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COMPUTER PROGRAM TO CALCULATE CONVECTIVE HEAT-TRANSFER
COEFFICIENTS FROM HARMONIC TEMPERATURE OSCILLATIONS
by Geraldine E. Amling and Ronald G. Huff

Lewis Research Center

SUMMARY

Two FORTRAN IV version 13 programs are described which obtain the analytical
solutions for convective heat-transfer coefficients related to either the phase lag or the
amplitude ratio. The first, entitled BL, uses the ratio of the wall to driven hot fluid
temperature to calculate the coefficients. The second, entitled JCL, uses the phase-lag
angle between the sinusoidally driven fluid and wall temperature to calculate the heating
fluid and coolant convective coefficients. Criteria for the choice of either of the two
methods and their mathematical formulation are described in detail in reference 1.

INTRODUCTION

The analytical expressions to determine the convective heat-transfer coefficients for
a wall separating two fluids, one having an oscillating temperature, were derived in ref-
erence 1 from a second-order partial differential equation. These equations lead to
computational procedures that are iterative and, therefore, time consuming and tedious.
To alleviate this difficulty, two computer programs, BL and JCL, were written to pro-
vide the means for obtaining the numerical solutions to either the amplitude ratio or ﬁhe
phase-lag angle method quickly and accurately.

The data published in reference 1 were obtained by the use of these programs, and
their descriptions and listings, which are shown herein, should prove helpful to anyone
desiring to investigate further,

Specifically, the BL program calculates the convective heat-transfer coefficients
related to the amplitude ratio for a plate separating two fluids, one of the fluids having
an oscillating temperature. The JCL program, on the other hand, calculates the heat-
transfer coefficients related to the phase lag.



STATEMENT OF THE PROBLEM

Figure 1(a) shows a wall that separates two moving fluids. The hot-gas-side fluid
temperature TG is greater than the coolant temperature T o causing heat to flow
through the wall in the positive x direction. The problem is to determine the convec-
tive heat-transfer coefficients if either the hot-gas or coolant temperature is varied
sinusoidally and if the temperature response of the wall is measured at only one point.
Figure 1(b) shows what the wall temperature might look like at any given instant in time.

x=0 X =L
Increasing /\I
temperature, T Het gas tem-
perature, Tg _ Fluid flowing,
~Tow coolant side
Fluid flowing,
hot-gas side

Tew™" \ .
| Coolant fluid _

temperature, T

Hot gas bound- I\/ Coolant bound-

ary layer ary layer
(a) Wall temperature distribution shown at time zero before start of hot-gas temperature
oscillation,
‘x =0 ’x =L
TG(T)
Tg——

Coolant flow
Increasing I
temperature \
ST T,
L Steady-state
/\I temperatures
Hot-gas bound- Coolant bound-
ary layer ary layer

(b) Transient temperature response of plate to sinuscidally forced fluid temperature,

Figure 1. - Basic heat-transfer model.



METHOD OF ATTACK

If the hot-gas temperature is made to vary sinusoidally, the wall temperature will
respond sinusoidally but will lag the driven temperature by an angle ¢. In addition, the
amplitude of the wall temperature oscillation will be less than that of the driven tempera-
ture. Both the phase lag ¢ and the ratio of the amplitude of the wall temperature to the
amplitude of the driven temperature 6/AT are, among other things, functions of the
convective heat-transfer coefficients h. Finding the relation between the convective
heat-transfer coefficients and the phase lag ¢, or the amplitude ratio Gm/ AT, is re-
quired in order to solve for the coefficients.

To find this relation, the temperature response of the wall to a sinusoidally driven
fluid temperature is derived. From this solution and steady-state heat-transfer condi-
tions (which relate the ratio of the convective heat-transfer coefficients to the ratio of the
temperature drops between fluids and wall), the absolute values of the coefficients can be
determined as functions of either phase lag or amplitude ratio. The quantities that must
be known as a function of time are the hot-gas temperature TG’ the wall temperature at
any point x (T(x, 7)) and the coolant temperature T c From these quantities either the
phase lag or the amplitude ratio can be determined as well as the ratio of the convective
heat-transfer coefficients. With the ratio of the coefficients, the frequency of the tem-
perature oscillation, the wall material properties, and either ¢ or em/ AT, the con-
vective heat-transfer coefficients hG and hc can be calculated.

It is also possible to calculate the coefficients by oscillating the coolant temperature
sinusoidally. This approach requires the measurement of the same quantities as when
the hot fluid temperature is oscillated.

The controlling differential equations and boundary conditions are given next. The
one-dimensional transient heat-conduction equa.tion1

2 .
T _129T (1)
(8

aXZ oT

is solved for the temperature distribution in a wall that has convective heat transfer over
its two surfaces (fig. 1). (Symbols are defined in the appendix.) The hot-gas side fluid
temperature is driven sinusoidally and is given in equation form by

T, = ATGe‘i“’T + T (2)

1All equations are numbered to correspond with those in reference 1.



where TG is given. X is not necessary to know the numerical value of ATG if the
phase lag is used for calculating the coefficients because the phase determination is inde-
pendent of the absolute value of the temperature oscillation. K the amplitude ratio is
used for calculating the coefficients, the ATG must be computed from the change in
chamber pressure. The boundary condition at the hot-gas side of the wall surface

x/L = 0 equates the heat transferred by convection to that conducted away from the sur-
face into the wall. This is given in equation form as

hg [TG - T(0, T)] = -K 9-%1) ®

The boundary condition at the coolant surface (x/L = 1) equates the heat conducted to the
surface with the heat transferred convectively to the coolant. In equation form this is
given by

b [T, 7 - T,] - _KoT(L, 7) @

0xX

The solution for the wall temperature as a function of time and location within the
wall consists of the sum of the transient 6(x, 7) and steady-state Ts(x) solutions. The
steady-state solution is found by setting 9T/07 equal to zero in equation (1) and assum-
ing the wall temperature at x/L = 0 and 1 to be given as TGW and T cw? respectively.
This yields the usual linear temperature distribution with distance and can be written as

Es(x) = (Tew ~Tow =+ EGW (5)

L

The transient solution 6(x, 7) is found by assuming the usual product solution: one
a function of time only F(7) and the other a function of the location within the wall meas-
ured from the heated side of the wall X(x). Equations (1), (3), and (4) are modified to
account for the change in variable from T(x, 7) to (%, 7). The details of the solution of
equation (1) using its pertinent boundary conditions (eqs. (2) to (4)) are shown in appen-
dix B of reference 1.

The relation, derived from the steady-state (or mean) condition that requires the
heat transferred convectively to the wall to equal the heat transferred convectively to the
coolant, is expressed mathematically as



L5 (6)

From the definition of ¥

h=X1 (1)
n |

The ratio of convective heat-transfer coefficients in equation (6) is defined as R. Calcu-
lating the ratio R using equation (7) gives

'
R=-3 (8)
ll/c
where R is also given by
T - T(0)
= :g——::— (9)
T(L) - Tc

The following assumptions have been used to obtain the solution:

(1) The heat flows through the plate in the x direction only (one-dimensional heat
conduction).

(2) The wall or plate properties (density, specific heat, and thermal conductivity)
are constant.

(3) The convective heat-transfer coefficients on both sides of the wall are constant.

(4) The coolant temperature is constant.

The details of the analytical solutions are given in reference 1. However, the fol-
lowing equations are restated herein because they are used by the computer program to
calculate the heat-transfer coefficients,

The equation involving amplitude ratio is

2
[}
m .t -[(ca, - db)sin gL £ - (da + cb)cos nls —X—] enL [2-G/1] + [(fa - eb)cos nL X o (ea+ fb)sin L i] e"L(x/L)
ATg a2 2 L L L L

2\1/2
+{[(ea + ib)cos nLi— + (fa - eb)sin gL f]enL(x/L) - [(ca. - db)cos nL% + (da + cb)sin gL i—] e’7l‘I [2~(x/L)]} >
(B37)



where

a=1-(g+¥,)+ ean[(‘VG + Y, + 2P g¥ )sin 2nL - (1 + ¥, + ¥ )cos 217L]

b=@g+¥,-2¥¥,) + ean[(‘l/G + ¥, +2¢gY )cos 2nL + (1 + ¥, + Y )sin 2nL:|

c=(1+ 1l/c)cos 2nL - ”Uc sin 29L

d=y, cos 2nL + 1+ I,Uc)sin 29L

The equation involving phase lag angle is

C+R(C+ D) 2A + R(A + B
1[/(?:’+[‘ - ]tl/§+ A+RE+ D) II/C+ E =
R(F + G) 2R(F + G) 2R(F + G)

where

2n(2L~x)

A = -sin(p + nx) + eZnL cos(p + nx - 29L) + e sin(p - nx)

- ezn(L'X)cos(gp - nx + 211L)
B = cos(g + %) - ean sin(¢ + nx - 29L) - ezn(ZL_X)cds«p - 1X)

+ ezn(L—X)sin(cp - nx + 2nL)
C =sin(¢ + n%) + ean sin(¢ + nx - 2nL) + ezn(ZL_X)sin((p - %)

+ ezn(L_X)sin(go - nx + 2nL)

D = -cos(p + %) + e2nk: cos(p + nx - 2nL) ~ ezn(zL'X)cos(go - NX)

+ ezn(L'X)cos(cp - 11X + 2nL)

(B28)
(B29)
(B30)
(B31)

(B32)

(B33)

(B51)

(B39)

(B40)

(B41)

(B42)



2n(2L-x)

E = sin(g + 7%) - 2" sin(p + 7x - 21L) + e sin(p - 7%)
- ezn(L—x)sin((p - 9X + 2nL) (B43)
F = cos(p + nx) + 2Nk sin(p + nx - 29L) - ezn(zL-X)COS(QD - NX)

- 2N Rginp - x4 2nL)  (B44)

G = -sin(¢ + %) - 2 cos(g + nx - 2qL) + ezn(ZL'X)sin«p - %)

+ M Beog(o - yx + 2gL)  (B45)

The solution of this cubic equation can be obtained using the classical approach. The
positive, nonzero, root will yield the desired convective heat-transfer parameter ¥
From equation (8), then

e’

Vg = RY, (B52)
Also, from equations (6) and (9), the following relation must be satisfied:

h T~ - T(0
R be T~ TO (B49)
¢ Tm)-T,

DESCRIPTION OF BL AND JCL

The computer program, BL, was written to calculate the heat-transfer coefficients
h c and hG by use of values of the thermal conductivity K, the density of the wall mate-~
rial p, the specific heat of the wall material ¢, thickness of wall material L, the ratio
of distance measured from the heated surface wall to the thickness of the wall x/L, the
mean temperature of the hot gas ?G, the wall temperature as a function of timeat x=0
T(0, 7), the mean temperature of the coolant Tc, the frequency of temperature oscillation
f, and the amplitude ratio 6/AT.

The coolant wall temperature Tcw is initia_l_ly set to a positive perturbation value in
subroutine BALAN for the coolant temperature T c The ratio of the convective heat-
transfer coefficients R, is then calculated, and with a linear relation of conductive heat
transfer across the plate both heat-transfer coefficients h c and hG can be obtained.
With these quantities, a calculated amplitude ratio is found and compared with the meas-



ured ratio. Then, by means of linear interpolation in subroutine BALAN, T . 1is al-
tered until the difference between the two ratios is less than 10-4.

It should be noted that the 6/ ATG ratio as a function of the coolant wall temp'era.ture
has a pole at T(x, 7) (fig. 2), which imposes a heavy restriction on the allowable error
for the value of the amplitude ratio. If the error in the amplitude ratio exceeds 10 per-
cent of the true value, the iteration will converge to a value for the coolant wall temper-
ature in excess of the gas wall temperature. ’

The computer program JCL was written to calculate heat-transfer coefficients h c
and hG by use of values of the thermal conductivity K, the density of wall material p,
the specific heat of wall material c¢, thickness of wall material L, the ratio of distance
measured from the heated surface of the wall to the thickness of the wall x/L, the mean
temperature of the hot gas _T-G, the wall temperature as a function of disE_ance (measured
into wall from hot surface) T(x, 7), the mean temperature of the coolant T o’ the frequen-
cy of temperature oscillation f, and the phase lag angle 6. The coolant wall tempera-
ture T, is initially set to equal the measured temperature of the wall T(x, 7). The ra- -
tio R, of the convective heat-transfer coefficients is calculated, and the coolant wall
temperature value is corrected for the wall temperature drop due to conduction. Only the
positive, nonzero root is used when solving the cubic equation.

Tew =Tow

Amplitude ratio, Bm/ATG

Calculated coolant wall temperature, T,

Figure 2. - Typical variation of amplitude ratio versus coolant wall temperature T, showing
singularity at T, = Tow.



These programs assume that the hot-gas-side temperature is measured. Therefore,
the coolant wall temperature is calculated from the following equation:

(hg) ) Tg - T, 7]

TW=T(X,T)- =

(¢

If the wall temperature is measured at a point other than the hot-gas surface
x/L = 0, the programs must be modified to account for the new location.

INPUT CARDS
Program BL

The BL program requires the following cards for input information:

Card 1: Three values with 312 format (table I, line 1) containing
IRDG reading number
ISTA  station number
NR number of readings to be processed

Card 2: Nine values with 10E8. 4 format (table I, line 2) containing
K conductivity
RHO  density of wall material
CcC specific heat of wall material

L thickness of wall material ,

XL ratio of distance measured from hot-gas side of wall and temperature meas-
uring location to wall thickness

TG mean temperature of hot gas

TWO  wall temperature, a function of time, at x=10
TWL  wall temperature, a function of time, at x =L
TC mean temperature of coolant

Card 3: Contains pairs of values (table I, line 3) under 10ES8, 4 format showing
WRAD(1) frequency of temperature oscillation
OMDTG(1) ratio of amplitude of wall temperature oscillation to amplitude of sinu-
soidally driven hot-gas temperature



WRAD(NR)
OMDTG(NR)

The program read in NR pairs of values, up to five pairs in card 3. H more than
five pairs are desired, more cards may be added. The NR pairs will continue to be read
under the same 10E8. 4 format.

TABLE I. - SAMPLE INPUT FOR PROGRAM BL
FORTRAN STATEMENT IDENTIFICATION

78 910 U 2|3 16 15 16 7 1819 20 21 22 23 26125 26 27 28 79 30| 31 32 33 34 35 36|57 38 39 £0 41 62[u3 6k 45 46 47 4BILS SO 51 52 53 54[55 56 57 56 59 66| 6t 62 63 64 65 6667 6 69 70 71 72[1576 7576 77 71879 B

LINE | SFATEMENT {%
NUMBER |3

123 6 5|6

N . SN SR
-20,70/-3_,.2860+0

5| .197/0k0 .1538+0

P L T g

.[1170+0] ..8000|-1 .1667+0 .|9600+3 .6580+3 ,.6580+3 .5706+3

...........

Program JCL

The JCL program requires the following cards for input information:

Card 1: Three values with 312 format (table II, line 1) containing
IRDG reading number
ISTA  station number
NR number of readings to be processed

Card 2: Eight values with 10E8. 4 format (table II, line 2) containing

K conductivity

RHO  density of wall material

CcC specific heat of wall material

L thickness of wall material

XL ratio of distance measured from hot-gas side of wall and temperature meas-
uring location to wall thickness

TG mean temperature of hot gas

TGW  wall temperature, a function of distance

TC mean temperature of the coolant

Card 3: Contains pairs of values (table II, line 3) under 10ES8. 4 format showing
WRADA(1) frequency of temperature oscillation
PHIRA(1) phase lag angle between driving gas temperature and responding wall
temperature

10



WRADA(NR)
PHIRA(NR)
The program reads in NR pairs of values up to five pairs in card 3. I more than

five pairs are desired, more cards may be added. The NR pairs will continue to be read
under the same 10ES. 4 format.

TABLE II.. - SAMPLE INPUT FOR PROGRAM JCL

s [ srarnt T FORTRAN STATEMENT wpkTcanon
123 4 5|67 8 9100 I?ilb 1% 15 16 17 Isglo 20 2122 23 26125 26 27 28 29 300 31 32 33 34 35 36(37 38 39 40 41 42|43 L4 45 46 47 LB|LO 50 51 52 53 54155 56 57 58 59 60161 62 63 64 65 éélu 68 69 70 1 72(73 74 157677 7879 8
yraap ] e ' | ‘
2|.2070-3 .2860+0 .[1170+0| .6000-1 .16|67+0 .[9600+3 .6580+3 .57/06+3
3| .1970[+04.39/65+1 o ] e

OUTPUT

The outputs of both BL and JCL programs display the descriptive title followed by a
list of the input values with their program labels. The results of the calculations appear
under the heading OUTPUT shown in the next sections.

Program BL

TCWA calculated coolant wall temperature

TEST1 heat flux to coolant

TEST2 heat flux from hot gas

TEST ratio of heat flux to coolant to heat flux from hot gas (ideally should be 1.0)

HCT time averaged convective heat-transfer coefficient on coolant side of wall

HGT time averaged convective heat-transfer coefficient on hot-gas side of wall

ERROR (1.0 - TEST) which is used by the program to test against the convergence
criterion ) ’

R ratio of convective heat-transfer coefficients "

THETA final calculated value of ratio of the amplitude of wall temperature to amplitude
of sinusoidally driven hot-gas temperature

11



Program JCL

TCW calculated coolant wall temperature

TEST1 heat flux to coolant

TEST2 heat flux from hot gas

TEST ratio of heat flux to coolant to heat flux from hot gas (ideally should be 1. 0)

HCT time averaged convective heat-transfer coefficient on coolant side of wall

HGT time averaged convective heat-transfer coefficient on hot gas side of wall

ERROR (1.0 - TEST) which is used by the program to test against convergence cri-
terion

R ratio of convective heat-transfer coefficients

PSIC convective heat-transfer parameter on coolant side of wall

PSIG convective heat-transfer parameter on hot-gas side of wall

GR check on the zero of eq. (B51) which should be equal to 0. 0000

COMPUTER PROGRAMS

These programs are written in FORTRAN IV and are operational on the IBM 7094-2/
7044 direct-coupled system of the Lewis Research Center. Program BL uses approxi-
mately 518’7)10 storages and Program JCL uses approximately 4261)10 storages. Flow
charts of the programs are shown in figures 3 and 4.

Machine running time for both programs is minimal, each using less than 1 minute
per case,

12



PROGRAM BL - AMPLITUDE RATIO GIVEN

/ /
’ READ BCD 7

/ UNIT 5
4 FORMAT 100 /
I4 /

1
1

I 2
FERFEEEREERARRRE R EEER
* 1/0 LIST IS8 -
* IRDB, ISTA, NR %
FRAITRREBERA SRS LFEARE

1

1

1

/ /
/ READ BCD /
/ UNIT 5 ’
/ FORMAT 101 /
7

4
FHEEFERRRARREERRR RS R
* 170 LIST 16 *
* KRy RHOy CCy Ly *
2 XLy TBy THO, THL, *
* T

*
AEFFEREAREAARERS EXRRK
1
1
17

/

7
7 READ BCD /!
/ UNIY S /7
4 FORMAT 101 7/
7/ /

1
1

1 &
ARER AR FRRAREEE TR
* 1/0 LIST IS *
* (WRAD(I),OMDTG{L),*
* I=1,NR} *
ERRRFASFAREEERERERREE

1

1 7
HEERERERETEKERER IR S
* PRINT TITLE AND *

* INPUT *
AREREHAEERERESERERREF

/ I4
/ WRITE BCD /
’ UNIT &
/ FORMAT 102 /
/ 4

~

/ /
/ WRITE BCD /
7 UNIT & /
/ FORMAT 103 /
/ /
I
1
1 1o

FAERRRRREBESEEERRRE DK

* 170 LIST IS »

* IRDGs ISTA *

B e e ]
1

1 11
1 ALPHA = 1
I K/(RHD'CC) 1

1

1

1 12

I BEGIN DO LOOP 1

I 21 =1, NR 1
1 1
1 SET I =1 1

Il 7
/ HWRITE 8CO 7
/ UNIT 6 /
’ FORMAT 104 /
/ ’

I
1

1 14
RS EELERREREEEERRRS
* 1/0 LIST IS *

* H *
EERREPRENRREARERCERR S
1

1
1 15

’ /

/ HWRITE BCD 7
UNIT & /

/ FORMAY 105 /
’ ’

I 16
/ 14
/ WRITE BCD 7
4 UNIT 6 7/

/ FORMAT 106 /
/ /

/ /

/ WRITE BCD /
UNIT & /
/ FORMAT 107 /
/ /

Figure 3. - Flow chart for program BL.
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1
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PROGRAM BL - AMPLITUDE RATIO GIVEN

E=1.0-F
PCPL & PHIC + 1.0

D = F * CANG +
PCP1 * SANG

C = PGPl * CANG -
PHIC * SANG
8 = {(PGPPC-PGPC2)
+ EXPANG *
{(PGPPC+PGPCR}*
CANG+{PGPPC+1.0)#+
G}

A = 1.0 - PGPPC +
EXPANG *

SANG-{1.0+PGPPC1 *
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CELL =C * A - D
CTEL2 =D * A + C
* B
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* B
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* B
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1
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I
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Figure 3, - Continued,
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PRBGRAM BL - AMPLITUDE RATIO GIVEN

SUBROUTINE BALAN

/ 2 /
PARAMETERS (X4KsY) I
3.02--——~ I
————— _— 1 s
sBALAN 7 —omomeesemmeeee—eeoee
———— 1 X2 = X 1
1 1 1
2.03--—-+1 1 ve=y 1
‘#‘ttlttt‘:t*"tt!)ti 1
* SUBROUTINE BALAN * 1
SREASREEEAREESREEIREE 1
1 * 6
I * *
1 2 * *
FEEREEIAREE RN RS * *
ACOMPUTED GC TO * FALSE* *
* FOR K * emmommmee * ABS(Y) .LT. *
* 1 AT 3.03% 1 * 1.E-4 *
* 2 AT 3.05% 1 * *
AEEEEEREEERNRERRE 1 * *
1 1 * *
1 I *
1 I 1 TRUE
bes 1 1
. - I I
- . I I
. - 1 1
sen 1 1 7
A ——
1 1 K =15 I
BRANCH ACCORDING TO THE
VALUE OF VARIABLE K Z __________________ i
I 8
TN
1 (X2-X1)/(Y2-Y1) * |
1 (-Y1) + X1 I
1 1
1 X1l = X2 1
""" - 1 1
/ 1 / I Y1 = Y2 1
T i
34020=—="1 1
1 3 1
< e e i i ese 9
1 X1 = X 1 .
1 1 EX1T.
1 Y1 =¥ 1
I I
I X = X + X/10. 1
1 t
1 K =2 1
......... -
I
1
see 4
EXXT:
e -
Figure 3, - Concluded,
Program BL
$IEFTC BL
C
C
CEEdddkkdwdkddokdokpor koo ook kb ook hk ek dd ek r b hd dkdkdok ok gkt
C CONVECTIVE HEAT-TRANSFER COEFFICIENTS FRCM HARMCNIC TEMPERATURE
C OSCILLATIONS - AMPLITULDE RATIC GIVEN

€ 43 3% o Aok ek o o 3 e ko e koo sl sk e e ologeofe s ok o s e o ool o o ool o alofe o ool ok 3 ook ok of o ok ok ok o o ook o kol ok ke ok

IRCC=READING NUMBER
ISTA=STATION NUMBER
NR=NUMBER OF READINGS TC BE CCMPUTED
K=THERMAL CONDULCTIVITY CF wALL MATERIAL
RHO=CENSITY OF wALL MATERIAL
CC=SPECIFIC HEAT OF WwALL MATERIAL

2N eloNeNaNeYalel



C L=TRICKNESS OF WALL MATERIAL

C XL=RATIO OF DISTANCE MEASLRED FRCM HCT GAS SIDE CF THE WALL
C TEMPERATURE MEASURING LCCATICN TC WALL THICKNESS

C T&=MEAN TEMPERATURE CF HCT GAS

< TwO=wWALL TEMPERATURE, FUM TICM CF TIME, X=0.0

C TWL=WALL TEMPERATURE, FUNCTICMA CF TIME, X=L

C TC=NEAN TEMPERATURE OF THE CCLCLANT

C WRAD=FREQUENCY OF TEMPERATLRE CSCILLATICNS

C OMCTE=RATIQ OF THE AMPLITUDE CF THE wALL TEMPERATURE TC THE
C AMPLITUDE OF THE SIMUSCIDALLY DRIVEN HCT GAS TEMPERATURE
C ALPHA=THERMAL DIFFUSIVITY

C ETA=FREQUENCY AND WwALL PRCPERTY FPARAMETER

C FCA{1)=LUWER LIMIT OF COCLANT SIDE CONVECIIVE HEAT-TRANSFER

C CCEFFICIENT

C FCA(2)=UPPER LIMIT OF CCCLANT SIDE CCNVECTIVE HEAT-TRANSFER

C CCEFFICIENT

C FCT=TIME AVERAGED CONVECTIVE HEAT-TRANSFER CCEFFICIEM CN

C CCGOLANT SIDE OF THE hALL

C FGT=TIME AVERAGED CONVECTIVE HEAT-TRANSFER CCEFFICIENT CN KCT
C GAS SIDE OF THE wALL

C IJK=NUMBER OF ITERATIONS

< R=RATI0O OF CONVECTIVE HEAT-TRANSFER CCEFFICIEANTS

C TCWA=CALCULATED COOLANT wALL TEMPERATURE

C TESTI1=FEAT FLUX TO THE CCCLANMT

C TESTZ=FEAT FLULX FROM THE HCT GAS

C

C

C

B A A ok ok o ok o ke s ook ot e e oo ol e 3 el ok o ak e o o a o ofe o o i ok o o ob ok o o o ok o of 3 sk o ook ok of o oftol o ok ek ko Xk
DIMENSION TCWA{3CO0),WRAD{300),CMDTG(300) sHCA(4) ,THETA{4)
EQUIVALENCE {(PSIC 4PHIC) »{ PSIGHPHIG)

REAL Kolg NUM1yNUM2 4NUM,NEWERR
C % % 3 % oh ok ok & e ok skl s dieale ko ok e o ok o s o dlkole ol e ok o e ok o e o o o oo ol o ol ok b o ol ol o ofe ol ol e o skl o okl ok e ook
C REAC INPUT
C % 2% 3 B ok sk ook doab ok o ol e sde e ok o e e sl el o s o ol ok ol o o ok ke ok ok o e 3k ok o o ook s o 3 S ok o o 2ol ok o ok o b b o ok b o ool ol ol ook
1 REACIES,1CC) IRDG,yISTA 4NR
REAL(S3101) KyRHOSCC oL s XL s TGy TRCy ThL o TC
REAC{E,4101) (wWRADITI ) ,OMDTG{I) »I=14NR)} -

CH 3% 3 koo ok dofedodokob oo dode ok deale ok e ok ok e ok b kb ok ok S ool ok o ok okobok o obolok 4 o ok ok ik
C PRINT TITLE AND INPUT

C %% 3tk 3ok ok e oo koo ok el R ook ko kb b ok b b b da bbbk kb kA ARk p ok E R Ry
WRITE (€,102)
WRITE{€,103) IRDG,ISTA
ALPFA=K/({RHO%CC)
00 z I=1,NR
WRITE(€,1C4) 1
WRITE(€,1CE)
WRITE(€,1C¢)
WRITE{£41C7) KyRHOSCC 9Ly XLy TG s THG o TWL 9 TCyWRAD(I),CMLTGL 1)
CRF %3k ek o ook Aokt deate o ol o o sk kol e e ook e ool ok b Aok 08 3 S ok ok ok o b ok R olok

C INITIALIZE STARTING VALLES FOR ITERATIGN
C % %% 4 ook ok doad ok oofodete ok ok sk e ol o sl sk ok o sk ok o o ok B0k o oo ol o o okl sl b otk ook o ookl o ol ok o ok
TCH=ThO
TCw=TC 410,
1co=1
C %00 4 3 8ok deake k3 sk e sfeofok ook stk okl ol ok s o ol o o ol o o ok o ok ok o ok b ook oo kol ok B o ok ok ook o o ok ok
C DEFINE HC BOUNDARY CONDITIONS ANC CALCULATE R RATIC

C 3% %o o e sl e e deofeole ol o o e oo ook ook ook ol sl o o ook b ok ok i o o o ok o ok sk ok ob o o kol ok ko 3k b ool sk ol e o ok ok
S R=( 1616w )/ (TCH-TC)
FG==K* (ICh=TGh) /(L* (TG=TGW))
FC=R%HC

16



C % %2 % v gk ook o ook o ofe ol e 3 o s e oo sl e e e ol ok ofe oo 3 oo ik s ook ok ol kol ok ok ok sk e b skl ok okl B bk ok kR ok %
C CALCULATE AND CCMPARE AMPLITULDE RATICS
3 % % o o o ook sk o o s o ko o e oke ol o e ik sl e e o o o sk ok o o ok o s kel kool ok o o ol ook ok b ok o ok ok o of bl ke ok ok ok Rk
ETA=SQRT( hRAD(1)/{(2.C*ALPHA))
ETAL=E 1A%L
ANG=2. (*E 1AL
SANG=S IN{ ANG)
CANC=CCS{ ANG)
EXPANG=EXP (ANG )
THETA(Z)=CMDTG(I)
ANG1=ETAL *XL
EXP1=EXP(ANGL)
ANGZ=E1AL*{2.C~ XL )
EXP 2=EXP{ANG2)
COS1=CCSCANG1)
SINI=SIN(ANG1)
PHIC=K¥ETA/HC
PRIC=R4PF IC
PGPPC=PHIGHPHIC
PGPC2=PHIG*PHIC*2.C
F=PFIC
E=1.C-F
PCPI=P+IC11.0
G=F*CANG+PCP 1% SANG
C=PCP 1#CANG-P HIC* SANG
B={ PGPPC—PGPCZ ) +EXPANG*{ (PGPPC+PGPC2) #CANGH(PGPPC+1.0) *SANG)
A=1.C-PGPPC+EXPANG*{(PGPPC+PGPC2)*SANG=(1.0+PGPPC) *CANG)
DEL 1=C%A-D*8
CELZ=L*A+C*B
CEL3=F4A-E%B
CEL4=E*A+F#B
NUM1={CEL 1¥SIN1-DEL2%*CQS1)*EXP2
NUMz=(LEL 3%*COS1-DEL4% SINL) *EXF1
NUM=NUMZ=NLM1
DEN=( CEL4%COS1+DEL 2%SINL)*EXP1- (DEL1*CCSL+DEL2*SINL)*EXP2
A2PB2=hkk  4B%% 2
CON=SQRT{NUM¥® Z+DEN*%2)
AMPCTG=CON/A2PB2Z
DIFF=AMPD1G-0OMDTG (1)
CALL BALAN(TCWyIGU,DIFF)
IF(IGC.LT.IC) GO TO 9
1JK=1
TCWAL TJUK)=TC W
FCT=HC
FET=KC
THETA{ £)=AMPDTG
TESTI=HCT*(TCh-TC)
TEST2=+CT*{TG-TGk)
TEST=TEST1/TESTZ
ERROR=1.~TEST
CRdd ¥ ddkorsedokok paok okl o fok ok fedkkfe ok ok ook bk ok ok ok Sk fohkok dokhok pdeok kb kFkokok
C PRINT CUTPLT
(R ELER:EELE LSRR S 2 s2SE22RstEii Ris2 2222t R R s R L)
WRITE(€,1CS)
WRITE{€,11C)
WRITE(€,111) TCWA(IJK) ,TESTL,TEST2 yTEST,HCT,,HGT ,ERRCR,RyTHET AL &)
Z CONTINLE
G0 10 1
C %% 4 & ok ok oo ok ok o o ke oo ok sl ok o ek ek ek 3 e kol o ok o ok o ok dlak ke ok o ok ok ofe ok kool e ok o ok kool o Ak b o o ok o okl ek ok
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C
Cc*

FORMAT STATEMENTS

% 2 ok ok ok kb b ook okokok sk sk dokokkokdk ek oR sl g Sk o ook ok ok ok ook ok ok ok B ok sk ok b bk o ok ok b ok ok of B ok ok ckak

10C FORMAT{(ZI¢)

1C1 FORMAT(10EE.4)

1Cz FORMAT(12CHICONVECTIVE HEAT-TRANSFER CCEFFICIENTS FRCM +ARMCNIC TE
IMPERATLRE USCILLATIONS — AMPLITLDE RATIC GIVEN }

16z FORMAT{18FCREACING NUMBER = ,I124+10X,18H STATICN NUMBER = , 12)

104 FORMAT(4HCRUN,12)

1CE FORMAT{€EHCINPLT) 7

1C€ FORMAT{1IHCy4X y1HK 98X 9 3HRHC 9 EX s2HCC o+ 8X yLHL 99X 9 2HXL 98X 4 2HTGy 7X 4 3HTHWO
Ly TXs3FThLl o TX9 ZHTC s TX s 4HWRAD 96 X 9 SHCMDTG)

JIC7T FORMAT(1HC ,FB84644F10.494F1Cs14+2F10.4)

1CE€ FORMAT(ESHCITERATIONS EXCEED 5¢C }

1CS FORMAI{THCOLTPLI)

11C FORMAT(IHCy 33X 4HTCRA3SX9ySHTESTL ySX2SHTEST2 16X y4HTEST 46 X43HRCT, 17Xy 3
IREGTy € Xy SFERRORy TX 9 LHR 9 7X 9 5H THE TA)

111 FORMATUIHC)F8a193F10e42F1C.643F10.4%4)

112 FORMATI{ESHCSOLLTION IS DIVERGING }
END

$1EFTC BALAN

CONVECTIVE FEAT-TRANSFER COEFFICIENTS FRCM HARMONIC TEMPEFATURE OSCILLATIONS -

REACING NUMBER = 1

SUBROULTINE BALANIXsK,eY)
GO 10 (1l,2)yK

1 X1=Xx

Yi=Y

X=X4X710.

K=2

RETLRN

X2=X

Y=Y

IF{ABS(Y)LTs 1.E-4)K=15

X={X2=-¥1)/{Y2-Y1 )% {~-Y1)+X]1

X1l=X2

Yl=Y2

RETURN

END

[}

Program BL Output

AMPLITUDE RATIO GIVEN

STATICN MUMBER = 1

RUN 1
INPUT

K RHO cc L xt 16 THO TWL TC WRAD oMD Y6
C.C0C2C7 (.28¢€0 0.1170 C. 0600 0+1667 960.0 658.0 €58.0 57C.6 1.2390 C.1538
ouTPLT

T(wA 1ESTL TEST2 TEST HCT HGT ERRCR R THETA

€1¢.0 (1244 0=1344 0.9998 0.002775 0.000445 0.0002 6,235¢C C.1528
*(Q1% UNITCS5, EOF. REC= €COO0C FIL= 0GCO2

18



PREAGRAM JCL - PHASE LAG ANGLE GIVEN

1 Pl = 3.1415926 1
H 1
1 PLD180 = PI/180. I
1
1

1 2
FEPTRRRA SRR EESNRRRER
* READ INPUT *
ARERAS IR TS RTRERRERAS

1
I
I 3

e i g

4«9
1

’

/
READ BCD /
7 UNIT 5 4
/ FORMAT 100 /
7 /
1
1

1 4
FSEBRERREEEEREREREEEAX
hd 1/8 LIST IS8 *
hd IRDG, ISTA, NR *
FENG S RRASESRRREN ISR

1
I 5

/7
/ READ BCD /
7 UKIT 5 /
/ FORMAT 101 7/
/

——— el g
1
1
1
17/

/

/
71
1
1

1 6
FEFIFSRREERRTRRRRETRE
* 170 LIST IS %
% Ky RHOp CCy Ly *
% Xty TGy TGHy TC #
IR RARBFSEEIERIRERRR

1
T
i 7

7 ’
/  READ BCOD /
UNIT 5 /
/ FORMAT 101 7/
7 I4

1
1

1 [
FRBE S ERERSRESERRERRRE
* 170 LIST 1S *
& (WRADALI)PHIRALI}
* 2 I=1,8R}
AEFFSERER RS KRB R TR EE

1

I

*
*

1 9
AREN S FREERREERRERIR R
# PRINT TITLE AND *
* INPUT *
AN S ERERERERRESERRNE

7 /
/ WRITE BCD 7
/ UNITY 6 I
/ FORMAY 102 /
I /
1
1
1 n

7 I
/ WRITE BCD s

UNIT & /

/ FORMAY 103 7/
7

I

1
12
FERREERRRERRESREETRRE
* 170 LIST 1S *

* IRDG, ISTA *
P e el L 2 T
1
1

1 13

I BEGIN DO LOOP 1
1 544 =1y NR I
I
1

1
I SET J4 = 1

1
4,07—-—~1
1

Il /
/ WRITE BCD 7/
/ UNIT & 7/

/ FORMAT 104 /
’ I

1

I

1 15
ARERRARAKEERAEREAERRE
* 1/0 LIST IS *
* I *
SREAREXRREERESEERNRES

1

I
1 16

7

7
/ WRITE BCD /
INIT & /

/ ul
I/ FORMAT 105 /
/ /

/
/ WRITE BCD /
/ UNIT & 7/
/ FORMAT 106 /
/

/ WRITE BCD /
4 UNITY &
/ FORMAT 107 7/
I /
1
1
1
17/

/7

Figure 4 - Flow chart for program JCL.

/
/1
1
1

¥ 19
FEEREEEREREFEOEERGRBRL
* 170 LIST IS *
* K, RHD, CCy Ly *
* XLy TG, TGW, TCy *
* WRADA(JS) =
* PHIRACIIY *
FXRFRERRERETESEEITRAEE

1 20
AFEEREAEEEBERTEE TR
* INITIALIZE *

* STARTING VALUES *
* FOR ITERATION *
EEREREEESRERRERRERRER

14K

TCHA(IJK) = TGW

1
1
1
1
TCW = TGW 1
1
WRAD = WRADA(JJ) 1
1

I

PHI PHIRA(JJ}

2

B S
% CALCULATE R RATIOQ *
EEFEREKERFRAKR RIS E R
1
3,17-wmm=1
2 1 23

R =
{TG-TGW) /{TCH-TC)

ALPHA =
K/ {RHO*CC)
X = L * Xt
ETA =
SQRT{WRAD/ (2.0%
133
ETAL = ETA * L

ETAL2 = ETAL *

ETAX = ETAL #* XL

ANG1 = PHI + ETAX

CDS1 = COS(ANGL)

ANG2 = ANGL -
EFAL2

SIN2 = SIN(ANG2)
€0S2 = COS{ANG2)
ANG3 = PHI - ETAX
SIN3 = SIN{ANG3}
C0S3 = COS{ANG3)

1
1
1
1
1
I
1
1
I
13
1
1
1
1
1
1
1
1
1
1
SIN1l = SIN(ANG1) I
1
1
I
1
1
I
1
1
I
1
1
1
t
1
1
1
ANG4 = ANG3 + 1
ETAL2 1
1

1

SIN4 = SIN(ANG4}

i
1
1
17

/

19
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PRBGRAM JCt - PHASE LAG ANGLE GIVEN

/

/1
1
I
1 1

€0S4 =3 COS{ANG4) [
1
EXP1 = EXP{ETAL2) 1|
1

EXP2 = 1
EWMPLETAL2%(2.0~XL}1
k] 1

1

EXP3 = 1
EXP{ETALZ*{1.0-XL)]
¥

A = - SINL
EXP1 * COS52 +
BXP2 * SIN3 -
EX@3 * COS4

SIN2 - EXP2 *
COS3 + EXP3 *x
SING

C = SEN1 + EXPL *
SINR + EXPZ *
SIN3 + EXP3 *

S5IN&

0 = - £OSI +
EXP3 * COS2 -
EXP2 * COS3 +
EXP3 * COS%

£ = SEN1l -~ EXP1 *
SINZ + EXP2 *
SING - EXP3 *

1
1
1
1
11
13
1
1
1
1
b
1
I
1
1
1
1
1 8 = CBSl - EXPl *
1
1
1
1
I
1
1
1
13
1
I
1
1
I
1
1
1
1 SING

[ Uy S U O D D SO Y

G = - SINL -
EXP2 * (052 #
EXP2 * SIN3 +
EX@3 * COS%
1

i

e

1 3
ARRRBEERSERARA IR AR REH
*+ E0LVE FDR ROBTS *
* OF CUBIC EQUATIDN *
ARV EFRAREEAEERIER KSR

1

I

1 &
e i e e

) =

1 243 I
I {C+R*ECHD )L/ (R{F]
6))

I 1
1 1
1 2(2) = 1
I (2.0%A+R* (A+B})/( 1
1 2.9%R* {F+G1) 1
1 1
1 2{1) = 1
1 E/(210#R*{F+6)) 1
1 1
1 I14) = 1.0 1
1 1
i AAf2) = Z(3) 13
1 1
1 AAL3) = Z(2) 1
1 I
1 AAL4) = ZL1) 1
1 I
I AA{1) = 1.0D0 I

1

1

1 5

1 BEGIN DG LOBP I
1 6 KK = }y B I
1 1
1 SET KK = 1 1

————— e

1
2,87~wm=r1
6 1 6
e i fp e
1 CONVAKK) = CRTRN I

e e — e

* *
* *

LO/EQ*

*
—-— ADD 1 TO KKy
1 * COMPARE TO 3 *
1 * *

I * *
1 *een * *
~% 2% *
* 06 % 1 HIGH
e 1
6 1
1
1
1 8

EERRABEERRRRERERRRRR N
* END OF D0 tOOP *
* VARITABLE KX *
FEEEBIRAERECRAEREREER

1 9
1 N =3 1

I

1

1 10

1 RTPOLY I
5 T{N,AA,50,1.E- I
« I7+UUVV,CONV, I
0 IHH,BB,CCCHDD, I
11 EE} I

11
TERAREEEEAEERRERERRAS
* CHECK FOR *
*  POSITIVE REAL  *
* 00T *
FEELEFEARRERRERABRARE

T 12
1 KOUT = 0 1
I
I
I 13
1 BEGIN DO LOOP I
I TKT =1, 3 1
1 1
I SET KT = 1 1
I
PR -
1
* 14
* =
* *
* *
* * TRUE
£ WIKT) JNE.  #mem—eemee——ee]
* . *
* *
* *

—————% ADD 1 TO KT, *

* COMPARE TO 3 *
* *

* *
*  *

HRIGH

-

17
FRRRRRRBENRTR AR RRERR
* END OF DO LOOP %
* VARIABLE KT *
BRAIRERREREERRAE R BTN

1

I

I

T/

/

?igu re 4, - Continued.

P S T T

71
I
1
1
! * 18
*
* *
* *
* *
1 ®exx * *
-% 3 %
01 % IFALSE
kEE I
8 1
1
1
1 19

’
/ WRITE BLD 7
/ UNIT 6
/  FORMAY 112 /
7 /
1
1
1 20
FREEEFAREREERR R TR
* 1/0 LIST IS *
* NR *
RERRRRAEE RS



PROGRAM JCL — PHASE LAG ANGLE GIVEN

——— ———— ’

e b 3 e 1t B e O b Bt 1t St B Bt g Bt P 1t e ot 3

t s 7 r oo/ ——
—— e /1
I 1 1
2.28--—1 et e o e | 1
1 A 1 1 18
* 1 1 * D e s
* % 1 * x ’ 7
> * 1 * * / WRITE BCD /
* * 1 * * ’ UNIT & /
* * TRUE 1 TRUE* * 7 FORMAT 108 7/
* KOUT .EQ. 1 e § it * UULKK} JLE. * 7/ 7
* 1 * . * J ]
* * 1 1
* * 1 * * 1
* * 1 s * 1
* 1 * e
IFALSE 1 1FALSE - -
1 1 1 . 4407,
1 I 1 . .
1 1 1 .ve
1 m————————— s s | 5
i 2 A 1 12 1 12
e e 1 1 ———— NS——
1 KOUT = O 1 13 1 1 REAL2 = UUIKK) I
e e 1 1 1 1
1 I 1 1 REALL = REAL2 * R 1
1 I 1 1 1
1 3 1 1 1 R = 1
et o e e 13 1 1 ({REAL2+Z(3))% 1
1 BEGEN DO LOOP 1 1 1 1 REAL2+2(2)) * I
1 9 KV = 1, 3 1 1 1 1 REAL2 + Z(1} i
13 1 1 1 1 1
1 SET XT = 1 1 1 1 1 HCT = 1
e e e 1 1 1 (K#ETA)/REAL2 1
I 1 1 1 1
B et § 1 1 1 HGT = 1
1 1 1 1 {K*ETA)/REALL 1
* 4 1 1 1 1
* * 1 1 1 PSIC = REAL2 1
* * 1 1 1 1
* * 1 1 1 PSIG = REALL 1
TRUE* * 1 1 -
Jmm———* LUIRT) .LEM - 1 1
i * 6.00 * 1 1
1 * * 1 1
1 * * 1 1 SRR RIERREEERERERKEEE
i * - 1 1 * CALCULATE AND *
L * 1 1 * COMPARE COOLANT *
i IFALSE 1 1 # WALL TEMPERATURES *
q 1 1 I FXRBRREERRERREERRRESE
[ 4 1 1 1 1
L4 1 1 1 1
4 1 1 1 1 14
1 1 5 I 1 S e o -
i e o e . i e I 1 1 14K = 1JK + 1 1
)3 3 KK = KT 1 1 1 1 1
1 1 1 1 1 I TCHACIJK) = TGHW — 1
1 1 XOUT = KOUT # 1 1 1 1 1 HGT * L * 1
1 ——————— b I 1 1 {TG-TGWI/K 1
¥ T 1 1 1 1
e ———————— 1 1 1 TCW = TCWALEJKY I
1 1 1 1 1
9 * 6 1 i 1 TESTL = HCT * 1
* * 1 1 1 1TCH-TC) 1
* * 1 1 1 I
* * 1 1 1 TEST2 = HGY * I
LO/BEQ* * I 1 X {TG~TGW) I
—————m—— ADB 1 YO KT, * 1 1 1 1
* CCMEARE TO 3 * 1 1 1 T = 1
* * I 1 1 TESTL/TEST2 1
* * 1 1 1 1
* * 1 1 1 ERROR = 1.0 - 1
* 1 1 TEST 1
1 HIGH 11 e e
1 1 1 1
1 3 1 1
i 1 1 1
1 1 1 * 15
1 T 1 1 * *
FEESIREAFRERSENRNEER S 1 1 * *
»* END OF DO LOOP * 1 1 * *
* VARIABLE KY * I 13 TRUE* *
e T e 11 ———% ABS(ERROR} «LT. *
I 1 1 1 * 01 *
1 1 1 1 * *
1 1 1 1 * *
* 8 1 1 I #ees *  *
+ = 1 -% 4 % *
* * 1 i * 0l *» 1FALSE
* * 1 1 e 1
* * TRUE 11 4 1
* KOUT .EQ. 1 Foom e | 1 1
* * 1 1
* * 1 i 16
* * 1 e e 0 .
* * 1 1 TCWALISK) = I
* 1 I (TCWACIJSK~L1}+TCWA(T
IFALSE 1 1 1JK}1/2.0
1 1 13 1
1 1 1 TCW = TCHALIJIK) 1
1 v ——— e ———— -——— ———
[ o I
10 1 9 1
e o e e e 1
7 / * 17
/ WRITE BCD k4 * *
/ WNIT 6 7 * *
/ FORMAT 113 / * *
/ 7 TRUE* *
————— —— —— I1JK +LT. 50 *
1 S *
1 1 * *
1 10 I *
P T R L el ] 1 ess
» 1/@ LIST IS - -% 1%
L) NR * * 23 %
PR AREIREREELR AR e
1 2
1
I
o 4a07a
5

Figure 4, - Continued.
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PRBGRAM JCL - PHASE LAG ANGLE

3ei5e——=wl
1

e et e e

1 R = I
I {TG=TGHI/Z(TCH-TC) 1
———————
1
1

I 2
EERXEREEEBESEA RS RN RE

* PRINT OUTPUT *
EREEEOEEERABESEERIE RS

/ /7
/ WRIFE BCD /
/ UNIT & 14
/ GORMAT 109 /
7 /

————————————
1
I
I 4

———r s

/ /
/ WRITE 8CD /
UNAT 6 /

’
/ FORMAT 110 7/
7 /

b ———

/ WRITE BCD
4 UNIT 6
/  GORMAT 11 7/
4 ’
—————— e e e
1
1
I 3
ERREEAEENERS RS ENE S
* 1/0 LIST IS *
* TCWA(IJK), TESTL, *
* TESY2, TEST, HCT, *
*  HGTy ERRORy Ry *
* PSIC, PSIGy GR *
EXREBAERENEAEATRE NS RN

1
2020-~%=n1
1
5 * 7
* *
* *
* *
LO/EQ* *

— ADD 1 TO JJ, *
1 * COMPARE TO NR #
L * *

1 * *
L s#es * %
- I * *
* 14 *x I HIGH
ens 1
1
I
1
1 8

EEREEAEEREREZRERERER S
* END OF DO LOCP *
* NARTABLE JJ *
EEEREAERRAKERA SRR %

/ /
/ WRITE BCD /
/ UNIT 6 /
/  GORMAT 114 [/
4 /

1
1
1

baw

- .
o 1.03,
beo
1

GIVEN

Figure 4. - Continued,

FORMAT STATEMENTS



PROGRAM JCKL — PHASE LAG ANGLE GIVEN

SUBROUTINE RTPOLY

¥
]
i
|

Dttt ottt Bt e bt bt pt 2t B

]
{
1
+
[
t
i
»

/ RTPOLY/

1

2.10——~1
1 1
AXEVERRRERRERE R E KBRS

* SUBROUTINE RTPOLY *
EERAE AR RERERREKRERY

1 2
1 NSAVE = N 1
I 1
I NN =N + 1 1

1 1=1, NN 1

SET I = 1 13

1 HII) = AtD) 1

1

1
1
* 5
* %
* *
* *
LO/EQ* *
ADD 1 TO I, *
* COMPARE TO NN *
- *
* *
* %
*
I HIGH
I
1
1
1
1 6

RESI SEXXREREER AR AR KR
* END OF 0O LOOP =
* VARIABLE 1 *
RERASRRRRE SR AR RRRE

1
FAEE R TRk RR Rk Rk
* EXTRACT ZERO *
* ROQ *
LR T e
1
1
I
1/

/

Figure 4. - Continued.
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PRBGRAM JCk ~ PHASE LAG ANGLE GIVEN
SUBROWEINE RTPOLY

/1
1
B e ——— |
a 1
[ | * 1
1 * £
1 E ] *
1 * *
1 ® w{-/4)
I e HINN) 1
1 ® - 1
1 * * 1
1 E £ ry * 3
1 E ] £ * *
1 L] * *
1 1 (e * *
L 1 * * (a)
1 ] * N #mmm——eee] INITIALIZE P4QETC.
1 1 » = 1
1 1 * * 1
13 1 2 * * t
1 g o e e o e i e b e e * * v
11 UINY = 8. 1 P e {
11 I 140/~ 1
11 V(NG = Q. 1 1 10 1 4
11 1 I B
T 1 ConveNy = Xk 1 1 1 s = 0. 1
[ 1 1 i 1
11 N=N-1 1 1 1 PS = 0. 1
11 f 1 1
11 NN N &L 1 . . 1 Qs = o. 1
[ e .07 . 1 I
1 3 . . 1 PT = 0. 1
1 1 1 1
O g | 500 i Qr = 0. 1
1 1
1 XK = F 1
1
1
I
* s
* *
* *
* *
(+) * * (=)
—— N=-1 *——————~—] RESTORE N, RETURN.
I = * 1
1 * * 1
1 * * I
1 s%xk * * v
- T=* *
* 01 8 1 (0)
EE 1
20 1
1 1 N = NSAVE I
1 B
12 1 6 1
i S 1
I R =~ H{2)/HIL) I 1
————— e e e ess B
1 .
I « EXITa

- -
«10.11.

. .
enn

100

Figure 4. - Continued.



PRBGRAM JCE - PHASE LAG ANGLE GIVEN
SUBROUTFINE RTADLY

————— 7
’ 20 7/ -
———— 71
1 1 REPLACE X BY (1/X}
b 05—~=we] 1
1 1 I 13 ———
/7 34 /
1 NN » N+ 1 1 * END DOF DO LOOP * ———————
e i b e » VARIABLE J * 1
I SREERRRERSESRRETERIE R Talfmmtom]
1 1 1
1 2 1 et o e e
P P PR Tt L 1 I Lt = - LT I
* SCALE * * 14 I 1
* COEFFICIENTS OF =* * % 1 M o= NN/2 1
* POLYNOMIAL. * * = e g
FRARERSRERI LA ERENRRE * DABS(H( *
1 * 2)/H{L}) = #(0/+) I
1 * DABS(H(N)/H{NN))#=wen1 1 16
1 3 * * I me——e— ot e
e i e st * * 1 I BEGIN DO LOOP 1
1 10 i * * 1 1 36 J =1 M 1
B * % 1 1 1
1 * 1 1 SET J 1 1
1 I (=) 1 e et
1 4 1 1 1
e e 1 -
1 BEGIN DD tGOP 1 I I A
i 3¢ J a k¢ NN 1 1 I 1
1 )3 i 1 1 I HH = H{J) 1
1 SET 4 =1 H oo I 1 1 1
S —————— e e - . 1 1 T MMM = N + 2 - J 1
1 . 15 . 1 1 1 1
b ———————] - - 1 1 1 HEJ) = H{MMN) 1
A I “ne 1 1 - e -
1 » 5 34 I I I
1 * * 1 1 1
i . * 1 1 36 1 18
) 3 L4 * 1 I e e e et
1 * & {9} 1 1 1 HIMMM) = HH 1
1 * IR Lol § 1 1 e e
1 » * 1 I 1 1
1 * * 1 1 1 1
] * * 1 1 I 1
1 * * 1 1 1 b 19
1 * 1 1 I * *
1 1{-74) 1 I I * *
13 1 1 T 1 L *
1 I 1 1 1LD/EQ* *
1 1 I 1 et d ADD 1 TO Jy *
1 I I 1 * COMPARE TO M *
I 24 I 6 1 1 * *
R e 1 1 * *
1 1 I & 1& I 1 1 * *
1 1 LOG2EHIAY)) 1 1 1 *
1 e —————— 1 1 1 HIGH
1 I v 1 1
b | e et 1 I
1 1 1 1
1 30 * 7 1 I
1 * b4 1 1 20
1 - » 1 FRERIRESRRERRRRERRERER
1 * * 1 * END OF DO LOOP *
1L0/EQ* * 1 * VARIABLE J *
e ADD 1 TO ¥y * 1 AREREEEKREX RS EER S RRRE
v

% CEMPARE T8 NN *
* *

. * 1
LI 40 * 21
* * %
1 HEGH * *
1 *
1 * * {0}
3 . [ L e LR 1
1 * * 1
1 8 * * 1
AEFEEAFESRTERRKSERRER * * 46 * 23
* END 0F OC LOOP * * * * *
* VARIABLE J4 * . * * *
AERFAS RTINS EIREEKTRER 1(=/+) *
1 1 *
1 1 HIN-1} *
1 9 1 *
———————— e 1 *
1 FN & N+ 1 1 42 I 22 * *
1 1 e . *  x
1 S = JS*X({/NN} I 1 P = PS 1 *
————— i . 1 1 * 01 % i
I 1 Q@ = QS 1 haddd I
1 PR S 48 1
1 10 1 1
e e 1 1
13 BEGIN DO kOOP 1 1 1 4
i 32 J = 1§ NN 1 cae - -
1 I - . 1 1
1 SET 4 = 1 1 « 8.06. 1 1
————— e i e - . 1 P - 2. 1
1 : -
————————— e | 54 1
A a2 1 11 1
[ i
1 1 H{J) = H(J3 ¢ S 1 e
I —eeeemmcmm— e
1 1 . B.03.
1 . .
4 I vee
1 * 12 50
1 s x
1 . *
1 * L
1eQ/EQ* .

| Sl ADD 1 TO Jo *
* CCNPARE 1@ NN »
* *

* *
*

HIGH

-

i
i
|

Figure 4. - Continued.
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PROGRA® JCL - PHASE LAG ANGLE GIVEN

SUBRCYTINE RTPOLY

Fo23=wm—1
13 1

e e
1 Q= HINI/HIN-12 I
ettt e e e e

899 1 2

et e et e

13 ? = 1
1 AH{AY-HIN=-203Q)/HIT
1 M1 1

[ L —

5
ARIFAT IRAGENIRFEABALE
* BEGEN ITERATIONS *
FRRIAN TR CEIIHEIRPARE

1
Fu22=mwmvl
$4 1

I T
AFRFIRAISAGIRASREIVAS
* BAMRSTON *
% ITERATION *
FOFIREEALKARERELEASS
I

10,24==w==1
80 1 ]

8i1) = HIL)
€tl) = B4}

ceay & 8(2) -

1 I
1 1
1 1
1 1
1 BL2) = H{2) = 1
1 8(1) » P 1
1 1
1 1
i ceay &« p 14

1 BEGIN DO kGOP 1
1 82 4 % 3¢ NN 1

i 1
1 SET 4 = 3 1
1
PR
I 10

[ o S L L. LT LT

I 84J) = Hlgy - 1

I CeJ) = BOUIY « I
I Ceg-1} * P - 1

H Ct4-2) & Q T
1
14
1
* 12

*  ®
% *
* »
1L0/EQ* -

ire-=¢ ADD 1 YO J, *

* CEXPARE T@ NN =
* -

L] *
LI

HEGH

T -

A
1
1
1 QUADRATIC EQUATION 1
I 1
I I
1 I 1
v ) B S 1
e g e e | 1 A 216 1 22
1 1 1 g
199 I 13 I 1 1 UIN-1) = Q/UIN) 1
e - 1 1 I I
I P = HINJJHIN-1) 1 I 1 1 VIN) = O, 1
e e et it e . 1 1 1 1
I 1 1 VIN-1} = 0. I
9o tlwwmmet 1 ) B ittt
1 1 1
200 * 14 1 I BolBemomn I
% 1 1 216 1 23
* * I B
* * 1 1 I CONV{N} = XK 1
10741 * ¥ 1 )3
| LT 4 1 I 1 CONV(N-1) = XK I
1 * * 3 I 1 1
1 = * I 1 1 N=N-=-2 1
1 * * 1 1 1 1
1 * * 1 1 I NN =N+ 1 I
1 * I 1 B g
1 I =} I I 1
1 1 I 1 1
1 1 1 1 1
1 1 I 1 * 24
1 1 1 1 * *
1 202 1 15 1 3 * *
| - 1 1 * *
[ P = P/Q 1 1 1(0/-)% *
11 1 S N .
1 1 Q = L./Q 1 1 11 * *
1 ————- m—————————— 1 It * *
v 1 1 11 * *
o I 11 *s%e *  *
204 1 16 1 1 - 6% *
ettt 1 1 *07# 1 (+)
1 $SS =P * Pf4, ~ 1 1 1 bbiad 1
1 Q 1 I 1 500 1
1 1 1 1 1
1 S = I 1 1 1
1 DSQRT{DABS(SSS)) I 1 1 1
e e e 1 1 -
I 1 1 T BEGIN DO LOOP I
1 1 1 1 220 J = 14 NN 1
1 1 1 1 1
® 17 1 1 1 SET J =1 1
* ® 4 1 -
* & T 1
* * 1 1
* *(0/+) 1 1
* ssS et I I 1
" * 1 i 1
* * 1 1 1
* . 208 * 19 1 1
* * % 1 1
* * *® I 1
1 - - * [
1 ® *{0/+11] 1
1 * P Formm 1
1 * * 1 I
1 * * I * *L0/EQL
206 1 18 * * 1 ® ADD 1 TO Js L |
e e ————— * » 1 * COMPARE TO NN =*
1 YIN) = - P/2. 1 * 1 * *
I 1 1 =) i * *
1 U(N-1) = U(N} 1 1 1 * *
1 1 1 1 *
1 VIN) = SSSS 1 1 1 1 HIGH
1 1 1 1 1
I VIN-1) = - S§558 1 210 I 20 1 1
1 1
1 1 UIN} = - P/2. + 1 1 1
1 1 5888 1 I 1 28
1 1 Rex
ese 1 1 * END OF DO LO3P *
. - 1 1 * VARTABLE J *
.23 . i 1 Lt d
. - 1
e 1
216 I
o 6,04,
10

Figure 4. - Continued.



PROGRAM JCL ~ PHASE LAG ANGLE GIVEN

SUBROUVINE RTPOLY
4

71
1
1

i 1
FEEGRERRPAEREEREREIER

® END OF DO LBOP *
b VARIABLE J *
SEALESABALERAEIFENSRS
1
i
1
* 2
® &
* *
* *
ey * -
—— BIN} L
1 * *
1 » *
* *
1 w*xe * *
-8 9% *
& 09 ¢ 1(=7+}
EEE 1
64 1
i
1
162 1 3
e TR

HN1 = HAN) ~ 1
BAN-2) * & 1

e g

i
1
1
* 4
* 8
* *
* *
* * {0)
* HN1
* *
* *
* *
* *
*
18=/4)
1
I
I
I
4
164 = L]
&
* *
* *
(+) * *
— XK - *
1 * DABBIBIN] /HNLI)*
1 » *
1 * *
I s%a% . ®
-% 9 x *
* 09 % 140/}
e 1
64 1
1
I
1
ba
e -
110.01.
8 .
e
70

1
1
1
166 * 6
*
* *
*
* * (0}
* HIN) * 1
* 1
* * I
* * 170 & 8
* * * *
* * *
1{-/+) * *
1 (0/-1% *
1 ———% OABS(BIN)} *
1 1 * *
1 1 * *
1 1 * *
168 * 7 1 #xex *  *
* - 10 * *
* * * 01 * I (+)
* * E22 1] 1
* x {4} 70 1
* XK = 1
*DABS{B(N)/HIN) }* *—=~1
* * 64 1 9

* *
* *

*

1t0/~}

1

1

1

1

1
e

«10.01.

70

Figure 4. - Continued.

I BINN) = HINN} - 1
I BIN-1} * Q 1

1
1

¥ 10
ERESREERRERRRRERERAEK
* B(N+1} TEST *
KEEEEEEERRASERKRRRRRSE

1

1

1
66 * 11

* *

* *
* *
{+) * XK -~ *
-——% DABS{B(NN)/H(NN)*

I * ) *
1 * *
* *
I ®ksx * %
-t 8 * *
* 14 % 110/7-)
R 1
200 1
1
H
1
“es
«10.01.
70

27



PROGRAM JCL - PHASE LAG ANGLE GIVEN
SUBROUTINE RTYPOLY

NEWTON *RAPHEON € TERATION

(~BIN}ACIN} +

I —
———————— 1 19
4 70 7 U ——
———— 1 P=P-2 1
LINEAR EQUATION I 1
9. 05=%—1 I 0=Q*(Q+1)1
T et
1 el1Y = HLY) 1 10 10~—~——-1
1 R e L T { I
1 €61} = DALY 4 1 80 * 20
P — —— 1 1 * *
1 1 100 * 1n * *
1 1 * * * *
1 2 1 * * *
PR * * * E(N)
1 BEGIN DC LOOP 1 I (074)* * *
1 72 3 = 24 NN 1 1 | g LT * * *
1 1 1 1 * x * *
1 SET J = 2 I 1 I - * * * 1 R =R - I
e e ety e I 1 * * * 1 D{NNI/E(N} 1
1 1 1 * * 1t0) - = s
——————— | 1 1 * 1
A 1 3 1 1 I (=) 1
1 —— 1 e e e Sy g . 1 1 I b3
1 1 00J) = H{Y) + 1 1 1 1 1
1 4 DlJ~1) * R 4 1 I 1 1
1 R RSt 1 1 1
L 1 I 1 102 1 12
1 I 1 i
1 ¥2 1 4 1 1 1 R = l./R 1
13 1 1
1 1 ELJ) = D(J] + 1 1 v I
I 1 E(J-1} * R 1 I B e e |
1 e et e 1 104 1 13
t 1 1 ——————— e
1 1 1 1 UIN) = R 1
1 1 1 I 1
1 * 5 1 1 VIN) = 0. 1
T * * 1 I 1
1 * * 1 1 CONV{N) = XK 1
3 * * 1 I 1
ILO/EGH * 1 1 N=N-=-1 1
e ] £00 1 TO J * 1 1 1
* CENPARE T@ NN » 1 1 NN =N+ 1 I
* * 1 e e -
* * 1 1
* * 1 1
* 1 1
1 HIGH I * 14
1 1 * *
1 1 * *
1 1 = *
1 1 0r/=-1% *
1 6 I —— N *
DLy e T T S 1 = *
* END OF 00 LOOP * 1 )4 * *
* VARIABLE J * 1 I * *
P P e R I | [T *
t -k 6 % *
1 1 * 07 * I (+)
1 1 i 1
* T 1 500 1
* * 1 I 1
* * 1 1 I
* * 1 106 I 15 1
* AK - * (&) 1 ———— e e s e ase
* CABS{DANNIYH{NN)$—e—-] 1 BEGIN DO LOOP 1 -
* } * 1 108 J = 1, NN 1 « 7415,
> * 1 I . .
1 * 1 SEY 4 = 1 1 e
* * e e e e e e 34
* 1
Leog-) e e
1 A 108 I 16
1 1 e e e
1 1 1 HOS) = DLIY 1
1 S ——
T4 1 1 1
P — 1 I
I C(RY = - C(G-1) # 1 1 1
1 P~ CAN=-2) *x Q I 1 * 17
1 I 1 * *
1 S5 = GIN-1} * 1 1 * *
I CEN~1) = CAN) * I 1 * *
1 CAN-2} 1 1 *
e e e e t ADD 1 TO 3, #
1 # COMPARE TO NN *
1 * *
1 * *
* 9 * *
* % *
b * 1 HIGH
* * I
101 * * 1
— ss * 1
1 * * 1
1 * - 1 18
I . * B e
1 *exx * » * END OF 0C LOOP =
~* 10 * * * VARTABLE J *
*19 * Li-4+} EEREERREERNRSFRRANS 44
Ei i) 1 I
78 I 1
1 I
1 I
6 1 10 . -
—— ———— e o 6404,
P e P 1 . -
1 (BIN*CIN-13-BI{NN)I veu
1 $G{N-2))4SS I 10
1 I
1 Q= Q& 1
1 1
1 1

BIRNI*CIN-21)/SS
1
1
1

bes

28

Figure 4 - Concluded.



Program JCL

$IEFTC JCL

C

C

C #39 F 3 dokok gk dkokok dololok R okdok ook ool R ool ok R R xS 5k 3 3 4B 5 & ok k ok Fhokk R R kk
C CONVEC TIVE HEAT-TRANSFER CCEFFICIENTS FRCM HARMCNIC TEMPERATURE

C OSCILLATIONS -~ PHASE LAG AMNGLE GIVEN

C R % % 3 %ok sk ook 3 ook ook sfeae e ek sk ke o o s ok e e o ook ookl ok ook ek ok ok e ok ok fodalok ok ok bk kb ok b ok ko
C

C

C IRDC=READING NUMBER

C ISTA=STATION NUMBER

C NR =NUMBER OF DATA POINTS TC BE CCMPUTED

c K=THERMAL CONDUCTIVITY CF wALL MATERIAL

C RHO=DENSITY OF WALL MATERIAL

C CC=SPECIFIC HEAT OF WALL MATERIAL

C L=THICKNESS OF WALL MATERIAL

C XL=RATIO OF DISTANCE MEASURED FRCNM HOT GAS SIDE OF THE WALL
C TEMPERATURE MEASURING LCCATICN TO wALL THICKNESS

C TG=MEAN TEMPERATURE GF HCT GAS

C TGh=WALL TEMPERATUREFUNCTICN CF DISTANCE

C TC=MEAN TEMPERATURE OF THE CCGLART

C WRADA=FREQUENCY OF TEMPERATURE CSCILLATICNS

C PHIRA=PHASE LAG ANGLE BETWEEN THE ODRIVING GAS TEMPERATURE AND THE
C RESPONDING WALL TEMPERATURE

C ALPHA=THERMAL DIFFUSIVITY

C ETASFREQUENCY AND WALL PRCPERTY PARAMETER

c GR=CUBIC EQUATION CHECK CF RCCTS, SHCULD APPROXIMATE ZERC

C FCT=TIME AVERAGED CONVECTINE HEAT-TRANSFER CCEFFICIENT ON

C COOLANTY SIDE OF THE wALL

C FGT1=TIME AVERAGED CONVECTIVYE HEAT-TRANSFER CCEFFICIENT CN HOCT
C GAS SIDE OF THE WALl

C IJK=NUMBER OF ITERATIONS

C R=RATIO OF CONVECTIVE HEAT—TRANSFER CCEFFICIENTS

C PSIG=CONVECTIVE HEAT~-TRANSFER FARANMETER CN THE HCT GAS S IDE OF
C THE WALL

c PSIC=CONVECTIVE HEAT-TRANSFER FARAMETER CN THE CCCLANT SIDE CFf
C THE WALL

C TCy=CALCULATED COOLANT wALL TEMPERATURE

C TEST1=FEAT FLLX TO THE COULANMNT

C TESTZ=FEAT FLUX FROM THE HOT GAS

c CONV=CONVERGENCE CRITERICN USED FCR EACH ROOT

c

C

C

# 33 4 ok kodokok o o Aokl Kook ok ok askokok Rk ok kobok ok ok lok bk kR kb o b ook kb ok ook R okok
DIMENS ION WRADA(10C),PHIRA{LO0C) o TCWALL100) »Z14) ,CCNVI4)
COUBLE PRECISION HH{4) ,BB(4),CCC(4),0DD(4)4EE(4) ,AA(4),UU(4),VV(4)
REAL LK
DATA CRTIRN/1.E-5/
PI=3.1415¢2¢
p1018C=PI/180.
€ A% ok otokok Aok kol ok ook ok Rtk R kol kR R Rk ok ok R R R kR ARk A A b bRk R kR Rk kR Rk
C REAC INPUT
C 4 4 ok & ok dokokok ookl kool R dekoadoolok o ok bk skokok ot ok kol s ool ok ol ok o kol ok ool ok ok e ook
1 REAC(E,10C) IRDG,ISTA,NR
REAC(E4+101) KyRHOSCC oL s XL TG TGH,TC

29



READ(5,1C1) (WRADA(I) ,PHIRA(I),I=1,NR)
% % o 3 ook g ool o o ofe ik o ool e e ok e e ale skl e e ool e ok o ok 3k of ok o sie o ok ok ok o b o ok ok ok o o ok ok b ok ol ok b kol b ol g ok ek
c PRINT 1ITLE AND INPUT
C % %% % b el o ok o ook ooafe e dfre e e o sk sk ol e ok ol o koo b o8 Sk sk ool ok Kok ok ok bkl bk ok sk bkl ok bk ok oy R kok
WRITE (€,102)
WRITE{€,1C2Z) IRDG,ISTA
00 5 JJ=1,NR
WRITE( &, 1C4) Jd
WRITE( ¢, 1C%)
WR ITE( €, 1C€)
WRITE(€,1C7) KyRHO,CC oLy XLy TGy TGy TC o WRADA(JJ) ,PHIRA(JIJ)
C 3 3% ok o 3 okl dooieak ok el s ol ol o o ke e Sk ek o ol e afe e o s e e e sl ol o e ok sk sk e o ol o o o ok ok sk ok kol ok kok Rk Rk

C INITIALIZE STARTING VALUES FCR ITERATICN

C # A otk dodok bl koot oot e oot g deokakofok sk dokadoR iRk Aok R B0k ok R 8 bk ko kR ok
Idk=1
TCWAL 1JK)=TGHW
TCw=TCH

WRAL=WRAGA(JJ)
PHI=PHIRA(JJ)
G % ok b o sk ok ok ook ool sk ko ok ool ek e ook ol ok ofe e o e o ool o ok o ok ok ok b o o e o o e ok e o o o ok b Sl o o o ok ok ok ok
C CALCLLATE R RATIO
%ok 4 b Skt oo ol 3 ek akokofe F Xk ok dk e 3k afe e e e ok $e o ofe ko e sk ok ook ade ok o ok o ok o ok b ok o o o skeok ok ok ok o b ok ok b bk R ko k
z R={TG-1Gw 1 /{ TC»-TC)
ALPFA=K/{RHO%CC)
X=L*XL
ETA=SQRT( WRAD/(Z.0%ALPHA))
ETAL=E TA%L
ETAL2=ETAL* 2.0
ETAX=ETAL® XL
ANG1=PFI+ETAX
SIN1=SIN{ANG1)
COS1=CLS{ANG1)
ANGZ=ANC1-ETAL:
SINZ=S IN(ANG2)
C0S2=COS{ANG2)
ANG23=PFI-ETAX
SIN3Z=SIN{ANG3)
COS2=COS{ANG2)
ANG4=ANG24ETALZ
SIN4=S IN{ANG4)
COS4=CCS{ANG4)
EXP1=EXP{ETAL2)
EXPZ=EXP(ETAL2%(2.0-XL))
EXP2=EXP{ETALZ*{1.0-XL))
A=—SINI4EXP 1*COS24EXP2*SIN3-EXP3*C0S4
B=COS1-EXP1*SINZ-EXP2%CUOS3+EXP3*SING
C=SINI4EXP 1X SINZ4+EXP2%SINI+EXP3*SIN4
D=—-COS14EXP1%COS2-EXP 2%*COS3+E XP3*C 0S4
E=SIN I-EXP 1% SINZ+EXP2% SIN3—-E XP3%SIN4
F=COSI14EXP 1%SINZ-EXP2*C0S3—-E XP3*SIN4
G==SINI-EXP1*COS24EXP 2% SIN3+E XP3*CO54
o 3o o ok o ok et gk deae o ek el ol e ak o o ok o e s e djeode o o dlalk sk ook o ool ok ok ok o o 3 ofe ok ok B ok ook ook ok okok b ok ok ok R Rk
C SOLVE FOR ROOTS OF CUBIC EQUATICN
C % % 3 o ool o i koo b ke e e e ok e e e ol okt oo 2 e e ofe ok ok 3k ok o o o o ol ot o sk ok 3§ ok ok Bk ok ok ob o ok ok ok ook ok ak of ok ok okok sk kokok
ZL3)={CHR*(C+D) )/ (R®(F+G))
Z02)={ca0%A+R¥ (A+B) ) /(2. C%R*{F+G))
ZU1)=E/{Z JCRR®*(F+G) )
2043)=1.0
AA(Z)=2(3)

30



AAL2)}=12(2)
AAL4)=2(1)
AA(1)=1.00C
DO € KK=1,2
€ CONV{KK)=CRTRN
N=3
CALL RTIPOLY(NAA5051.E-T UUsVVyCCNVHH,BB,CCCoLCHEE)
G 43k % ook o ol ook ok ot s ke ok ok o e e ook ol ool e dkafe ok ok oo o ke ok ok ol ok o o o ok ok 3 ok ok e o ool ok ok okl okl ok o lok
< CHECK FOR POSITIVE REAL ROCT
C4 3% 2ok dokd ok bookwior dokkokok koo ke dhd bk dkkkd bk R d ek k prpr dhokpd kb kb %
Kou1=C
L0 7 K1=1,2
IF(VV{KT).NE.C.DC) GO TCO 7
KK=KT
KOL 1=KCLT+]
7 CONTINLE
IFtKOL1.NE-CQ) GO 70 8
WRITE{ €4112}) NR
GO 10 ¢
€ IF(KOLT.EQ.1) GO TO 11
KOUuT=¢C
DO S K1=1,2
IFICULKT) LLE.C.BC) GO TO S
KK=KT
KOUT=KCLT+1
S CONTINLE
IF(KOLT.EQ.1) GO TO 12
1C WRITE{€,112) NR
GO 10 ¢
11 IF(UU{KK)LE.0.DC) GO T0 1C
1l REALZ=LL{KK)
REALI=REAL&*R
GR={(REALZ+Z{2))*REAL2+2{2))*REAL2+Z(1)
HCT=(K*ETA)/REAL2
FGT=(K*ETA)/REALL

PSIC=REAL 2
PSIC=REAL]
C# 3% 3 9o ke ok o ook o olof s e e ok deofok el b o ok ol o o ok ko ok sk ot ok o ok kol Kok ool b b ok hokobok
C CALCULATE AND COMPARE COOLANT WALL TEMPERATURES
CAdd t gk 33k ddokdookiokk ok folokok fokk Rk dokioR A R R % R kokok b kg kobd kbl Ak hk ke kk
IJK=TJK+1

TCWAL IJK )} =TGH~hGT#L* (TG-TGK) /K

TCw=TC AL 1JK)

TEST1=rCT*(TC W-TC)

TEST12=FCT*{TG~TGNK)

TEST=TEST1/TESTZ

ERRGR=1,0-TEST

IFCABS{ERROR).LT..Cl) GO 1TC 4

TCRAL UK I={TCHALTIJK-1)+TCWALI JK}) /2.0

TCW=TCPA( 1JK)

IF{ UK AT.E0) GO TO 2

WRITE( €y 1CE)

GO 10 ¢

4 R={TE~1CwI/LTCH-TC)

C#ddddkikkd ko don bk of hedoedopdokdkdokkd kb ok 3 5k ok dok ok sk ok $ ko ko k%
C PRINT OLTPLUT
C % 33 % ook ok ook ook ke otk ook ok doiok ook b ol sk od sk okokolob Rk okl A Kok ok b ok ok dokk

WRITE(€¢,1CS)

WRITE{ ¢, 11C)
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WRITE(€,111) TCHA{TIJIK) ,TESTL,TEST2 ;TESTHCT,HGT ;ERRCR, R, PS IC,PSIGs
1GR ‘

€ CONTENLE

-

WRITELE,114)
GO 70 1

€ % %3 b okofe sk o o s ookl ol kofokalok odokodokak o osodokokokk kb ok b ok koo ok ok ok ok ko b ok B odokodokokk

C

FORMAT1 STATEMENTS

C # 3%kt & o dopodokdor eokfohaokaokor oo dolok 80k 8 ook dokook s bbb kol ool ok ok dokolok
1GC FORMAT{212)

1C1 FORMAT{10EE€.4) .

10z FORMAT(12CH1CONVECTIVE HEAT-TRANSFER CCEFFICIENTS FROM HARMCNIC TE

IMPERATLRE OSCILLATIONS - PHASE LAG ANGLE GIVEN )

1C2 FORMAT{18r(READING NUMBER = ,12,10X,18H STATICN NUMBER = , 12)

1C4 FORMAT{4HCRUN,12)

102 FORMAT{EHCINPLT)

10€ FORMATI1HC4X s 1HK ) 8X¢3HRHC 9 EX 92HCC 48X y1HL »9X22HXL+8X 2 FTEy TX 3 3KTGH

107
1C¢
1C¢
11¢
111
iz
112

114

13 8X5 2HT1C, €Xy SHWRADA 35X s SHPHIRA)

FORMAT{IHOyFB.6:4F 10.4+3F1C.1,2F10.4%)

FORMAT{ESHCITERATIONS EXCEED 50 )
FORMAT{IHCOUTPLT)

FORMAT{IHC s 4X s 3HTC ks B X sSHTESTL s SXy5HTEST2 ,6X 94 HTEST y6X 9 3HHCT 37Xy 3H
1HGT 3 £ X3y SHERROR 3 TX 9 1HR y BX 9 4HP SIC 46X 34HPSIG,7X,2HEGR)
FORMAT{IHC+F8,1+3F10.4+2F1C.€,5F10.4)

FORMAT(40HCERRCOR IN SUBR RTPOLY FCR DATA PCINT NC. 15)
FORMAT(€3F0A UNIQUE POSITIVE REAL RCCT CANNOT EBE.FCUNEC FCR DATA PO
1INT NO. I8}

FORMAT{1H1)

END

$1EFTC POLRY

2 alalalolaNalaNaNxNoNaNak el

32

(RSN )

SUBROUTINE RTPOLY{NsA L oF qUsVCONVoH 8,C40,E) 1B4CCC1IC
N ORDER OF INPUT POLYNEMIAL FIXeDIB4GCC2C
A COEFFICIENTS OF INPUT PCLYMCMIAL IN DESCENCIN CRDER D.P.IB4CCC3C
L MAXIMUM NUMBER OF I[TERATICN FCR EACH RCCTY FIXEDIB40OCC4C
F DESIRED TOLERANCE (REMAINDER / CCNSTANT TERM) S.P.IB40CGEC
U REAL PART OF ROOY D.P.1B4C0CEC
v IMAGINARY PART OF RCCT C.P.I84CCCTC
CONY CONVERGENCE CRITERICN USED FOR EACH ROCT S.P. 1B40CCEC

IF AFTER L ITERATIONS CCNVERGENCE WITHIN F FAILS, $.P.184CCCSC

THE TOLERANCE IS RELAXED BY 10, S»P.1B4C010C
H WORKING STORAGE C.P.1B4CO11C
8 WORKING STORAGE C.P.1B400120
C WORKING STORAGE C.P.1B4C0C130
0 RORKING STORAGE D.P.1B4CC140
3 WORKING STORAGE D.P.1B400150C
DIMENSION A(40),U(40),VIi4C) CONV{40) 4H{40) +sB{40),C(40),0(40},E(40)I184C016C
DOUBLE PRECISION AsU,VsH B ,CD,E I1840017C
COUBLE PRECISICN PsQsRsSsPS+ESyPTQT,HHoHNL yXK,S55,55SS iB4Co18cC
NSAVE = N 18400150
NN = N+l 18400 2CC
CO 1 1 = 1,.NN 184CCZ10
HEI) = A1) 184CCz2C
XK = f I84CCz3¢C
LT =1 1B4CC24C
EXTRACYT ZERO RGOCTS 1B4CCZEC
IFTHINN)) 4,3,4 IB4C0Z60
U{N} = C, iB840C27¢C
VIN) = C. 1B4cCczec
CONVIN} = XK 184CCzsC
N = N-1 18400:CC



1¢

4 €
€SS
5C

-

€C

NN = N+l
GO T0 ¢

IF{N) £00+5CC,10
INITIALIZE P4Q4ETC,
S = Co

PS = C.

Qs = C,

PT = Co.

QT = G.

XK = F

IF {N-1) ECO0,12,20
R = —E{2)/¥{1)

60 10 1(0

NN = N+1

SCALE COEFFICIENTS OF POLYNCMIAL.
=0
00 2C J = 1,NN
IFCE(J}) 2492Ce24
I=14.0C2(H{J D))
CONTINLUE
FN = N ¢+ 1
=5%X{1/NN}
DO 22 J = 14NN
H{J Y=E{J %S

IF{DABS{H(Z)}/H{1)) — DABS(H{N)/H(NN})})

REPLACE X BY {(1/X}

LT = - LT

M = NN/2

DO 2¢ J = 1, M
EH = E{J)

MMM =N +2-J

H{J) = HIMMM])

H{MMM ) = KH

IF1QS) £2,44,42

P =PS

Q = QS

CO 70 %4

IF(E(N=-1)) 4E54¢&,48

Q =1.

P = -2,

GO TO0 £0

Q = HINN)/EI{N-1)

P = {PANI-HIN=-ZI*Q)/HIN-1)
IF{&-N) 52519944

R =C,

BEGIN IJTERATIONS

IT = ¢

BAIRSICKk ITERATION

B{1) = H{1)

C{1) = B(1)

B(2) = H(z) - B(1)*P

C(2) = B(z) — C(1l)*P

DO €2 J = 324NN

8(Jd) = k{J) - B{J-1)%P — B(J-2)*(
ClJd) = BlJ) = CLJ—1)%P — C(J=-2)%(

IF(BIN)) 1€2,€4,1€2

EN1 = F(N) - B(N-2) *Q

IFIHENL) 1€4416€41€4

IF{XK — DABSUB(N)/HNL}) 7C,7C,64
IF{H{ND)) 168,17C,168

IF(XK — DABS(B(N)/H{N}))) 7C,7C,64
IF{CABS(BIN}))TC+ 70,64

B{NN) = H(NN) - B{N-1}%*Q

BIN+1) TEST

18400210
18400320
1B4CC323¢C
184CC240
IB4CC2EC
IB4CC2¢C
184CC27C
1B4CC28C
1840C2SC
IB4CC4CC
1840041C
1840042¢C
IB4CC430
1B40C440
18400450
1840C4¢€C
184C047C
184C0480
I1B4CC4¢C
I1B40CSQC
184C0%10
1B4CCE2C
1B400:2C
1B40CC54¢C
IB4CCESC
IB4CC56C
184CCETC
184Cocec
IB4CCESC
184CC€0C
1B4CC€1C
IB4CCé2C
1B40CE2C
1B4CCE4C
IB4CCESC
1B4CCEEC
1840C¢€7C
I1B4C0e8C
184CCESC
I1B4CCICC
1B40C71C
184CC72C
I184CC72C
18400740
1840C75C
184C07€C
184CCTiC
IB4CCT8C
1B40C7SC
I84Cc8CC
Ig4CcelcC
IB4CCE2C
IB4CCE2C
I1B4CCE4C
184CCEEC
1B40CE€eC
IB40CE1C
1B4CCEEC
I1B84C0€E<C
1B400SCC
184C0S1C
184CCS20
184C0S2C
I1B4CCS4C
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34

€€

7C

84
g¢

SC

1C¢
1ce

158
20¢
(e

2C4

IF{XK — DABSI{B{NN)/H{NN}}} TC,70,200
NEWTON *RAPHSON ITERATION

D(1) = H{1}

E{1) oLy

DO 72 4 = 45 NN

Cid} H{J) + D{J-1}%R

E(J) ClJd) + E(J-1)%R

IF{XK - DABSID{NN)/H{(NN))) 74,74,100
C{N) = —CIN-1}*P - CIN-2)%Q

SS = CAN-1)%Ci{N~-1} ~ CINI*CI{N-2)
IF{SS) 76,78,517¢

i

P =P ¢+ {B(N)*CIN-1)-BINN}*C(N-2})/SS
Q = Q + {—BINI*C{N) + BINNIXC{N-1))/SS
GO 10O ¢Q

P =P - 2.

Q= Q%{Q + 1.1}

IFLE(N)) 84,82,¢E4

R =R - 1.

GO TO ¢t¢

R = R - DI(NN}/E{(N}

i1 = I1 ¢+ 1

IFCIT - L) 605504550

PS = PT

Qs = Q1

PT =P

QT = @

XK = 1(.*XK

60 10 Zz4

L INEAR EQUATION
IF{LT) 102+104,1C4%
R = 1.4R
U{N) = R
VIN}
CONVIN)
N = N-1
NN =N ¢+ 1

IF(N) £20C,5C0,1C6

DO 10€ 4 = 1, NN

H{J) = D(J)

c0 10 10

QUACRATIC EQUATION

P = H{N)/HIN-1)

IFILY) 202,2C4,2C4

P = P/C

Q= 1./Q

SSS = P¥P 44, - Q

$5SS = DSQRT(DABS{SSS})}
IF(SSS) 2C¢e,2C¢€,2C8

G
XK

o

U{N) = — Prs2,
UIN=1) = LIN)
V(N) = SS5S§8§
VIN-1) = - SSS8§
GO 70 z16
IF(P) 210,212,212
U{N} = - Ps2. + SSSS
GO 1O cl4
¢ UIN) = - P/2, - SSSS§
U(N-1] = Q/UIN)
VIN)} = C.
VEN-1) = Co

CONVIN] = XK
CONV{N-1) = XK

N = N-2Z

NN = N +1

IF(N) £C0,50C,218
DO 22C J = 1l.NN

1B4COSEC
18400560
1840CS70
18400S8C
1B40CSS0
1B4C1CCC
18401C10
184C1C2C
184C1C20
1B4G1C40
18401050
1B401CEC
1B401C7C
18401C8C
18401CS0
IB4CL1CC
184C1110
1840112¢
1B40112C
1B401140
IB4C115C
184C116C
1B4C1170
IB4C118C
1B40115C
184C12CC
184C1210
1840122C
1B4C123C
1B4C1240
1840125C
18401260
184C127¢
18401280
1B4012¢C
184C12CC
18401210
1B4C122C
1401230
1B40134C
1B4C125C
1B4C13€0
1B4C127C
184C1280
18401250
1B4C14CC
184C1410
1B40142C
1B4C142C
1B4C1440
184C145C
1B4C14¢€C
18401470
1B4C14€C
18401450
1B4015C0
1B40151C
18401520
184€1520
IB4C1E4C
18401550
184015¢€C
1B4C1570
1840158C
18401550
1B4016CC



22C H{3) = BLJ) 1B4C1€1C

GQ 10 10 18401¢€2C

C RESTORE N, RETURN. IB4C1E€32(C
£0C N = NSAVE 1B4C1é€4C
RETURN 184C1€EC

END 184C1€€C

Program JCL Output

CONVECTIVE HEAT-TRANSFER COEFFICIENTS FRCM HARMONIC TEMPERATURE CSCILLATIONS ~ PHASE LAG ANGLE GIVEN

REAC ING NUMBER = ] STATICN NUMBER = 1

RUN 1

INPUT
K RHO cc L Xt 16 TGW TC WRACA PHIRA

0.CCC207 €.286€0 0.1170 C.C600 0. 1667 960.0 658.0 570.€ 1.228C (7613

OUTPLY
TCW TEST1 TEST2 TEST HCT kGT ERRGR R PSIC PSIG GR
62446 (ell46 0.1152 0.9%49 0.002121 0.000381 0.0051 5.56C2 C.G57¢€4 5.43C5 -0.00C00,

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 13, 1970,
129-04.
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Machine Engineering

code symbol

ALPHA o
CC d
ERROR -
ETA n
GR -——
HCA(1) ———
HCA(3) —-——
HCT h c
HGT hG
IJK ---
IRDG -
ISTA -—
K K
L L
NR ——-

OMDTG 6/AT

PHIRA )

REAL1 U

36

APPENDIX - SYMBOLS

thermal diffusivity, K/pC, in.2/sec; m2/sec
specific heat of wall material, Btu/(lbm) (OR); J/(kg)(K)

1.0 - (TEST1)/(TEST2)

frequency and wall property parameter, 1/in.; 1/m
cubic equation check of roots, equals zero for correct solution

lower limits of the coolant-side convective heat-transfer coef-
ficient

upper limits of the coolant-side convective heat-transfer coef-
ficient

time averaged convective heat-transfer coefficient on the coolant
side of the wall, Btu/’(in.z)(sec)(oR); W/(mz) (K)

time averaged convective heat-transfer coefficient on hot-gas side
of wall, Btu/(in.%)(sec)(°R); W/(m?)(K)

number of iterations
reading number
station number

thermal conductivity of wall material, Btu/(in.)(sec) (OR);
J/(m)(sec) (K)

thickness of wall material, in.; m
number of readings to be computed

ratio of amplitude of wall temperature to amplitude of sinusoidally
driving hot-gas temperature

phase-lag angle between driving gas temperature and responding
wall temperature, rad

ratio of convective heat-transfer coefficients, hc/hG

convective heat-transfer parameter on hot-gas side of wall (JCL
program), Kn/hGr



Machine Engineering

code symbol

REAL2 dxc convective heat-transfer parameter on coolant side of the wall, -
Kn/h c

RHO P density of wall material, 1bm/in.3; g/m3

XL x/L ratio of distance measured from the hot-gas side of wall to wall
temperature measuring location to the wall thickness

TC T, mean temperature of the coolant, °R; K

TCW T cw calculated coolant wall temperature (JCL program), 0R; K

TCWA Tow calculated coolant wall temperature (BL program), OR; K

TEST1 d, heat flux to coolant, Btu/(in.z)(sec); W/m2

TEST2  qg heat flux from hot gas, Btu/(in.%)(sec); W/m?

TG EG mean temperature of hot gas, °R; K

TGW T(x, 7) wall temperature, function of distance (measured into wall from
hot surface) and time (JCL program), °R; K

TWL (L, 7) wall temperature, function of time at x = L (BL program), OR; K

TWO T(O, 7) wall temperature, function of time at x = 0 (BL program), 0R; K

WRAD f frequency of temperature oscillations (BL program), rad/sec

WRADA f frequency of temperature oscillations (JCL program), rad/sec
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