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Fortran IV Program to Calculate z-Transfer
Functions for the Calculation of Transient
Heat Transfer through Walls and Roofs

G, P. Mitalas and J. G. Arsneneault1

Division of Building Research
National Research Council of Canada
Ottawa

The heat transmission matrix for a wall or roof has elements
A, B, C and.Dj i.e., :

L=s)
1}

whete Laplace transform of surface temperature, and’

Q = Laplace transform of surface flux

The clements A, B, C and D are functions of the thermal properties,
thickness and position of materials in the wall, When the boundary
conditions are of the first kind {i.e. when 90 and . Bi are given), the

fluxes are given by’

and when boundary conditions are of the second kind, the equations

invert to

9 A, -1 Q
o] _ 1 o
o Cly, .p Q.
1 1

The program presented in this paper evaluates the coeffi-
cients of a set of z-transfer functions that are equivalent to the
Laplace transfer functions D/B, /B, A/B, A/C, }/C and p/cC.
These z-transfer functions relate to the z-transforms of the surface
temperatures and heat fluxes in the same way as their counterpart
Laplace transfer functions relate to the expressions above,

1
Research Officer and Computer Systems Programmer, respectively.
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The program will evaluate z-transfer functions that are
exact for either a unit step input, a ramp type input or a periodic
input with apecified harmonic components, The user can choose,
therefore, the option that best suits a particular problem,

Key Words: Frequency regponse, roofs, transient heat
conduction, walls, z-transformas.

The heat trangmission matrix for a wall or roof has elements A,B,C and D, i.e.,

1

where 8 Laplace transform of surface temperature

Q

Liaplace transform of surface flux

il

The elements A, B, C and D are functions of the Laplace parameter, s, and of the thermal properties,
thickness and position of materials in the wall. When the boundary conditions are of the first kind
(i.e., when 90 and Gi are given), the fluxes are given by

Q D, -1 8
o]

The program presented in this paper evaluates the coefficients of a set of z-transfer functions
that are equivalent to the Laplace transfer functions D/B, /B, A/B, A/C, l/C and D/C, These
z-transfer functions relate to the z-transforms of the surface temperatures and heat fluxes in the
same way as their counterpart Laplace transfer functions relate to the expressions above,

The program will evaluate z-transfer functions that are exact for either a unit step input, a
ramp type input or a periodic input with specified harmonic componenta, The user can chooss,
" therefore, the option that best suits a particular problem.

1, Calculations of z-Transfer Functions [Ref. 1] 2
The z-.transfer functions for a multilayer wall can be calculated in two ways!
Method 1 consgista of choosing either a atep or a ramp input function, I{z),
and evaluating the output, 0(z}, that corresponds to 1/s or l/sz times one

of the Laplace transafer functions. The related z-transfer function is de-
termined from 0(z)/1(z).

The literature reference is at the end of the main text of this paper.
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Method 2 involves solving a set of simultanecus linear algebraic equations
to obtain the coefficients of a z-transfer function whose frequency response
matches the exact frequency response of the multilayer slab at certain selec-

ted frequencies,

The z-transfer function corresponding to any one of the Laplace transfer functions can be ex-
pressed as the ratio of two finite polynomials, N{z)/D{z). The denominator, D{z}, is the same for all
the transfer functions that have a common denominator in their Laplace transfer function equivalents,
and is the same for Method 1 and Method 2. The procedure for finding the coefficients of the denom-

inator polynomial involves two steps.

{1} Determination of the poles of the associated Laplace transfer function:

i, e,, find Bn, the roo-ts of B = 0;

or Yn' the roots of C = 0;

The elements of the transmission matrix for a wall have an infinite set of roots, which lie
along the negative real axis in the s-plane. The position of the roots depends on the di-
mensions and thermal properties of all the layers, and cannot be expressed in any simple
way. The necessary‘poles can be found numerically, however, by evaluating the functions
B or C for a sequence of negative real values of s, This program evaluates the roots of B
between zerc and -30/8, and the roots of C between zero dnd -450/8, where O is the
specified sampling interval of the z-transform.

{2) The evaluation of the product: .

Diz)=II(1 -e z )

when the parent Laplace transfer function has the element B in the denominator, or

a2, b
Diz)={1 -2z ") M(l-e 7 27}

when Laplace transfer function has C in the denominator,

Methods ! and 2 differ only in the way the numerator polynomial is determined. Method 1
requires the evaluation of the time function that corresponds to l/s {step input) or to l/s‘2 {ramp input)
times the appropriate Laplace transfer function, for t = &, 28, 34,.,,... The coefficients of 0{z)
are evaluated by finding the residues of the Laplace transfer function at the previously determined

poles, :

The numerator N{z) is then evaluated using the expression

D . O(=
gy = Dl Ol
where I{z) = 1 3 for a-step input
1 -2z
1) .
or - =z} = i3 for a ramp input,
' z{l -z 7)
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Method 2 requires the evaluation of the Laplace transfer function of the wall at 8 = icun, and the

calculation of the denominator D{z) at z = eanB' where W, is the angular velocity at which the
z-transfer function is to match the exact frequency response. This gives a pair of equations for each
value of W, {i.e. real and imaginary parts are equated separately) except at Wy = 0.0 (i.e. steady
state) where only the real part of the equation exists. The resulting set of equations for a series of
values of W, can be expressed in matrix form, viz.!

1 1 1 1 [ ag X(0)
14 Coswll\ Cos?_wlﬁ ces Costlll a, X(lﬂl)
i i P i A
0 Smmib Smelﬂ Sm.]'w1 a, ¥{w l)
1 Cosw, 4 GCos2w, A +.. GosJu,A . xf”’z)
0 Smsz Sin szﬂ e Slflead . Y(wz)
L 25

where the a's are the unknown coefficients of the N(z) polynomial and X(wn) and Y(wn) are real and
imaginary parts of the product of the Laplace transfer function and denominator D{z) evaluated at

. iwg & : . ; . ; . .
a = iw, and z= e " respectively. The solution of this matrix equation gives the unknown coeffi-

cients, It should be noted that in setting up this matrix, © > %g should not be used since higher

frequencies than this tend to give poorer results.

2. General Description of the Program

This Fortran IV program is designed for an IBM -360 computer with line printer. Appendix A
consists of the coding sheets {A-1 to A-20), a sampie of output {A-21 to A-25), and the flow diagrams
{A-26 to A-31) for this program,

The program can handle slabs that are comprised of no more than 20 layers of homogencous
material and no more than 100 significant poles. The poles are evaluated to 1o-14 precision, and
the limit for the numerator and denominator series of the z-transform is set at 10-7, At least one of
the layers of the composite slab must have significant heat-storage capacity.

The program is designed to operate continuously; i.e., after the z-transforms for one wall
have besn completed, the program automatically reads the data for the following calculation. The
program terminates when 4 = 0,0 is read. '

2,1 Input
Card 1 . Sampling time interval &
Format: {FF 10.3)
Card 2 and 3 Description of the slab for title purpose only.
Format: {80 Al) :
Cards 4 to I Groups of cards giving thermal properties, thickness, and description of the

layers. Whenever applicable, the first card of the group contains values of
thickness of layer,
thermal conductivity,
density,
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specific heat, and

resistance of radiation path,
Otherwise, the first card contains the thermal resistance of a layer that has
negligible heat storage capacity.

Format: (5F 10.4)
The second, third.... or more cards of the group can be used for the descrip-

tion of the layer if an integer is inserted in Golumn One.
Format: {30 Al)

Card I+ 1 Blank card to terminate the above input of thermal properties and their de-
scriptions.

Card I+ 2 Code number, ICASE, and the number of frequencies, NW, to be fitted when
Method 2 is to be used {see Table 1},
Format: (I1, I1}) '

Card I+ 3 This card is read Dnly.when ICASE = 2 or 5. It specifies the periods of the

harmonics to be uaed in frequency response calculations.

Table 1. Code Number ICASE

Input
Function - Method 1} Method 2
Boundary Square - Triangle Group of
Condition Pulse Pulse Harmonics
) Invalid
First Combi-
Kind nation i i 2
Second
Kind 3 4 5

3. Reference
f1] Stephenson, B.G. and Mitalas, G.P., Calculation of heat conduction transfer functions for

“multilayex slabs, Submiited to ASHRAE for presentation January 1971,
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Flow diagram for z-transfer function calculation program,
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CALCULATE

: d=1 | TRANSMISSION
STARY - ‘ MATRIX ELEMENTS)
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Figure A-5. Flow diagram for the evaluation of A, B, C and D for pure imaginary'arguments.
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APPENDIX A

POPTEAN PROGRAM TO EVALUATE Z-TRANSFOENS FOR CARLCULATION OF
TRANSTENT HEAT T3ANSEERS THROUGH WALLS AND ROOFS.

THIS PROGRAM ¥ILL DERIVE THE Z~TRANSFER TUNCTIORS FOR TWO
TYPES OF BOUKDARY CONDITICNS AXD THE FORM OF BOUNDARY PAZAMETEES
M3¥ST BE SPECIFIED.

BOURDARY CONDITIONS:
O0F THE FIPST KIED; (TIMPERATURE GIVEN FOR BOTH SURFACES).

Ay RadP INPUT ICASE=1
B) TREQUENCY RESPOXEE ICASE=2
OF THE SECOND KIND; (FLUX GIVEN FOR BOTH SURFACES}.
Ay STEP INPUT ICASE=3
8} RAMP INPUT ICASE=L
C} FREQUENCY RESPONSE ICASESS
IWPUT T0 PROGRANM:
caRD{l) ° DI (F10.3} DT=SAMPLING TIME INTEEVAL.
CARD (2} *

# DEISCRIPTION OF 7EE SLAS FOR TITLE PURPCSE ORLY (80a1).
CARD(3)*

CATD (4} =
n %

CARD {I+3)* XL[I),IK{I],D(I),SH(I),RES(I),(TEXT(I.J),J=1,30) WHERE
" * I ISDICATES THE I'TH LATER OF TRE SLAB (SP10.4,3041).
L x
CARD {N+3)*
AHERE XL=THICKNESS 0> LATEE.
YK=THERMAL COKDUCTIVIDY.
D=DENSITY.
SH=SPEICIFIC HEAT.
RES=BESISTANCS OF BADIATION BPATH WHENEVER APPLICABLE
OF THERMAL RESISTANCE QP LAYER WHEN THIRE IS
NEGLIGIBLE HZaT STORAGE.
TEXT=DHESCRIPTION O LAYER, 4 SECOXD CARD AND SO O CAN BE
USSD BY IUSERTING ANY INTEGER IN COLUMK ONE(1).
: M=YU¥BER OF LAYERS THE SLAE IS CCMPOSED OF.
CARD (5+4) SLLYK CARD I0 STCP ABOVE INPUT.
CARD {¥+5) ICASE,N¥ (I%,I1)
WHERZ: NW=NUNST® CF FEEQUEXCIES TO BE USED WHEN
PREQUTHCY EESFONSE IS INVOLVED.
CARD (1+6) FL2) o8 {3) evnvnncaanauae W {ERLT} (BF10.4)
ABOYZ CARD OULY RIAD WHEN TRICUEINCY FESPOVSE IS
INVOLVED. (ICASE=2 OB ICASE=DS) (1} Is SET TO 0.0
#(I)'S ARE THE PIEIODS.

FONSNCLATURE:
R2=THICKNESS/TEEAMAL CONDUCTIVITY (XL/XE)
02 TEES2KAL BEISISTANCI OF LATZR RHIW THERE IS
¥EGLIGIBLZ HEAT STORAGE. THEN PES=0.0
BETA#3ETA=KL*XL*¥D35H /XK
CO=THERMAL COHDUCTANCT AND USEZD A5 1/C*aT THE POLE FOE ICRSE=EL.
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geosseoece
0005600CC
0005700CC
00058L0CC
0005900C
0006000C
Go0E1CCC
¢QCE200C
0005300C
000€400C
0006520C
Q00€600C
0OOETCCC
G0GeR00C
Q006900C
0007000C
0G07100C
0007200C
0007300C
0007uC0C
0007300C
0007600C
00Q77¢0C
00078C0C
0007990C
0CcB000C
0003100¢C
ooeganec
0008300C
QrogunlC
GCogs00c
0008250
0COSECQ
0008650
4008700C
00088020C
0003%00C
00C9000C
00Ce100¢
00Cc3200C
000%3CCC
0oCe400C
00085L0C
0¢C9600C
00GS7C0C
QQC9800C
0009900C
0010090¢
0016100C
0010200C
0010300¢
o¢10400C
0g10300cC
0010600C

1000

2
3

[

5

50

50

20

10

APTER A RUN IS CONPLETED CO¥T20L PETUENS T0 READING CARD (1)
THEREFORE A BLANX CARD IN THIS LOCATION TERNINATES THE PROGRAN.

POUSLE PRECISION RR{20)},DITA(20),XL(20),XK(20},D(20),58(20),
9RES{20) ,ROCT (100} ,FUUC(100,4) ,DER(100,4) ,DR{100,3) ,BP{2,2),
BMPR (2,2) ,POLT{100) ,POL2{100) ,POL3 (100) , PCLYU(100) ,POLS(100),
TROLE(109) , MX {11, 11}, X (1), Y (1Y), 2{ 11} ,CEX1(2),TEN2(2) ,TEK3 (2},
ent,ct,ct¥, clY,clz,C2x,22y,022,%,42G1,AR62,PREC,DET, TEST, W {6)

COMPLEX*1€ A(€,2,2),TE¥%P,TENP1,TENPZ,TENP]

IRTEGER CheD,PHRINT,;TEXT (20,30} ,TEXT1({2,80)

EQUIVALENCE (TENP1,TENI(1)), (TE¥P2,TEHZ(1)), (TxMP3,TE83(1))

Ch2D=1

PRIAT=3

PREC=0.0

{1 =0.0

EEAD (CARD,V} DT

FORMAT({ F10.3)

Iz (DT.E0.0.0) GO TO 20060

READ {CARD,2) ({TEXTI(I,J),3=1,80),1I=1,2)

FORMAT{ 80A1}

FRITE {PRIET, ) ((TEXT1(,d),J=1,80),1I=1,2)

FORMAT({141,26X,8041/27X,8041)

W2ITE (PRINT, 4}

TORMAT {1HC, *LAYER', 1%, TTHICKNESS ' UX, "CONDUCTIVITY!,8X,* DENSTITY?,
18%,'5P YIAT', 11X, 'PESISTANCE") )

WRITE (PRTNT,5)

FORMAT (2X,* t,5%,1 Y, 4%, ) ',3x, s
1,20, ‘ 1,28, ', 4X,*DESCRIPTION
207 LAYZIR'))

co=0.0

I=s0

Do 10 ¥=1,40

I=T+1

U=T

BEZAD {CARD, 6) XL(I},XE{I),D(I).SH(I),RES(T),(TEXT(I,3) ,I=1,30)

FOBRMAT({ S5P10.4,3021)

IT (RES(I)-FQ.0.0.AND.SH{I}.EQ. 0. 0. AND. XL (I} .NE.0.0) GO TO 20

I7(R2S(I}.2Q.0.0.A%D.XL(T).EQ.0.0) GO TO 30

IF{XL(T).52.0.0) GO TC 40

22 (I} =RIS (1}

BETA(I}=0.0

Go 20 5D

BR{I) =YL {I) /XK {I}

BETA (L) =XL{I)*DSQRT(D{I} *3K (I} /AK{I})

CO=CQ+RES(T)

CO=ZQ+BR(T)

WRITE (FRINT,T) I,XL(I),TK{I),D{I),SE({I),RES(I},(TEXT (I, J}.0=1,30}

TORMAT{1%,I2,F10.6,F15.4,P18,.4,F15.4,F720.8,13X,302 1)

GC TO 10 :

WRITI (PRINT,8) (TEXT(I,J),.J=1,30}

FORYAT(954,3041)

I=1-1

coNTINUZ




&v 9

Q010700C
8010800C
001090CC
0015000C

- 0011100C

00%11200C

' 0011300c

got1500C
¢0115CCC
0011500C
0011700C
0011800C
001T1900C
0012000C
0012100¢C
001220CC
00132300¢C
0012400

Q012500¢
00126C0C
0012700C
0012800cC
0012200cC
0013020C
00731C0C
00132¢¢CC
0013300C
o0i3u00C

©0013500C

0013600C
0013700¢C
0013860C
00139C0C
0014200C
a918101¢
0014200C
0014300C
00154C0C
001450¢0C
0014500C
0014700C
0CT4ELCC
0014940C
Q215CCCC
0013100C
0G15200C
00153¢0C
0d15400¢C
031550 CC
CO15€00C
0013706C
¢0158n(C
0015200C

Q01€G00C

30

€0

B=21

B=H=1

Do 60 T=1,H

IF (XL (T} .¥E.0.0) GO TO €0
RES(I}=0.0

CONTINUZ

cost, 0,0

WRITE (PRIST, )
WAITF{2RINT, 1)
WRITE{PIINT,3) €O

9 FDR"AT(BOX,'“HERHRL CONDDCTANCE, U=',F6.3,2X,!

11

12

13

€1
€5

10

20

90

100
11¢

120

1

)
WRITE (PRINT; 1)
WRITE {PRINT, 11} BT
FOPYAT.(39X,' SANPLING TINME INTSEVAL, DT=',79.3,° '}
WRITE (PRINT, 1)
BTAD (CARD, 12} ICASE,NW
FORIAT( I1,I1)
NWemyd+t
ME=NU*2~1
IF (ICASE.Y¥E.2.AND.ICASE.¥E.5) GO TG €5
BEAD (CA2D, 13} (W{I),I=2, %)
TORKAT{ 8210.4)
DO 81 I=2,%%
% (T)=2.0%3.14159265/W (I}
IF(ICASZ.LT.3) GO TO 7¢
IX=2
Jx=1

(GO TO 80

IX=1

J%=2

CALL POLT3{RR,B2ZTA,RES,R007,DER, FUNC,¥,IX,J%, DT, IEC0OT, ICASE)
DO 90 I=1,100

2OL1(I)=

POL2{I)=0.0

POLI (1) =0.0

POLL (1)=0.0

POLS (I)=0.0

POLE (1) =0.0

POL1(1)—1 0

DO 100 I=1,IR00T

POL2{1)=1.0

POLZ {2) =-DEXP {~ROGT(I) DT}

IF {DABS (P0L2 {2)) .LT, 1.00~16) 6O 1O 110
CALL POLY¥ (POL1,POL2,KL¥ MXK)
CONTINGE

I®(ICASZ.LT.3) 50 70 12C

pPCL2(1)=1.0

POL2(2) ==1.0 .

CATL 2CLYY(20L1, POL2,NYN,JEN)
ID=NYN+T .

IF (ICASE.3Q. 2. 0R.ICASE.EQ.5) GO TO 130




99

001€100C
0016200C

001e300C
0016400C
001€390C
QQ1EE00C
0018700C
001€800C
0016200¢C
0017000C
0017100C
0017200C
0017300cC
0017800¢
0017500C
0017600C
a0177400C
0017800C
0317500C
G01800CC
00181G0C
0Q18200C
0c1830nc
0013400C
8018s09C
0018€00C
o018700QC
co18800cC
0018%00C
0¢19000C
0019100C
0019200¢C
00123060¢C
C019400C
0019500C
0019€00C
00197C0C
¢o128c0c¢
0019900C
¢o20000C
©020100C
0020200C
0020300C
0020400C
0020500¢C
002CEGOC
0020700C
00203040C
0020900C
0021000¢C
0021190C
0021260C
q021300C
002tu00c

1490

150

1EQ

180

150
200

170
210

220

235

2u0

CALL ORIGIN{PR,EZTA,R55,H,HP,HPP)
G0 To1ad,180,350,150,350] ,18asE
C1Y=-CO*CO*HP (1,2)
CIX=CT1Y+MP (2,2} *CO
C1Z=C1Y+M2 {1, 1) =CO

GO TO €0 .

cO=1.0/%P(2,1) :
ClY=—CORCO*ADR (2,13 /2.0
C1X=4D (2, 2.%C0O+C 1Y
C1Z=%P (1,1} *CO+C1Y

C2%=0.0

€27=0.0

£2220.0

50 170 I=1,IR00T

IF (ICASS.6T. 1} GO T0 180

DY {I, 2) =1. 0/R0QT (I} FROOT (I} /DER(T, 2)
€0 70 200

IT{ICASS,EQ.4) GO 0 190

DY (L, 2) ==1.0/E00T (3) /DEE (T, 3)

G0 TO 200

.DN(1,2)=1.0/ROOT(I)/ROOT(I)/DER(I,3)

DPN({I, 1)=D¥(I,2) *FURC({I, )

DN {¥, 3)=DAU(I,2) *TUNC(I, N}
TT{ICASZ,¥#.8) GO TO 170
C2X=C2X-DN (I, N

€2Y=C2¥-DW{L,2}

€27Z=¢22~2 ({1, 3)

COWTINUE

oo 210 1=1,ID

POL2 (1) =POL1(I)

IT(ICASZ.E0.3) GO Z0 220

POL3 {1)=1.0/DT

POL3(2)=-2.0/0T

POL3 {3)=1.0/0T

BaM=2

G0 TC 235

POL3I (1) =1.0

POLI(2)=-1.0

hhEER

CALL POLYY (POL2,POL3,N¥N,MNN)
POL3{1}=0.0

POL3{2)=0.0

POL3 (3)=0.0

po 230 1=1,100

II=1

T=I*3T

DO 240 J=1,IR00OT

TP (2007 {J) *T.GE.40.0) GO 70 250
POLY (I)=20L3 (I)+DEXP {~ROOT (J)*T) «2A (J, 1)
POLY {I) =20L4 {I) +DEXP (~ROOT (J) *T) *DV {J, 2)
POLS [I)=POLS (I} *DEXP {(—ROOT {J) *T) #D¥(J,3}
I7(3.13.10) GO TC 240

IP(DRBS{DEK?(-EODT{J)*T)“DH(J,Z)).LT-1.0D~16) G0 TO 250

CORTI®UZ
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0021500C 250 IF(ICASE.EBQ.8) GO TC 260

0021£00C POL3{I)=20L3 {I}+CO=I+CIX
0021700C POLH(I)=?0L&{I)+CO*T*C1Y
- p@21800C POLS {I) =BOLS (1) +CO*TeC12
0021%00C 6o TO 270
0022000C 260 POL3 (I)=POL3{I)+CO*T#T /2.0+CI1X*T+C2X
00221¢0C POLY (T}=POLY {T)+CO*T*T /2.04+C1E*T+C2Y
0022200C POLS (1) =POLS (I) +CO=T*T /2.0eC1ZHT+C22
0022300C 270 IF(I.LE.T13) 60 70 230
no22400¢ TF{DA3S {(POLL (1)} .1LT7.1.0D-16) GO TO 287

Q@22500C 230 CONTINUT
0022600C 280 nyu=1i-1

0022605 IT{ICA§2.17.3) 6C 70 281
0022€1%9 D3 282 1=1;99

0022615 II=101-1

0022620 POL3 {II)=FOL3 {II~1)

0022625 POLY (II)=POLU {LI~1}

0022630 282 FOLS {IIV=POLS{II-1)

0022635 POLI{1)=0.0

0022840 IF(AL(¥) -Z0.0.0) POL3I{N)=RR{M}
0022685 - POLU (1) =0.0

0022650 POLS {1)=0.0

0022655 TIP(XL[1)-T0.0.0) POLS{1)=RR(1}
0022€€0 KA=MYHT

0022665 TF{ICASZ.20.4) POL3(1)=0.0
QO22E70 I2{ICA5T.EQ.4) POL5{1})=0.0
0022700 281 ¥N=UN¥+1

0022800C Do 230 I=1,%%

£00229C0C 290 POLA [I) =POL2(I) :
0023000C CALL PCLYM(POLE,POL3, NN, Nil)
o023100C REREY R

0023200C DO 300 I=1,H¥1

pO23I300C 300 POL3 (I)=POL6 (I}

00234C0C pC 310 I=1,¥Y

00235C0C 310 PGLS (I) =POL2(I)

0023E00¢ ERU=NN-1

0023700C CALL PCLYY(2CL6,POLL, TVEN,KENM)
00236C0C NY2=0hN+1

0023500C po 320 I=1,¥u2

0OZ4000NC 320 POLUL{I})=PO0LE (I}

0028100C BO 330 I=1,8H

006242C0C .330 POLE {I)=POL2 (I}

0025300C FRE=1N=1

0024400C CALT. POLYM (?OLE,POLS,FEY,HHA)
¢o248G¢0C HN3=RAeT

0024EQDC . D0 340 Is1,NN3

¢024700C 340 POLS (I} =POLS(I}

0024800C Ge TO 350 -

0024900C 130 DO 350 I=1,u%,2

0C25030C DO 350 J=1,4¥

0025100C I?(I.ZQ.1} GO TQ 370
0025200¢ K= (T+1) /2

0025300¢C K {I,)=2DSIN{{JI~1) *DT*R (X))

0025e00C Go To 360




8v9

¢025500C
Q0256C0C
Q025700C
0025800C
0025900C

0026000C

Q026100C
Q02ETLQC
0026900C
0027000C
0827100C
no27200¢C
0027300C
0027T400C
0027500C
0027600C
0027700C
0027800¢
0027900C
0029000C
00281090C
0028200C
0028300C
0028400¢
00285¢0¢
0028600¢C
Q026700C
0028800C
0028900C
0029000C
0029100C
0029200¢
Q029300C
Q029400C
0022500

{029310

0029520

0029520

0029540

0029550

0029560

0029570

0029580

0029590

0029£00

0030100¢C
0020200C
¢020300C
0030400¢
0030500¢C
QOIVENCT
0030700C
ph3nennc

0030900C

37¢
360

380

381

410

820

430

390

392

394

391

Quo

EX{I,J)=1.0

CONTINUE

LA=YR=1

DO 380 I=2,LW,2

DO 380 J=1,4W

K=I/241
ME(I,J)=DCOS {{J~1) *DT=R(F})
CALL SCLVD(MX,17,8%,N7,PEE¢,DET,TEST)
CALL FREQIE (BR,BETA,BES,IL,XK,D,SH,M,%, ) NN}
po 390 I=1,m¥,2 :
IF{X.=0.1) GO TO 390

K=(I+1) /2

ARG1=0.0

ARG2=0.0

o 410 J=1,1ID
ARGT1=ARG1+POL% (J) *DCOS{ {J~1) *DT*¥ (K})
ARG2=RARG2-POLT{J) #DSIN{ {I=1} 2D T*% {X))
TMP=DCHMPLY({ARGT,ARG2)
IP({ICASE.2Q.2} GO TQ 120
TEMP1=TZNP*a (K,2,2} /A (%, 2, 1)
IMP2=TENP/A(K,2,0)

TIHP 3=T2ME*A (K,1, 1) /A (K. 2, M)

GO TO 430
TEMP1=TINP*A (¥,2,2) /A (X, 1,2)
TEMRP2=TINRP/A (%, 1,2)
TIYPI=TTYP*R (K, 1,13 73 (¥,.1,2}
X(I~1)=TE4A1{1)

LIy =~TEMRT(2)

Y{I-1}=T342("1}

T{I) ==TZM2{2)

Z{I-1}=TEHI{N)

Z (I} =—72M3(Z}

caoNTINU:

IF(ICASE.EQ.2} GO TO 391

X(1)=0.0

Do 392 I=1,4

E(N) =X {1)+58 [I)*D{X) #XL{)

{1 ==DT ALY

Y(1)=0.0

DO. 394 I=1,ID

Y{1} =Y (1) +I*20L1 {I+1)
T{N=X(H*1{1)

T(=X(N

Z(W=x()

G0 TO 393

ARG1=0.0

Lo 489 J=1,ID

A2GI1=ARG1+DPOLY{J}

TZ#P=DCAPLI(ARG1,0.0D+C1)
IF{ICASZ.2Q.2) GO TO 450
TEMP1=TINP*A(1,2,2Y /21,2, 1)
TIXP2=TEZA2/A(1,2,1)
TEMPI=TIMR®A {1, 1, 1} /R {1, 2, 1)

GO TO LED
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Q031000C 450 TEMRI=TEXP*A{1,2,2}/3(7,1.2)

Q031100C TTHPI=TITER A (4,1,2)

0031200C TEMP3=TIMPRA{1,1,1)/74(1,1.,2)
8031300C 460 X (%) =T1Z21(Y

80314800C T()=TEN2(1)

0031500C Z{1) =TEM3 (1}

CQ031E600C 393 DO 470 1=1,M%

0031700C POL3(1)=0.0

6031800C . POLU{I)=0.0

¢031900C 870 PCLS5(I}=0.0

0032000C Do &80 I=1,MW

0032100C DO 430 J=1,H¥

0032200C POLI (I}=DPOL3 {T) +UX (I, J) *X({J}
0032300C POLY (T} =POLA {I)+2L (X, ) *Y (]}
§032400C 480 POLS (IT)=FOL5(I)+¥X(I, N *Z{N"
0032500C KN1=4W '

0032600cC EN2=M¥

0032700C N¥3=u7

0032705 IT (ICASE.NKE. 8} GO TO 350
0g32710 FI1=5391+41

0032715 HY2=uN24+1

0032720 HI3mIN3+Y

0032725 DO LB1 I=1,14

0032730 J=1&~I

003273% POL3 {J)=P0L3 (J=1)

0032740 POLS {3} =PROLL (J-1)

0032745 481 POLS (J}=POLS (d~1)

0032750 POL3 {1}=D.0

0032755 PO0L4{1)=0.0

00327£0 POL3 {1)=0.0

0032800C 350 IF(ICASZ.20.3) GO TO 490
0032900C IF{ICASE.TQ. 2. 0B ICASE.E0.5) 60 TO 500
0033000C WRITZ (PRINT, 14)

0033100C T4 FORAAT (LU4X,'COEFTICIENTS FOR RAMP INPUTY)
0033200¢C GO TH 510

0033300¢ 490 WRITZ {PRIYT,15)

0033400C 15 PORMAT (48X, COEFFICIZNTS FOR STEP INPUT')
0033500C G0 70 T10 :

00326L0€C 500 WRITEZ (PRIYT,16)

0033700C 16 FOEJAT (44X, 'COEFFICIENTS BY FREQUENCY RESPONSE")
0033800¢ DO 501 I=2,%¥

0033900C 501 W (I}=2.0%3.14159265/7{1)

003u020C WRITZ (2RINT, 22) (4(I},I=2,%¥)

0038100C 22 FORMAT('0',20X,"PERIODS®,8F10.1)

0034200C 510 WRITS (PRINT, 1)

003s300C IF{ICASE.5T.2) GO TO 520

0034800C WRITE (PRINT,17)

0034500C 17 FORMAT (TUX,9J,18X,'D/BY, 19X, 1/, 19X, A/BY 17X, D(Z) 1)
0034E0CC G0 TO £30

0035700C 520 WRITI{PRIRT,18)

0034800C 18 FORAAT(IMX,'J', 18X, 'D/CY, T9%, " 1/C* 19X, *A/CH, 17K, "D (2} ')
0025900¢ 530 WE=MINO{UNT1,HN2,H¥3) '

0035000¢C N=4AX0 {¥Y,1ID)

0035100C Do 540 I=1,N
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0035200C J=I~1 N

0035300¢C IF(I.1E.ID.AND.I.LE. NN} GO %0 350
00354C0C IF{XN.LT.ID} GO TO 570
Q035500C G0 T0 3560

0035600C 570 WRITE(PRI¥T,19}) J,POL1(I}

0035700cC 19 PORMAT{9X,I€,68X,F20.6)

Q035800¢C GG TO 540

003590 0C SEC WRITI (PRINT,21) J,POL3(TI},POLU {I),POLG(I)

003600 0C 21 FOSMATP{9X%,I6,P24,.6,F22.6,F22.6,F20.6)

0038100C . GO T0 349

003IE200C 550 WIATTE(PAINT,21) J,POL3(TI),POL4 (I),PCL5(I).,POL1{I}
0036300C 540 CONTINUE

CO3£400C GO 70 1200
0036500C 2000 WRITE{PRINT,3)
003EL00C CALL EXIT
0036650 sTOP

003£700C END
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18 MAIN DATE = 70132 14/14/56
SUBROUTINE POLES{RR,;BETA,RES,ROCY 4DERsFUNCsM,I11,1J,0T,IRCCOT)

SUBROUTINE TO CALCULATE THE ROCTS OF THE MEAT TRANSFER MATRIX

AND WILL STORE THE VALUE OF THE FUNCTYIONS AND THE FIRST DERIVATIVE
AT THE ROOTS.

THE MAXIMUM NUMBER OF ROQTS THAT CAN BE OBTAINED IS SET
AT ONE HUNDRED{100}

THIS METHOD WILt FIRST FIND A ROOT BETWEEN 30.0/DT AND
102.0/DT, BEING ASSUMED THAT A ROOT EXIST IN THIS INTERVAL. THIS
RODT IS ALSQ LARGE ENOUGHM TD GIVE SUFFICIENT ACCURACY TO EVALUATE
THE RESPONSE FACTORS.

THE METHOD CHECKS THE INTERVAL BETWEEN THE ORIGIN AND THIS
FIRST ROOT AND WHEN ANDOTHER RODT IS FOUND THE INTERVAL NEXT TO B8E
CHECKED BECCMES THE INTERVAL BETWEEN THIS NEW ROOT AND THE MNEXT
LARGEST ROOT AND SO ON. WHEN NO ROOT EXIST IN AN INTERVAL THE NEXT
SMALLEST INTERVAL IS SELECTED AND SD ON WORKING TOWARDS THE ORIGIN
UNTTIL ALL ROGTS ARE FOUND.

TO CHECK FOR A ROOT THE METHOD SUBDIVIDES THE INTERVALS IN
RELATIVELY LARGE SEGHMENTS AND CHECKS FOR BOTH A CHANGE IN SIGN OF
THE FUNCTION AND FOR TWC CHANGES IN DIRECTION OF THE SLOPE OF THE
FUNCTION. IF A ROOT EXIST, BY MAKING THESE TWO CHECKS, IT IS
INDICATED SO IN A RELATIVELY SHORT TIME. OMCE IT IS INDICATED THAT
A ROQT DOES EXIST IN A CERTAIN SEGMENT OF AN INTERVAL, THIS
SEGMENT IS5 FURTHER SUBDIVIDED AND USING A SIMILAR ROUTINE AS ABOVE
EXCEPT CHECKING FOR A CHANGE IN SIGN DF THE FUNCTICN ONLY.- IF DN
THE FIRST PASS A CHANGE IN SIGN IS NOT FOUND THE SEGMENT IS FURTHER
SUBDIVIDED INTO EVEN SMALLER PARTS UNTIL A CHANGE IN SIGN DODES
OCCUR. ONCE A CHANGE IN SIGN QCCURS THE RQOT IS ARRIVED AT BY
SPLITTING THIS INTERVAL SUCCESSIVELY IN HALF USING THE NEW SEGMENT
WITH FUNCTION VALUE OF OPPOSITE SIGN UNTIL A RGOT IS REACHED
WITHIN AN ACCURACY OF 1Q-14,

THE SPLITTING OF THE SEGMENTS TO ARRIVE AT A ROOT IS USED
BECAUSE A RELATIVELY CONSTANT NUMBER OF ITERATIONS ARE REQUIRED
TO OBTAIN THE ACCURACY WANTED. IN THE CASE Of THE REGULA FaALSI
METHCD IT WAS FOUND THAT THE NUMBER OF ITERATIONS VARIED FROM AS
LOW. AS FIVE (5} TO MORE THAN THREE HUNDRED (300) ITERATIONS. IN THE
LONG RUN IT WAS FOUND THAT THE SPLITTING OF THE POINTS REQUIRED
LESS RUNNING TIME.

NOMENCLATURE:
RR=THICKNESS/THERMAL CONBUCTIVITY (XL/XK}
OR THERMAL RESISTANCE OF LAYER WHEN THERE IS
NEGLIGIBLE HEAT STORAGE
BETA#BETA=XL=XL*D*SHIXK
WHERE O=DENSETY.
SH=SPECIFIC HEAT.
RES=RESISTANCE OF RADIATION PATH WHENEVER APPLICABLE.

ROCT=CONTAINS THE ROOTS OF THE HEAT TRANSFER FUNCTIONS
ON RETURN,

DER=CONTAINS THE DERIVATIVE JF THE HEAT TRANSFER FUNCTICQNS

PAGE QQC1
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0001
0002

0003
0004
0005
0006
0007
0009
0009
0010
ool
0012
0013
0014

0015
OClé
0017
0018
0019
0020
0021
o022
0023
0024
0025
0026
cozv
0028
0029
003L

aNeRal

QOO OOOOMOO0OaaOann

20
10

ape

60
T¢

18 MAIN

AT THE RDOTS ON RETURN.

FUNC=CONTAINS THE VALUE OF THE HEAT TRANSFER FUNCTIONS

AT YHE RDOTS ON RETURN.

M=NUMBER OF LAYERS THE SLAR IS COMPOSED DF.

IT AND IJ ARE THE ROW AND COLUMN SUBSCRIPTS OF THE ELEMENT COF
THE MATRIX FOR WHICH THE ROOT IS FOUND.

It=1%
IJ=é*
[1=22%
iJ=1=

DT=TIME INTERVAL OF SAMPLING

SUBROUTINE POLES{RR,BETA,RES,RO0TDER,FUNC,M,TI,14,DT,TROCT,ICASE)
DOUBLE PRECISION RR{Z20}+BETA{201,RES{20)yROOT(L00)+DER{1D0+4),
LFUNCIL100,4) 4F(242)2sFF(242)3R1sR24R3+F1,F24F3,FPLFP2+FP3,RTEMP,

2FTEMP,DT

DO 10 1=1,100

DO 20 J=1l.4

FUNCITI+J)=0.0

DER(E4J}=0C.0

ROCT(T11=0.0

LAST=0

R1=30.0/DT

R3=100.0/07

TF({ ICASE.EQ.4) R1=450.C/DT
IF(ICASE.EQ.4) R3=T00.0/0T7
DO 30 IROOF=1.1C0
IFLIROOT.EQ.L} GO TO 40

FOLLOWING IS THE ROUTINE CHECKING FOR A CHANGE IN THE SIGN OF THE
FUNCTION AND ALSO FOR TWO{2} CHANGES IN DIRECTION OF THE SLOPE, TO

FIND WHETHER A ROOT EXIST OR NOT.
CALL MATRIX(RR,4BETARES,R1+MsFsFF+2)
Fi=F(II;1J)

FP1=fF(IT.Id)

IC=0

DO 50 I=1420

R2=R1+[R3-R1}/720.0%1

CALL MATRIX({RR BETARESR2:M F4FF,2)
F2=F{I1,10

FP2=FF{I1,1J}

IFEFL.GT.0.0} GO TO &0

IF{F2,LE.D.0) GO TO 70

60 TGO 80

IF{FZ.LE.O0.0) GO TC 80
IF{FP1.GT.0.0} GO TQ SC
IF{FPZ2.GT.0.0) GO TO 100

GO TG 110

* BOUNDARY CONDITION OF THE FIRST KIND.

* BOUNDARY CONDITION OF THE SECOND KIND.

PAGE 00C2Z
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0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
Q042
0043
0044

0045

0046
0047

0048
0049

0050

0051

0052

0053
0054
0055
0056

0057
0058
0059
Q060
S061
0062
0062
00é4
006s
0066
0067
0068

0069
0070
0071
0072
0073
0074
0075
0076
coTY
Qo078
Qo79
0080
0081
0082
00g3

90
100

110
50

120

125
140

80

170

130

220

2iC

215

23¢C
200

18 POLES

IFEFP2.6T.0.01 GO TO 110
IC=1C+1

IFIIC.EQ.2} GO TG 80
F1=F2

FPl=FP2Z

CONTINUE

IROCT=IROOT~1
LAST=LAST-1
IFILASTLEQ.QY GO TO 130
IF(LAST.NE.1} GO TO 125
R1=0.0001/DT

GO TO 149
R1=RCOOT(LAST-1}
R3=ROOT{LAST}
R1=R1+0.00001/0DT
R3=R3-0.00C01/07

G0 TO 30

R3=R2

N=1

CALL MATRIX{RR,BETA;RES+RLsMsF+FF 1}

F1=F(Il,14}

DC 150 1=N.25
NN=10*1

D0 160 J=1,NN
RZ=R1+J*(R3~R11/NN

CALL MATRIX{RRyBETA,RES,RZyMyFsFFy11}

F2= F{I1,1J}
IF{F1.GT.0.C} GO TO 170
IF(F2.LE.0.0} GO YO 160
G0 70 190

IF{F2.LE.0.0} GO TO 190
GO TO 160
RTEMP={R1+R2}/2.0

DATE

CALL MATRIX{RR,BETAsRES,RTEMP4M,F FF,1)

FTEMP=F(FI,1J)
IF{FTEMP.EQ.0.0} GC TO 200
IF(FTEMP.GT.0.0) GO TO 210
IF(F1.67.0.0) GO TO 220
F1=FTEMP

R1=RTEMP

GO TO 230

F2=FTEMP

RZ2=RTEMP

60 TO 230

IF(F1.GT.0.0) 60 TO 215
F2=FTEMP

R2=RTEMP

GO 10 230

F1=FTEMP

RL=RTEMP

IF( DABS{{R1-R2}/R1)~1.0D0~-1%
CALL MATRIX(RR BETASRES,R2,M,FsFFy21}

GO TD 240

70132

«GT7.0.0) GO TQ 190

T 14/14/56

PAGE 0003
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0084
0085
0086
0087

0088
ooas
0090
0c91
0092
0093
0094
€095
0096
0097
0098
0099
0100
0101
0102
0103
0104
0105
0106
0107
0108
0109
0110
0111l
o112
o112
0114

160
150

i

240

250
260

280
270

18 POLES

CONTINUE

CONTENUE ’
WRITE{3,1} . :
FORMAT({*QUNABLE TO FIND A R
10%)

CALL EXIT

DO 250 I=1,1ROCT

J=I+1

IF(R2.GT.ROCT{I)} GO TO 250
J=1+1

GO TO 262

CONTINUE

LAST=LAST+]
IE{IRDOT.EQ.1) GO TO 270
- JJ=TROOT+L

0G 280 I=J,IR00T

Jd=JJ—1

ROOT(JJI=ROCT (S4=1)

00 280 K=1l+4
DERLJI K I=DER(II-14 K}
FUNCLS) (KI=FUNCIJJ-14K)
J=J3-1

ROAT(J1=R2

00 290 K=l+4

Kx=(K+11/2

KY =K FKX

FUNC (J+KI=FLKX sKY)

G0 TO 120

CIONTINUE

RETURN

END

DATE = TO0132 14/1475¢&

00T AFTER INDICATION THAT A ROOT EXISTE

PAGE QC04
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jelajed SUBROUTINE MATRIX{RRyBETA+RESsWsMsF,FF, ICONT}

SUBROUTINE TO CALCULATE THE HEAT TRANSFER MATRIX FOR A SLAB,
AND THE DERIVATIVE OF THIS MATRIX.

IF ICONT=1 VHE RQUTINE CALCULATES HEAT TRANSFER MATRIX ONLY.
IF ICONT=2 THE ROUTINE CALCULATES HEAT TRANSFER MATRIX AND IT§
DERIVATIVE.

NOMENCEATURE®
RR=THICKNESS/THERMAL CONDUCTIVITY {XL/XK}
OR THERMAL RESISTANCE QOF LAYER WHEN YHERE IS
NEGLIGIBLE HEAT STORAGE.
BETA*BETA=XL*XL*D*SH/K.
WHERE - D=DENSITY.
SH=SPECIFIC HEAT.
RES=RESISTANCE Of RADIATION PATH WHENEVER APPLICABLE.

W=VALUES ALONG THE AXIS FOR WHICH THE MATRIX OR THE MATRIX
AND DERIVATIVES ARE FDUND.

M=NUMBER OF LAYERS THE SLAB IS COMPOSED CF.
F=CONTAINS THE VALUE OF THE HEAT TRANSFER MATRIX ON RETURN
- FF=CONTAINS THE VALUE OF THE DERIVATIVE ON RETURN.

OO COOOOO0OOaNOOO0On0aO00

0c02 DOUBLE PRECISION RRIZ20Y4BETAL20) ) FL(2042+2)+F2(20:2+2):F3(20,2,2),
LF(2+2):FF(2,2)4RES{20},P,R, ALPHA,SQ+Ws TEMP,TEMP]

0003 ' 00 10 I=isM

0004 P=DSQRT{WI*BETA(]}

0005 " R=RRI(I} :

0006 ALPHA=BETA{I}

0007 SQ=DSORTIW)

[e]e ek} IF{P.NE.O.O) GO TC 20
C ELEMENTS OF THE MATRIX FOR LAYER I WHERE THERE IS NEGLIGIBLE
C HEAT STCRAGE.

0009 Fl{Isls2)=1.0

0010 Flils1423=R

0ol1l FI{1,2+13=0.0

0012 Fl{Il.2423=1.0

0013 [FCICONT.EQ.L} GO TO 10
C DERIVATIVES ©F THE ELEMENTS OF THE MATRIX FOR LAYER 1 WHERE THERE
c IS NEGLIGIBLE HEAY STORAGE.

0014 F2(I41:11=0,0

0015 F211:,1:2}=0.0

0016 F2l1+,241)=0.0

0017 F2{142+21=0.0

0018 GO TO 10
C "ELEMENTS 0OF THE MATRIX FCR LAYER I FOR HEAT TRANSFER BY CONDUCTION
c ONLY. .

Q019 20 F1{l,1,11=DCOS{P}

0020 Fl{l.+1:2}=R/P*DSIN(P}

Qo021 FL{Ig242)==P/REDSINI(P)

0022 FL{T42¢2¥=F1{I,1,1}

0023 IF{ICONT.EQ.1} GO TO 30
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0024
00625

0026

0027
goze

0c29
Qg30
a031
0C3z2
G033
Q034

4035
2036
0o37
0038
0035
Q040

0041
0062
0043
0044
0045
0046
0047
0048
0049
0050
0051

0052
L Qe53
Co54
0055
0056
0057
s
0059
2060
Q961
o0s2
0063
00&4

C
c

[z RaNal

30

18 MATRIX DATE = 70132 14714756

DERIVATIVES OF THE ELEMENTS OF THE MATRIX FOR LAYER I FOR HEAT
TRANSFER BY CONDUCTION ONLY.

F20I1+1}=ALPHA*XDSINIALPHA®SQ)F2.0/5Q

F2(1 31,42 ==R*DCOS{ALPHA®SQY /2 . O/ WHR*DSINCALPHAXSQ} FALPHA/2.0/5Q/5Q
1/5Q

F2{1+2+1 )=ALPHAXALPHA*DCOS(ALPHA®SQI/ 2. 0/R+0DSIN{ALPHA*S5Q) /2. 0/ 5Q*
LALPHA/R

E2(Ie292)=F20141s1} )
IF{RES(I).EQ.C.O} GO TQ 10

ELEMENTS QF THE MATRIX FOR LAYER I WHERE THERE 1S HEAT TRANSFER BY

CONDUCTTION AND THERMAL RADIATION USING CONDUCTION PART FROM ABUVE.
TEMP=1.0/(FL(I,142}+RES{I}) -

FI{T+241)1=(F1LI+241)*%RESCIV+2,O%FL{I,]1,11=2.0)*TEMP
FI{E,4 41 )=lF10T, 1, %RES{YI+FL(T, 12} }*TEMP

TFL{T,2.2)=F1{1,1,1)

10

40
50

&0

T0
80

S0

CFRLLTe 120 2FLlI ) 2)*RES(IIXTEMP ‘
IFCICONT,EQ.L}) GO TO 10

DERIVATIVES OF THE ELEMENTS OF THE MATRIX FOR LAYER I WHERE THERE
IS HEAT TRANSFER BY CONDUCTION AND THERMAL RADIATION USING
CONDUCTTON PART FROM ABOVE

TEMPLI=F211,1,2)V=TEMP
F2(142:11=2CF2(1+21)%RESIL)+2.0%F2(T91+1}I*TEMP- FLUI425 L) 5TEMPL
F20Il 4111 =(F20T141,1)*RES(IV+F2{ 41,2} }%TEMP~-FL{1,1,1)%TEMP]
F2(19242)=F2{141,1)

F2Uls142)=F20 14142 *RESCI}I®TEMP~ FlfIvlyZ'*TEMPl

CONTINUE

RETURN IF ONLY ONE LAYER INVOLVED.

IF({M=~1).,NE,OY GO TO 50

DO 40 K=1,2

DO 40 L=1,2

IF{ICONT,.EQ.L) GO TO 40

FRIKeLI=F2(1,K,L)

FIiKeL¥=FLlll4K4l)

RETURN

DO 60 K=142

00 60 t=1,2

FFIKsL)}=0.0

IFLICONT.EQ.1) GO TO 150

FOLLOWING IS THE ROUTINE TO COMBINE INOIVIODUAL DER[VATIVFS OF THE
HEAT TRANSFER MATRICES TO GET THE OVERALL DERIVATIVE.

DC 140 I=1lsM

DO 120 J=l.M

DO 80 K=142

DO 280 L=1.2

IF({I-JY.EQ.0} GO TO 7O

FAlJ KoL) =FELllJeKel)

GO0 TQ 8C

FA(JaK,L)=F20JdeK,L)

CONTINUE

IF({J=~1}.EQ.0) GO TO 120

D0 90 K=1,2

DO 90 L=1.2

FIK:L1Y=0,0

PAGE 0002
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coe6s DO 100 K=1,2

Q066 DO 100 L=1,2

0067 DO 100 N=1,2

-00e8 100 FIKsL)=F{K LI4F3{I-1 K, NI*F3{JyN L}

0069 DO 110 L=),2

0070 DO 110 K=1,2

0071 110 F3{ 4Ky LI=FIK,L)

0072 120 CONTINUE

0073 00 130 K=1,2

0974 D0 130 L=1,2

0075 130 FRIK L)=FRIK,LY+F(K,L}

00786 140 "CONTINUE .
c FOLLOWING IS THEZ ROUTINE TO COMBINE INDIVIDUAL HEAT TRANSFER
c MATRIX TO GET THE GVERALL HEAT TRANSFER MATRIX.

00T 150 DO 19Q I=2,M

0078 DO 160 K=1,2

acTe DG 160 L=i,2

ooeo 160 FIX,L1=0,0

008l DO 17C K=1,2

09282 DD 170 L=1l,2

ooBs DO 170 N=1l,2

coes 170 FL{KyL)=F (K L) +FLCE~1 4K, NY®FL1LI4N,L)

0083 DO 180 K=1,2

coae DG 186 L=1,2

0o87T 180 FLOI 4K LY=2F(K,L)

Qo088 190 CONTINUE

Q089 RETURN

009¢C END
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0001 SUBROUTiNE ORIGIN(RRyBETARES M, MP, KPP}

SUBROUTINE TO CALCULATE THE RESIDUES AT THE POLES OF THE
Z-TRANSFER FUNCTIONS. (FIRST ANO SECOND UDERIVATIVES})

i

NOMENCLATURE:
RER=THICKNESS/THERMAL CONDUCTYIVITY (XL/XK).
OR THERMAL RESISTANCE OF LAYER WHEN THERE IS
NEGLIGIBLE HEAT STORAGE.
BETA=BETA=XL#XLAD*SH/XK ..
WHERE D=DENSITY.
SH=SPECIFIC HEAT.
RcS“RESISTANCE OF RADIATION PATH WHENEVER APPLICABLE.

M=NUMBEZR OF LAYER THE SLAB IS COMPOSED OF.

MP=CONTAINS THE VALUE OF THE FIRST DERIVATIVE AT THE
* POLES ON RETURN.

MPP=CONTAINS THE VALUE OF THE SECCND DERIVATIVE AT THE POLES
ON RETURN

OOOOOOAOO00OOO00a00000

0Q02 DOUBLE PRECISICN RR{20),BETA(20).RES(20),MP{2,2),MPP(2,2],

1AC2042+2eBU20+252)sC0203252)9D0(232)4EL242)14F(2421:G{2+2),
2TEMP{2:2) s TEMP1{2:2),P:R

0003 DO 10 I=l,2

0004 DO 10 J=1,2

0005 MP(I,4}= 0.0

0006 10 MPP{1,J1=0.0

0007 DD 40 I=1,M

0Q0s P=BETA(T)}*BETA(I)

0009 R=RR (1) _

- c ELEMENTS OF THE MATRIX AT THE PCLE FOR LAYER I, FOR CONDUCTIGN

c OR NEGLIGIBLE MEAT TRANSFER.

0010 AlTy1eld=l.0

0011 AlT41,2)=R

0c12 AL1,2,1)=0.0

co13 Al1,2,2)=1.0

0014 IF{RES{I}V.EQ.0.0) GO TO 20
c ELEMENTS OF THE MATRIX AT THME POLE FOR LAYER I, WHERE THERE I§
c HEAT TRANSFER BY CONDUCTION AND THERMAL RADIATION.

0015 ALT+1,2)=R=RES(I)/(R+RESLII Y
c FIRST DERIVATIVE OF THE ELEMENTS OF THE MATRIX AT THE POLE
C FOR LAYER f, FOR CONDUCTION QR NEGLIGIBLE HEAT STORAGE.

0016 20 B{l,141)2p/2.0

0017 B{I,Ly2)=R%P/6.0

0018 B{I+2,1)=P/R

0019 B(152,21=P/2.0

0020 IF(RES{1}.EQ.C.0} 6O TO 30
C FIRST DERIVATIVE OF THE ELEMENTS OF THE MATRIX AT THE POLE
c FOR LAYER T, WHERE THERE IS HEAT TRANSFER BY CONDUCTION AND
C THERMAL RADIATION.

0021 CBEls1s11=RESEII*P/2.0/ (RRESII}])
0022 BlIls1,2V={1.0-R/A(R+RES{T))I*RESCII*R=P /6,07 (R¢RES(I}
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QC23-

0024

non2s
0026
coz7
0ozea
0029

0030
0031
0032
0033
0034
Q035

0036
06037
oc3e
0039
0040
CC4l
0042
0043
0044
0045
0C46
00&T
0048
0049
0es50
0C51

- Q052

Q053
0054
0055
Q058
Q57T
0058
nnse
0060
0061
0062
006%
[ele 2R
0O6"
Q06e
Q067
QO 6R
HN6G

[aNaiel

30

40

50

60

T0

80

90
100

110

120

18 . ORIGIN DATE = 70132 14/14/56

Blly2411=(RES{II*P/RPI/{R+RES{I)Y

B{Il2'2'=8(['1'1!

SECHND DERIVATIVE OF THE ELEMENTS OF THE MATRIX AY THE POLE FOR
LAYER [, FOR CONDUCTION OR NEGLIGIBLE HEAT STORAGE.' )
C( Iclyl‘“P*P/lZ.O

Clle 192} =PxP*R/60.0

Clie2:12=P%P/3.0/R

ClI1+242)=CETs1,1}

CONTINUE

RETURN IF ONLY ONE LAYER INVOLVED.

IF({M-11.NELD) GD TO 60

DO 50 =142

DO 50 J=k+2

MP{T JE=BlLs1.3) .

MPP{L J1=Cl1,1,J%

RETURN

FOLLOWING IS THE ROUTINE TO CALCULATE THE FIRST AND SECOND

- DERIVATIVE OF THE HEAT TRANSFER MATRIX AT THE PULES FOR A

MULTILAYER SLAB.

DO 280 I=l.M

DO 260 K=1,M
IF{[.NE.K} GO TEO 8C
IFLT.NE.L) GO TO 7O
3-(1'1!=ﬁ(1|l'1'
D{1,21=8(1,1,2}
DE2411=B1142+11
DIEZ,2=801e2¢2}

GO YO 80
DlLe12=A0L,141)
Di1:21=A(1¢l+2¥
0(211!=A‘1o2013
D(Z2e2¥=A01,2,2)
[F(1.NE.1E GO TO 90
[F(K.NELLY GO TO 100
E(leld=CCLls1lsl}
E(h21=Cll'l-2l
E{241)2C(1e2,1)}
E(2,287C(1,2,2¢

GO TO 120

IF(K.NE.LY GO TO L1O
E{l,13=B{t,s0, 2} )
EIl.leB(l.hZP
E{241)=B0142,1)
Fl2:2)2B(1,2,2?

G TO 120
E(l,1¥=A{1,51,1}
EQ1¢21=A0141+7)
£L2411=A01,2,11)
L{2420=A01+7¢2)

DY 240 Ju2,M
TFLILNE KD GO 1L 1T0
IF(T.FQ.d) GO TU T10
FQlel3=ALS,1,11

PAGE Q002
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€070 Flle2)=A{Js1,2}

0071 FlZ:1)=A0Js2,11)

0072 Fl2e2)=A00s2,2)

0073 GO TO 140

0074 130 F{l,1b=B{Js1,11}

QoS Flle2)=8{Js1l,2}

0076 F{2:1)=B0J,2,11}

20T F(2’2l=B(J'2r2’

G078 140 DO 150 L=1,2

007S DO 150 LL=1,2

0080 . TEMPIL,LL)=0.0

0081 DO 150 Etbt=1,2 -
Q082 150 TEMP{L LLI=TEMP(L+LLI+DIL,LELY*FILLLLLLY
0083 DO 160 L=1,2

0084 DO 160 LL=14+2

0085 160 DIL+LLY=TEMPIL sLL)

0086 170 IF{I1.EQ.J} GC TO 180

L0087 IF(K.EQ.J) GO TQ 150

o088 Gllel)=ALJslsl)

o0ge GU1e2V=A0Js1e2¢

0090 Gl2)1)=A0042:1)

009l Gl2+2i=A0J0.2,2)

0092 . 60 TO 210

0093 180 IF(KLEQ.JY GO TO 200

0094 190 GlLl.11=8(Js1,1?

0095 G(l,2)1=B{Jsl:2)

0cgs G{2y1}1=B{J9241)}

0097 : Gi2+21=B4Jy2,42)

0058 ) GO TQ 210

0099 200 G(l+1}=C{J,1,1}

0100 G{1l:2)=C(Jsls2)

0101 GE2:1)=C1J:2,1)

0102 Gl2:2V=C(J5242)

C1C3 210 DD 220 L=1.2

01C4 00 220 LL=1,2

0105 TEMPL(L,LLI=D.0

0106 DD 220 LLE=1,2

clo7 220 TEMPLUIL,LE)=TEMPLIL +LLY+E(L LLLI*GILEL,LL)
0108 DO 2320 L=1,2

0109 DO 230 LL=1,2

0110 230 E{L,LL)=TEMPLI{L,LL)

o1l 240 CONTINUE

o112 00 250 L=1,2

cit3 DO 250 LL=1,2 )
Olle . 250 MPPILLLY=MPPIL,LLI+TEMPLI{L.,LL}
2115 260 CONTINUE

tlls DO 270 L=1.2

o117 DO 270 LL=1:2

0118 270 MPIL LLI=MP{L,LLI+TEMP{L.LL]}
o1L9 280 CONTENUE

0120 RETURN

0121 END
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0001

0coz

0003
0C 04
coos
00oe
QoY
0008
6009
0010
0011
celz
0013
0014
0015
oCle
0017
Q018
Qo019
0020
0021
0022
0023
Q024
0025
2026
0027
Q028
Q029
0G30
¢o31

OO0 OO0OaD 00000

18 FREQRE DATE = TCl32 14714756
SUBROUTINE FREQRE (RR,BETA;RES XLy XKsDy¢SHsM WA, LW}

THIS SUBROUTINE CALCULATES THE FUNCTIONS OF THE HEAT
TRANSFER MATRIX WHEN S=IW WHERE I[=SQRT(-1.0)

NOMENCLATYRE 3
RR:=THICKNESS/THERMAL CONDUCTIVITY (XL/XK]
OR THERMAL RESISTANCE OF LAYER WHEN YHERE IS
NEGLIGIRLE HEAYT STORAGE.
BETA%BETA=XL*XL ¥D*SH/ XK
WHERE D=DENSITY
SKR=SPECIFIC HEAT
RES=RESISTANCE OF RADIATION PATH WHENEVER APPLICABLE.

M=NUMBER OF LAYER THE SLAB IS COMPOSED

W=ARRAY CONTAINING THE FREQUENCIES AT WHICH THE FUNCTIONS
ARE EVALUATED

A=CONTATINS THE VALUES OF THE FUNCTIONS AT S=IW FOR THE
VARIOUS FREQUENCIES ON RETYURN FRCM THE SUBROUTINE.

DOUBLE PRECISION RR{Z0)BETA{2C) RES(201,XL(201,XK(20),D(20},
1SHE20) s AAp BB CCo DDy EEZWFF¢Pe Ry ALPHAPHI s PIARGL,ARG2+TEMP,,W({6)
COMPLEX*16 A{64242) 4 MMI242) MMM 2,29, MMMM({2,2)
PI1=3.14159245

D0 &0 J=14LW

DO 10 I=14M

R=RR{I)

IF{WIJY .NELO.QAND.XLCE) JNELOLO) GO fO S
MM(1,1}=¢1.0D00,0.000)

ARG2=0.0

MM{1,2)=DCMPLX{R,ARGZ}
MM{2,1)={0.CD0,C.CDO}

GO TO 6

P=2.0%PI /W)

ALPHA=XK{T}/DLTLI/SAHITY
PHI=DSQRT(PI*XLEII*XLCI}/ALPHA/P}
AA=DSIN{PHI}

88=DCOS(PHI}

CC=DEXP{PHI}

DO=DEXP(-PHI}

EE={CC-D0}/2.0

FF={CC+DD} /2.0

ARG1=FF=88

ARGZ=EE*AA

MM{1,11=DCMPLX{ARGY+ARG2])
ARGL=RR{I}*={FF*AR+EE*8B)} /2.0/PH]
ARGZ=RRU{I)}*{FF*AA-EE®*BB}/2.0/PHI
MM{1,2)=DCMPLX{ARG] (ARG2}

TEMP=2 ., 0*ARGL*PHI*PHI/RR{ I} /RR{I}
ARGL=—ARG2%2.0%PHI=PHI/RR{T}/RR(I}
ARGZ=TEMP

PAGE 0001
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o032
co33
2034
oczs
003p
0037
cQ3e
0039
QC40
0Cc4:
D042
T 0043
IC w4
JC48
2L e
Cl4T
oCas
7048
[ale3e
0CS1
Qns2
[}
2054

258
CG56
CoET
ocse

-

30
40

20

50
i¢

. Te

60

1a FREQRE DATE = 70132 l4/14/5¢
MM{Z2¢ 1 )=DCMPLX(ARG] 4ARG2}

MM{Zy21=MM(1,1}

IF(RES(INLEL.0.0) GO TO T

MM{Z 1y (MM{2, L )*RES{II42,0%MMI 1,11 -2.0)/{MM(L¢+2) +RESCT})
MMI1,1)—(MM(1;1’*RES(I)+MM!1,21II(“M(1v2|+RE51I!l
MME1|21'(MM(1:21*RES(IIII(MM(1,2l+RES(il)

MM{2¢2)=MM{1,1)

IF(I.EQ.1) €GO TO 20

PO 3C K=1,2

DO 30 L=1,2

MMMMAK, LI={{. 0y 0.0)

DO 30 N=1,2

MMMMIK, LTSMMMM (K, L1+MM(Nle*MMM(K N}

DG 40 K=1,2

OC 4C L=1,2
MMMIK, L) =MFMM{K,1)
GO Yo 10

DO 50 K=1,2

0o 50 L=1,2
MMM{Ks L) =MM{K, L)
CONTINUE

DO 70 .K=le2

00 TC L=1,2

Al e K LY =FMMIK L)
CONTINUE

RETURN

END

PAGE 2002
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0001

0002
0003
0004
0005
2006
oo0Y
ooce
0009
0010
0011
o012
0013
0014
0015
0016
0017
0018
0019
o020
0021
0022
Q023
0024
co2s

aa D

10

20

2%
a3

30

18 POLYM ' DATE = 70132 14/14/5¢
SUBROUTINE POLYM{A,ByN M)

THIS SUBROUTINE FINDS THE PRODUCT OF TWC POLYNOMIALS OF DROER
N AND M RESPECTIVELY.(N=0ORDER OF NEW POLYNOMIAL A ON RETURN}.

DOUBLE PRECISION A{100),B{1D0),C(1CO}
K=N+M

K=MINO{K,99)

KK=K+1

o0 10 I=1,100
Cliy=0.0

DO 25 I=1.KK

KKK= 1

L=N+1

L=MINOLELL)

J=1-M

J=MAXO(1,4)

DO 20 NN=J.L
INN=I-NN+1
CeI}=ClI1+A{NN)=*BLINN]
IF{1.,LT.SIG0 YO 25
IF{DABS(C(I1}.LT.0.0000001) GO TO 35
CONTINUE

KK=KKK

DG 30 E=1,100
AMIY=CLD)

N=KK-1

RETURN

END

PAGE NrOl




Sami)].es of Input and Qutput

Note: Input and output are in consistent units, These examples are in the International System of

Units (SI).
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LAYER THICKNESS

R THIE N

0.0
0.l00c0
0.1000
0.0

o P W O

NUMERICAL DATA FOR EXAMPLE WALL.
SLAB COMPONENTS.

CONDUC TIVITY DENSITY SP HEAT o RESISTANCE
0.0 0.0 ’ 0.0 0.1500
0.7300 1600.0000 920.000¢ 0.0
1.3300 2000.0000 920.0000 0.0
0.0 0.0 0.0 0.0600

THERMAL CONDUCTANCE, U= 2.369
SAMPLING TIME INTERVAL, OT= 3600.000

COEFFICTIENTS FOR RAMP [INPUT

0/B 1/B A/B
5.133114 0.00088%2 ) 11.093835
~7.781125 0.049375 ~17.670871
3.105002 0.118010 . T.50386862
~0.255996 0.034871 =0.733343
0.003320 0.001168 0.0108406
-0.000005 0.00C0C3 -0.000020

0.000000 0. 000000 0.0C0000

A-Z1

DESCRIPTION OF LAYER

AIR INSIDE SURFACE
BRICK

CONCRETE MEDIUM WEIGHT
AIR  QUTSIDE SURFACE

Doz
1.000000
-1.337286
0.451402
-0.028029
0.000168
=0.000000
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LAYER THICKMNESS

£ P e

0.0

~C.1000

0.1000
0.0

[T W AP U e R

NUMERICAL DATA FOR EXAMPLE wWALL.
SLAB COMPONENTS.

CONDUCTIVITY DENSITY SP HEAT
0.0 0.0 G.0
0.7300 1600.0000 920.0000
13300 2000.0000 920.0000
0.0

PERIODS

0.0 0.0

THERMAL CONDUCTANCE, U= 2.369

RESISTANCE

0.150¢C
S 0.0

0.0

0.0600

SAMPLING TIME INTERVAL, D0OT= 3600.000

COEEFICIENTS BY EREQUENCY RESPONSE

28800.0 17280.0 12240.0 86400.0

D/B 1/8
5,342817 ~0.001245
~8.615756 0.038669
4.556544 0.146869
-1.84308% 0.015254
1.353690 0.C08909
-0.965779 ~0.006880
0.553785 0.004025
~0.226359 ~0.001641
0.048455 0.000348

A/B

11.780631
-20.437882
12.380368
~6.121494
4.611540
—-3.288532
1.885314
=0.T70602
0.164%65

DESCRIPTION OF LAYER

AIR INSIDE SURFACE
BRICK

CONCRETE MEDIUM WEIGHT
AIR OUTSIDE SURFACE

of{zZ}
1.000000
-1.337286
0.451402
-0.02802%
0.00C168

=0, 000000
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LAYER THICKWESS

£

0.0000
0.1000
0.1000
0.0000

LELI-ENE S B N

NU¥EEICAY 2JATa FOR EXANPLE WALL.
SLAB COMPCUENTS.

CONDUCTIVITY DENSITY 5P HEAT RESISTANCE
0.0000 90,0000 0.0000 0.1500
0.7300 1600.0000 $20.0009 0.0000
1.31300 2650.0000 €20.0000 g.coo0
0.0000

0.0G00 6.0000 0.0600

THERMAL CONDUCTANCE, 0= 2.369
SAMPLING TINE IKTERVAL, DT= 2600.0C0

CORFPICIENTS FOR STEP INPUT

D/C 1/C A/C
£.060080 0.C00000 0.150000
-0.060151 0. 000081 «~0.1933€62
~0.908252 0. 001780 0.034077
0.013181 G.C01778 0.01457¢€
~0.000982 0.CC0162 -0.001499
0.0C0027 0. (C0s0 0.000010
-0.000000 ¢.oocneo -d.000000

DESCRIPTION OF LAYER

AIR INSIDE SUEFACE
ERICK

COWCRETE MEDIUM WEIGHT
AIR OQUTSIDE SURFACE

D(Z}
1.000000
-1,728042
0.795418
-0,075676
0.C00T00
-0.0009000
0.06C000
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. . A-24
VUKMERTCAL DATA FOR EXANPLE WALL. z
SLAB COXPOXENTS. ‘

LAYER THICKNESS CONDUCTIVITY DENSTITY . EP EEAT ROSISTANRCE
DESCRIPTION OF LAYER
1 0.0000 0.0000 0.0000 0.0000 0.1500 RIR INSIDE SURFACE
2 0.1000 0.7300 1£00. 6000 920.0000 0.6000 BEICK .
3 Q0.1000 1.3300 2000.0000 920.0000 0.0000 CONCRETE HEDIUX WEIGHT
4 0.0C00 0.6000 0.0020 0.0000 0.06C0C -AIR QUTSIDE SURFACE

THAZREAL CONDUCTANCE, U= 2,369
SAMPLING TIME INTERVAL, DT= 3600.000
COEPFICIENTS BY FREQUENCY RESPONSE

PERICDS 43200.0 21€00.0 1850C.0 10800.0 32“06.0

J bsc i/C “A/C Dz
0 0. 000000 2.00C000 . 0.000000 1.000000
1 0.08431¢€ -0.000017 0.186708 =1.724842
2 -0.103552 S2.C0054% -0.268202 0.75%u18
3 0. 00910€ 0.GO2EES 0.059890 ~0.075€7¢
u 0.0428625 J.0C00ES3 0.059664 0.000700
S -G.0u3529 c.000127 -0.0£5753 -0, 000000
[ 0,030453 -0, 000138 0.058134 g,Qc0o000
7 ~0.0255L0 c.Ceco117 =-0.086171 )
8 0.020950 ~0.CO0C00E3 6.031689

8 =0.C17£393 c.0000L7 ~G.G17€79
10 ¢.00L67T1 T =0.000019 : 0.007061
11 =0.001017 0.0C0004 =0.001538
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LAYER THICKNESS

£

0.0000
0.1000
0.1C00
0.0000

downmeWwn 2oL

NOUMERICAL

SLAB COMPONEXNTS.

COWDUCTIVITY DENSITY
G.00090 0.0000
0.7300 1600.90G0
1.3300 2000.0000
0.0000 0.000%

THEEMAL CONWDUCTAHRCE,

DATA FOR EXAMPLE RALL.

SP HEAT

0.0000
920.0090
920.0000

0.0000

U= 2.369

SAMPLING TIME INTERVAL,

D/C
0.000000
0.088859

~0.129085
0.045849

-0.001759

-0, 0O00E 1
0.00%000

~0.00000¢

1/€
0.000000
0.000011
C.aco7as
0.002187
0.cooei8
€.C00032
¢.0C00C0
¢.C00000

RESISTANCE

0.1500
0.CCOD
0.0C000
0.0600

360C.C00C
COEFFICIENTS TOR RANP INPUT

A/C
0.000040

0.193541

-0.297781
0.113608
-0.607503
-0.0000EL
0.0CLo0C
-0.0CC000

DESCRBIPTION OF LAYER

R1Z2 INSIDE SUEFACE
BRICK

CONCRETE MEDIUM WEIGHT
AIR OUTSIDE SURFACE

D(Z)
1.000000
-1.728442
0.799418
~0.07567¢
0.000700
~0.000000
0.060000




- This paper was presented at the
First Symposium on the Use of Computers for
Environmental Engineering Related to Buildings
held at the U.S, National Bureau of Standards
30 Nov. to 2 Dec. 1970.




