7t 7HA-& 6025 AFa-3ict.
9 A2 HAE Qo] 7Rk, A|AHS] HAo] tie e (PRE) £ Akl o] & HA 9L A
4= UR o)A CTSFE 3t ” A7} State Space method @F 2 Az|gctar B gl o 8 2? ASHRAES]
A R AvpEat 2 dAskelEt S8 18y Q0F AethE BlW Sk, of w=woflA] Al¢tstet= CTSE
At B3} ZFo]7} et Byun 2 -REAHER (Finite Difference Method) & AFE-al14] CTSFE Alitoh= &
AR, 012 ASHRAE B4 33 24 (W24)o} 21843 14 (R14)°]l H-85 ArFE-2 ASHRAEZ} 2Hgh
ZAlE3 2 A Fek EFHES F717F 244 T 2 7o) gt $45 A7} E asieiar AlRbsi. AA|
ZA|0] HEeF7]7} 24 A7 R TE 71 739, ©h5] HE1E 24417 5okt §hakalA] 15 CTSF 217-2 ASHRAEO]]
A 3T CTSF ghtk A=JskA] gtk

2 AFeM = HAY 2154 2] CTSF gha ARt 0 & ok W2 Aokt o[ I+t ANtE, I8
o] A §EZTF7|7}F 243t ool = 7ol A8 4 QU= ANtslole gitt whebA o] $4o] Hie

o] =zoll A AIgHE ¥ o = AV CTSF go] ASHRAECIA i 3hat 2 A2oh= Z& Hol= Zlolth
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Fig. 1 Schematic diagram of walls or roof system
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25= T, e AIG(Thermal diffusivity) = o, @& Aot iR A= 22k, h2 BAIE]O] §)
o} A2 27] 7o), A(3)2 <7|3EH Lok o] AAZZol. 9]7] & 1}%’3}{— 49 A7
+= Solt}. A(d)= AWE7] FEHolA e AR, AUz HE == SeHAT
h=]

Aot A7 A5 28 UA TR U, o8 4 (9] gl |k
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2 B9, DA A AARCIA] BRo] el 271 G A (59 ek, A} AR A
4oz BYA|n ZAZA0] BHGnE, ALY T4 Fo2 BU b, YBANE 3 A

(Implicit Finite difference method)-& AR&3A] ZF $12] & AZtol o] &1 B Fgict #10112 g 4
o

ok

jub)

(p+1) XS] 2% HE T = 2(6)7 2ol HIAS 4= 3loH, 2(6)9] ¢ FE2 FAA (p)ollX 2R 5=
#=olh
ple+1)_ (4 (p)]—lb(p) 6)

A7IN Te25HE, A= AGHE, A2 o]t wfzha] 2714 (p = 0)2F AR A (At)o] Fo12H,
21(6)9] %1 FEoll tiet ghse] A= ol & ta A (p=1)00l4 e 27t "o 4(6)9] 2% ghe

910l QISR TS I A7) ¥ A galrhe, 2 AelAl o] Lok Akt $1x1e] s T

2.2 CTSF & 715k 2[oHA 2rye| Ytitst
(1) CTS 2} CTSF 9] o)o} duis}
B 2 25l tigt CTS 9] Aol= ASHRAE ERo] oJ51H, ofefie} g,

dq = Coli,q + 145,41 + Col; q—2 + o + C239;,q— 23 )

o714 247]9] ¢, .= conduction time series factors (CTSF)©|11, i=0,230]c}. sfgEHA, ¢+ 715414 qeoll
Ao AR AR AR sto|H F 247 o] golet. 7IEAIERE 1 ARFES GRS gi°l L 71EAIH LS.
2HE nARFARE 1A7HEE YRS g w0tk CTSF 2452 ASHRAE =S 18%2] 1 16~18°]
JoJ% 25Tl A ARTE Rl o, A2 FAE WE-g (%) grolth RTS W] 739 2o Jrbss} ALt

9] F7)= 24AI7olEHE 2 A(DE BB It

0] BOYE Q1A A7) A1(8)7} o] i} st W8 5715 Nhrz EAITT), W857] 5 212
T5t7] Slsf AT Foks ghatsliof she SAIe]™, Nhr=24, 48, 7201t}
Qq = c()qiﬁq + clqiﬁq* 1 + CQq'i‘qf 2 + o + CNhyr — 1qi‘q7 (Nhr—1) (8)

TFL Nhr=240], 21(8)2 2(7)0] Hr}. CTSFE] = Nhr} Zt.
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(2) 011:1]-2].Q CTSFE ﬂ]x]—_,,]-x%

02 [9]0f] TR O] U= AT Nhr=24<] Z-olet Gastct, HALt A5Ae] G-85Fo] 74, wF
ST7 IR S Slaf oot o] Lutst A FTh Nhr=48, 72+= 212 5717k 24 Bt 282 72,
3UETHER Qo AREE 4= Qltt o] = R0l CTSF= ASHRAE I=5] AlAIE gt CTSF48%F CTSF72&
Z¥Z+ Nhr=48, 7201141 2] Az CTSF24+= CTSFA8 Hi= CTSF72E 24A7H HkSF7] 2 ¥iglsl ghe BAJHY,

(Step 0) TIARZE DAgt -Gol & th3at 2ol o olix] ARt SHRAIRE X ol = Rt Ko S
[W/m*1E ZA, 74 drofals JBsirt 0]t oS So] A(7) 2] 71A1-e] 5147t qolw, A1(7)
0] 2 WA it g, = 36005 ©] T WA (Nhr—1) 7] &2 00]ct. 71 514217} q=00]H A4 041 7
IA71A] w2 Sl H } S (A7 2F 36009)0] 7 HA 14] 0]&2] Ql8H 5= (o|c}

(Step DAATS OAIFE] 1A7ER] 2] AT HAR Qo] A= e AR Eist Nhe/hs Alkteich,

AR 0A1FE AR, 1A 9t S9AIE IAE AR G)ell ettt (Nhr+ DA7ER] 422] a4
AkEE 345 AUE7] ST AR HE == Al WHRohs Al(@)oll Sfalf 1A17fet Fgte) Al
7 st e HoYd Gload()2 AL ARTE W@idste] Alzh A7k jo]m i=1Nhro]ct.
Gload()= 2 0A1FE 1A7H] 7Halizl DQIAZHFEAR QIal, (AR i+1A17H] A= ddE Jriot

olt}. mhA] Gload(24)+= A4S 0AIRE LA7EA] 7k GIAZFEAR Qlsf, 24458 2541 (tha'd 0A1F
B IA71A]) Az AgE YEstolo vHd §EE717F Nhr Alte]H, Gload(Nhr)=Gload(0) ot
(Step 2URAIZE &= WHIESIO A G(i) = GLoad(0) — GLoad (i) #ri=1 Nhr7}A] AR},

AG(i)e AR i, i+ 1]Atelel ZFix] SRIATFE AT} WHELsof] m] 2| = <=5t QJafolt). &8 3 WA
G2 AR (i, i+ 1] 7Feli] DAAIZE BAR QI AR AIZE (i, + 1)< D FdRsto[thS7F 4%
73, 0] 22 GLoad(0) 7+ ZTh. 819 T ¥ g2 AI7H[0,1] FHA 0A1FE] 1AI7RA) ol 7Fali<] T9]
[KFHAR QIS A= AZE (i, i+ 1]8F AEd YFs}olH.

(Step 3) HE3- 32717} Nhr AJ7H]H, A G(0) = A G(Vhr)© B2, QTEIA | gho] M912i=0,(Nhr-1) 0 & ¥
Zagitt. wEbA i = 1AIRE ZHE o] AlRtehe AlRkS Uetie lElzolnt. (Step 2)ol 2Jshd,

rol

S

A G(Nhr) = GLoad(0) — GLoad(Nhr)

Nhr—1

(Stepd) G= 3 AGH)R BAH AARE <= Buake] Nhr ARFERH 8 Faiek
i=0
= G 3 0X15H 14174 bl B9IAIZE B ofsi], Nhr AR5 Al Akl % Qusto]

t}, ¥h2Z717} Nhr AJ7F Q1 739 o] ZESe A 0A1EE] 141714 718l o)) 7 B A o] kel 360050t}

AG()

(Step 5) ¢; = %

%100 (%) , i=0, Nhr—1 & AWtsiA CTSF48, CTSF72& =it
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Nhr=24%1 73-¢- CTSF24= 37]5fjoF s, CTSF24=CTSF7} dH btk 248 A [9oA E i @
AREZEA i, i+ 119 AA HEdis ARE QIE| 2= (o]t o= B 0AIFE] 1A7ER] 9] S9iAt HAg

-

Qo) AU [i,i-+1]417F Bt AP & PIRatel, S 0ARE] 1A74702] DAz Bao] Sl

36005 HRt HiE-&olct. S7} %1@5}‘3—1 TAIZE 7l SEpIAIE B 0] SR R 360051
(Step 6) CTSF24 ¥HgF (Nhr=48, 72 Q1 7% 1d F7]1= 2k

AG(i),i=1,23°0 224 2} 3LA o] 7|22 T Ag e _ict =,

AGH)=AGGH)+AGGE+24),i=1,23 (Nhr=48)
AGH)=AGH)+AGGE+24)+ AG(i+48),i=1,23 (Nhr=72)

¢ = Ag(“ 100 (%) CTSF24 (12 Z7]2 3h4kst CTSF)at e
RTS WS 193 37|12 7Pgsta glouzl? A= Axtabgo] 2o M Nhr=48 T Nhr=72¢21 <

CTSF24=CTSF7} ®t}. Nhr=2421 7-% CTSF24=CTSFo]tp.

2.3 CTSF ArLkg U=C{o[}

Table 1o]'= ASHRAE 2013 fIEE0] 4] 184 & 16-1770]| 5 &85 Thermal capacity), @S,
1231 AR value) gho] A} B w-E P16 @oFwo] et (THlHAE) B-87HThermal capacity)> H&art
H|F O] F-& W4 0 2 e gl kJ/m? k). ASHRAE =E0] 7 18Wolli=B437], 2t 2] 9 2 Hof AL
H S50l diet F=oe) ZF Sof gt Az, AEEH 5 WS, FA|, s, Uk, Hg, AT 4L 2, v
AT ARY 5ol AR Qe theAtF, G 1, M= 242 714015, eFdA, ©aA, 121 Ha e 22
= UERATE Table 1] AAE 2415-2] 2]l FA415 271 (AW715, 1715)E dstiol JA 57t =,

m g

l

Table 1 Property summary of walls and roofs used for CTSF (ASHRAE 2005, 2013)"

Category W24 W34 W19 R14 R18
Thickness (m) 0.2032 0.4751 0.5277 0.2 0.3016
Thermal capacity (kJ/m’K) 83.8 631.6 784.9 134.9 4374
R( (m’K/W) 0.9 3.8 1.7 33 32
Number of layers in walls or roof 1 3 6 4 4
M 08 16 01+16 11 15
I 05 04 03 03
G 01 01 03 03
F 04(2) 13 13

32
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AU B7159] A9 HAol= FO2 7F A 5ol FO37F, 22]1 9]7] Fofls FOlo] AR&-E] ]t FO1, F02, FO3
o] GAFE 7+ R=0.04, 0.12, 0.16 mK/Wo|ck.

=Bl AAE D-g2F 7re] o, HAAQ L 20.4~784.9 ki/nfK oItk HAZES W2 (AEY 18)
olm gk W19 (FEIF)olct. EI2E T5<1 4%, d8aF9] §9E 83.8~631.6 k/nrKoltt. A%
Al AL 12.3~437.4 /(j/m% oltt. Z|4Zke R3 (FAIZ Y A)olw Hdizke R18elth, ZIE 1
ol 2. 134.9~437.4 kJ/n’K ©]c}.

Qs ASHRAE =S Fm o] G85F0] 7Hd & A=z, BRI 2] 3¢ W1901H z2)5A9] 73-9-R18
olt}. dgefo] 7MY 2R Am= W249F R14019 | §FgF7 = 19 Rt 2PAL 1Y ZAT) o] -9 CTSF24
=CTSFl& #a23 9]0l Helong, chgddllis E-8+o] 7P 2 W19 R18¢] thet Axbat it gict.

3. 0 4 nzt

ASHRAE =L AIA1E CTSF gk ANt o ARgH ezt 52 ohet At thiF adg Al a2 A
o] AlgollAle A= 6.25 Wnf°Cola, A2l 422] BiAefi= A= 8.33 Wnr°Coltt. 9]7] &l f
FAHL A= h=25 Wnf°Colth. AR AW 2% 2742 28Co] 11, 2)7] k= 35Co|n st

2.1780) A&s SAHATES AFESHA, S= 1000 Wnfe] 270014 | 17 7H4 0 8 A5 (Nhr+1) A]
KA Fol 2k Farot AR Hgs deiAWRshS ettt o] =29 A WAl H3= CTSFe}
CTSF247} & UA|ehe 21 Hol= Aol

A5 2] eRAel disi e Adieiol W se] glou g AR gokt 51 that A, 24417t
B E 7HA 02 4] S-S diA] ot AIHEL AWaljer 2 AP, 1A Sofl tiet EI4-E S7HAA
T2 AP, B840] S 7] o= ghEo] 3ol AlX =] 9ict. CTSF 3k 4

K
2 BHShE 4, 2857 2] vjAle 942 nvlsiA *JEHZQEE A2 28Rk dole 8o 2

il

3.1 SeAS R18

T1720]1= R18¢] thgt CTSE gr5o] 2814 it Z1o] AN HEe} Zo], R18 X3t R1449 47]<] 114
2553t 2709 fAIF 0= g o] ek R189] 734, R142] M1 (232 E) th4le] M15 (FE3 ]
E) 7} AR E ok et o2k M159] A9 B-8558 24210.2032 m, 410.23 k//nf ©]31, M11 $-=2
7}0.102 m, 108.95 &J/nt ot}

Fig. 20ll= #717F oF2 5 7He] At = 7je] A o2 Avprt HA=|o|Qlet. 7He A ZPA g Ho
4AZF Hoto] Z3E0 2 Ui gholth 48417 A TA Yoyt 24 ATk o] ol e kS m|x| 1L QItt. Fig. 2

M
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oA 7h= S AlQlelars, faESAt ktelS ghol 28 Qlet #-2 A4 CTSF480]H 7 Hios
He] =]t F-2 AL CTSF240]t, 7h= A4 CTSFo|™ ASHRAE =0l Wi s ghso|t) #-2
AT} 7R Ao & YRI5k Qlet. 27] ARk wixlat A7 A0 A] 1% 92 whes @ 2fo]ot? whapA]
CTSF249} CTSF= & 2|5t} CTSE ©F CTSF48 Ato] <] o @ 2b= 39 o] 7] A7k o] iAygict, RTS
2P o] 7Hgstell A CTSF k& AHgohe dis A7 gl

r°"

10

r  sEmmEsmsE: CTSF24
8l CTSF
CTSF48
TE
.................. Real Eraction
6L
L
B
&
4k
3 "
) o S
¥
iy —
ok

0 5 10 15 20 25 30 35 40 45 50
hrs
Fig. 2 CTSF, CTSF24, and CTSF48 of Roof 18( ASHRAE 2005, 2013)

3.2 S W19

Fig. 30fl= W199] tigh CTSF gko] 1294 Itk Table 19] AAE HEe} o], W19 67]2] 1Al Eet53] 2
Mol fAIZo2 FAg=]o] glrt. ASHRAE =B W 2= & A4 gho] 7P Atk

Fig. 30]| AR8gH Aofehgt 12k Nhr=48-& 722 HHIH Fig, 29+ At 71H= 412 ZHAIT Hoks 72417t
Ho10] FRto & Uhe gholth. 72417 2 P& YRS 24471 o] %= & 48AIT o] Tof i FRke m]x| 1L
ek F& A4S CTSF7201H 7he A o 25 e A= &2 HA-& CTSF240l. 7k A41-& CTSF
ol ASHRAE IERo| T gtEolth #-2 HA7 7He Aol A dxstal Qlrk. 27] AR upx|et A]

A A 1% QA= HEER 9 Afol e} wheba] CTSF24=CTSF o]m RTS W <] 7}A45}oll 4] CTSF e A

851=dl= 2417} §itk. CTSE 9F CTSF72 Afo]e] o @ 24= 4%0]w Z7| A7 ol T3 gich. @217t 43k
< 0|2 27|A7E Nhr=489] 74Kt dojFct,

¢

34
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10

9 - sAsEEEEEEER CTSF24
sl ———————— CTSF

"""""""""" Real Fraction

CTSF
1

Y e

hrs
Fig. 3 CTSF, CTSF24, and CTSF72 of Wall 19( ASHRAE 2005, 2013)

Lol AAE BE2 HAU 218 ZlH Nhrofl 9= vl2ls Fa¥ep= 830, 8ol T71d=

Nhro] 75t 789 g-ofAl | 2,39 732

ME CTSF24E 78 5 9le™, CTSF24=CTSF& E3ltt. ERMREGF717H 4 ol 7-Polle AlA1E v
e & 285 CTSF24E 78 5 Sla= F4E & Utk RTS 75l A, CTSF ghe ARt =

I
T
fﬁ
=
30,
,—E
p
rf
<
x
2L
>
ri
ok
ok
flo
S~
®
o
X
I
[e][0}
i
N
N,
W

,
r o
o,
]
2
=
o

Yo

472
o] =Rol i B8] 2 HA Ul A B A et CTSF Ghe 8 A o2 ol 742 Hyo
7} 20Fe thet et
(1) 32 2 AP WS 7717} 24417k o 4go] B B, Thes] $5HE 2417 Sbat GATSHH CTSE

S ToledstH, ASHRAEIA 2 CTSF k2 118 4= §ict

2Fo] Qof|&=. CTSF249} CTSF= 2 LAt

?3) AH =& A 218 G A EE SEAOI5, ool thet CTSF 3k AlRFe ¥R 0 = Akt 4= Gl
H UutslE]e] glom, idtsety, PashH, BeA RS 97| Ao

O] 7%, A4 CTSF 259 224 sS4 A5 4= Ak

o] =22 20179 F=iotn G- 2| hof| ofsto] o] FoiFl 5. o] Aot THH HaEd o] it
olm|Q 3]Alof| thal, Fisher W23} Spitler W47 A==t
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