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COMPUTER PROGRAM TO CALCULATE CONVECTIVE HEAT-TRANSFER 

COEFFICIENTS FROM HARMONIC TEMPERATURE OSCILLATIONS 

by Geraldine E. A m l i n g  and Ronald G. Huf f  

Lewis Research Center  

SUMMARY 

Two FORTRAN IV version 13 programs a r e  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 a r e  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 a r e  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  the 
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 a re  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. 



STATWENT OF THE PROBLEM 

Figure l(a) shows a wall that separates two moving fluids. The hot-gas-side fluid 
temperature TG is greater than the coolant temperature Tc, 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 l(b) shows what the wall temperature-might look like at any given instant in time. 
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Figure 1. - Basic heat-transfer model. 
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METHOD OF ATTACK 

If the hot-gas temperature is made to vary sinusoidally, the wall temperature will 

respond siilusoidally but will lag the driven temperature by an angle p . In addition, the 
amplitude of the wall temperature oscillation will be less than that of the driven tempera- 
ture. Both the phase lag q and the ratio of the amplitude of the wall temperature to the 
amplitude of the driven temperature 8/AT are, among other things, functions of the 
convective heat-transf e r  coefficients h. Finding the relation between the convective 
heat-transfer coefficients and the phase lag p, or the amplitude ratio B,/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 a r e  the hot-gas temperature TG, the wall temperature at 
any point x (T(x, 7)) and the coolant temperature Tc. 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 p or B,/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 a r e  given next. The 
one-dimens ional transient heat- conduct ion equation 1 

is solved for the temperature distribution in a wall that has convective heat transfer over 

its two surfaces (fig. 1). (Symbols a r e  defined in the appendix. ) The hot-gas side fluid 
temperature is driven sinusoidally and is given in equation form by 

1 All equations a r e  numbered to correspond with those in reference 1. 



- 
where TG is given. It 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. If 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 

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 

The solution for the wall temperature as a function of time and location within the 
wall consists of the sum of the transient 8(x, T) and steady-state Ts(x) solutions. The 

steady-state solution is found by setting aT/ar 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,,, respectively. 
This yields the usual linear temperature distribution with distance and can be written as 

The transient solution - 8 (x, T) is found by assuming the usual product solution: one 
a function of time only F(T) and the other a function of the location within the wall meas- 

ured from the heated side of the wall X(x). Equations (I), (3), and (4) a re  modified to 
account for the change in variable from T(x, T) to 8 (x, T) . The details of the solution of 
equation (1) using i ts  pertinent boundary conditions (eqs. (2) to (4)) a r e  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 matheinat ically as 



From the definition of rC/ 

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

where R is also given by 

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 

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

a r e  constant. 
(3) The convective heat-transfer coefficients on both sides of the wall a r e  constant. 
(4) The coolant temperature is constant. 
The details of the analytical solutions a r e  given in reference 1. However, the fol- 

lowing equations a r e  restated herein because they a r e  used by the computer program to 
calculate the heat-transfer coefficients. 

The equation involving amplitude ratio is 

= ~ ( ( k  - da)sin q~ 5 - (da + cb)cos ,L 5 eqL[2-(Xb)1 + (fa - eb)cosqL 5 - (ea + ,sin q~ 5 eqL(xb) 
ATG a2 + b2 L L I [ L L 1 r 

+ fb)cos qL 5 + (fa - eb)sin qL - db)cos qL + (da + cb)sin qL 5 eqL[2-(x'L)1 
L L L r r ( B 3 7 )  



where 

a = l -  ( q G + Q c ) + e  2qL[(bG + qc + +2rl.Gbc)sin 2 q ~  - (1 + qc + qG)cos 2 q ~  

c = (1 + qC)cos 277L - qc sin 2qL 

d = *, cos 2qL + (1 + qc)sin 2qL 

e = l - q c  

f = *  
C 

The equation involving phase lag angle is 

where 

A z -sin(q + qx) + e2qL C O S ( ~  + vx - 29L) + e 2d2L-x)sin(q - 77x) - 

- e 277(L-x)cos(q - qx + 2qL) (B39) 

2q(2L-x) 
B = cos(q + qx) - e2qL sin(q + qx - 2qL) - e - cos(q - vx) 

+ e 2dL-x)sin(q - qx + 2qL) (B40) 

c r s i n ( ~  + 7x1 + e2qL s h ( p  + qx - 2 1 ~ )  + e 2 ~ ~ ( 2 ~ - ~ ) ~ ~ ~ ( ~  - qx) - 

+ e 2"L-x)sin(q - qx + 2qL) (B41) 

D = -cos(q + qx) + e2qL cos(q + qx - 2 q ~ )  - e 2q(2L-x)cos(q - vx) 

+ e 2q(L-x)cos (q - qx + 2qL) (B42) 



G = -sin(q + qx) - e2qL cos(q + qx - 2 q ~ )  + e 2q(2L-x) sin(q - qx) 

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

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

DESCRIPTION OF BL AND JCL 

The computer program, BL, was written to calculate the heat-transfer coefficients 
hc 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 c, 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 T the wall temperature as a function of time at x = 0 

G' - 

T(0, T), the mean temperature of the coolant Tc, the frequency of temperature oscillation 
f ,  and the amplitude ratio 8/ATG . 

The coolant wall temperature Tcw is initially set  to a positive perturbation value in 
subroutine BALAN for the coolant temperature . 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 hc 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, Tcw is al- 
tered until the difference between the two ratios is less than l ~ - ~ .  

It should be noted that the B / A T ~  ratio as a function of the coolant wall temphrature 
has a pole at T(x, T) (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 hc 
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 TG, the wall temperature as  a function of distance (measured - 
into wall from hot surface) T(x, T), the mean temperature of the coolant Tc, the frequen- 
cy of temperature oscillation f ,  and the phase lag angle 8. The coolant wall tempera- 
ture Tcw 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. 

Calculated coolant wall temperature, Tcw 

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



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

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 
ETA 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 
CC 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, a t  x = 0 
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 10E8.4 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 



The program read in NR pairs of values, up to five pairs in card 3. Tf more than 
five pairs a r e  desired, more cards may be added. The NR pairs will continue to be read 

under the same 10E8.4 format. 

TABLX I. - SAMPLE INPUT FOR PROGRAM BL 
LTB~ I iiniwiwr 

M U H , % E ~  Id FORTRAN STATEMENT I lDENTlPlCITlON 

Program JCL 

The JCL program requires the following cards for input information: 

Card 1: Three values with 312 format (table 11, 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 

CC 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 11, line 3) under 10E8.4 format showing 
WRADA(1) frequency of temperature oscillation 

PHIRA(1) phase lag angle between driving gas temperature and responding wall 
temperature 



WRADA (NR) 

p HIR+A(NR) 

The program reads in NR pairs of values up to five pairs in card 3. If more than 

five pairs a r e  desired, more cards may be added. The NR pairs will continue to be read 

under the same 10E8.4 format. 

TABLE 11.. - SAMPLE' INPUT FOR PROGRAM JCL 
- - 

LIXE ( s i n i i ~ i ~ i  
N , ~ ~ ~ . ~ ~  El FORTRAN STATEMENT I IOENI I I ICCI ION 

OUT PUT 

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 

TEST1 
TEST2 
TEST 
HCT 
HGT 
ERROR 

R 

THETA 

calculated coolant wall temperature 

heat flux to coolant 
heat flux from hot gas 
ratio of heat flux to coolant to heat flux from hot gas (ideally should be 1.0) 
time averaged convective heat-transfer coefficient on coolant side of wall 
time averaged convective heat-transfer coefficient on hot-gas side of wall 
(1.0 - TEST) which is used by the program to test against the convergence 

criterion 
< 

ratio of convective heat-transfer coefficients 

final calculated value of ratio of the amplitude of wall temperature to amplitude 

of sinusoidally driven hot-gas temperature 



Program JCL 

TCW 
TEST1 
TEST2 
TEST 
HCT 
HGT 
ERROR 

R 
PSIC 
PSIG 
GR 

calculated coolant wall temperature 

heat flux to coolant 
heat flux from hot gas 
ratio of heat flux to coolant to heat flux from hot gas (ideally should be 1.0) 
time averaged convective heat-transfer coefficient on coolant side of wall 
time averaged convective heat-transfer coefficient on hot gas side of wall 
(1.0 - TEST) which is used by the program to test against convergence cri- 

ter ion 
ratio of convective heat-transfer coefficients 
convective heat-transfer parameter on coolant side of wall 
convective heat -transfer parameter on hot -gas slde of wall 
check on the zero of eq. (B51) which should be equal to 0.0000 

COMPUTER PROGRAMS 

These programs a re  written in FORTRAN IV and a r e  operational on the IBM 7094-2/ 
7044 direct-coupled system of the Lewis Research Center. Program BL uses approxi- 
mately 5 187) storages and Program JCL uses approximately 426 1) storages. Flow 
charts of the programs a r e  shown in figures 3 and 4. 

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



PROGRAM B L  - AMPLITUDE RATIO GIVEN 

I l l  

..................... 
* I 1 0  L l S T  I S  * 
* K, RH3. CC. L *  * 

XL. TG. TWO, TYL. * 
t TC, Y R A O i I I .  
* O M D T G I I I  * ..................... 

I 

I I 
I READ BCO I 
I U N l T  5  1 
I FORMAT 1 0 0  I 
I I 

1' READ BCO I' 
I U N l T  5  1 
I FORMAT 1 0 1  1 
I I 

I 2  ..................... 
I I D  L I S T  1 6  * 

t IROS. I S T A .  NR * 
***.**~******t****** 

I 6 
***t************t**tf 

* 1 1 0  L l S T  I S  * 
* l Y R A D l l I . D M O T G l I I , *  
* I = I . N R I  * ..................... 

..................... 
* I N I T I A L I Z E  
* S T A R T I Y G V I L U E S  * 

FOR I T E R A T I O N  * ..................... 

I I 
I READ BCO I 
I U N I T 5  1 
I FORMAT 1 0 1  1 
I I 

..................... 

* P R I N T  T I T L E  AN0 * 
* I N P U T  * ..................... 

I 
I 
I 8 

I TGY = TWO I 
I I 
I TCW = TC + 10. 1  
I I 
I I S 3  = 1 I 

I I 
I U R I T E  BCO I 
I U N l T  6 I 
I FORMAT 1 0 2  I 
I I 

I 2 1  ..................... 
t DEFINE HC * 

.................... 

t 1 1 0  L I S T  1 6  * 
t I(, RHO* CC. L. * 
1 XLI 16. TUO. TWL. * 

TC * ..................... 
- - - . - . . . 

C O N O I l I O N S  AND * 
* CALCULArE  R  RATIO ..................... 

I 

I I 
I Y R l T E  BE0 I 
I U N I T  6 1 
I FORMAT I 0 3  I 
I I 

* 1 1 0  L l S T  I S  * 
* IRDGI I S T A  * ..................... 

I 

* CALCULATE AND * 
COMPARE AMPLITUOE * 

t RATIOS * ..................... I ALPHA = I 
I K l l R H O i C C l  I 

I 
I 
1 1 2  

I B E G I N  DO LOOP I 
I 2 1 - 1 . N R  1 

I ETA = I 
I S Q R T l Y R A D i I I I I 2 - 0 * 1  
I ALPH41)  I 
I I 
I ETAL = ETA L  I 
I I 
I ANG = 2.0 * ETAL I 
I I 
1  SANG = S I N I A N G I  I 
I I 
I CANG i COSIANGI I 
I 1  
I EXPANG = E X P l A N G l  1  
I I 
I T H E r A l 2 l  = 1  
1  OMOTGlL l  I 
I I 
I ANGL = ETAL * XL I 
I I 
I EXPL = E X P l A N G l l  I 
I I 
I ANG2 I ETAL * I 
I (2.0-XLI I 
I I 
I EXP2 = EXPiANG2)  I 
I I 
I C O S l  = C O S I A N G I I  I 
I I 
I S I N 1  = S I N I A N G 1 1  I 
I I 
I P H l C  = K * ETAIHC I 
I I 
I P H I G  i R  * P H l C  I 
I I 
I PGPPC = P H I G  + I 
I P H l C  I 

I I 
I Y R l T E  BCO I 
I U N l T  6 I 
I FORMAT 1 0 4  1 
I I 

1 1 4  ..................... 
* I I O  L I S T  I S  * 

I ..................... 
I 

I I 
I Y R I T E B C O  I 
I U N I T  6 I 
I FORMAT 1 0 5  1 
I I 

I I 
I PGPC2 = P H I G  * I 
I P H l t  * 2.0 I 
I I 
I F  = P H l C  I ..................... 

I 

I I 
I WRITE BCO I 
I U N l T  6 I 
I FORMAT 1 0 6  1 
I I 

I I 
I Y R I T E  BCD I 
I U N I T  6  1 
I FORMAT 1 0 7  1 
I I 

Figure 3. - Flow chart for program BL 



PROGRAM B L  - AMPLITUDE R A T I O  GIVEN 

I E - ~ . O - F  I 
I I 
I P C P l  P H I C  + 1.0 I 
I I 
I O = F * C A N G +  I 
I P C P l  * SANG I 
r r 
I C = P G P l  * CANG - I 
I P H i C  * SANG I 
I I 
I B = IVGPPC-PGPCZI I 
1 + EXPANG t I 
I IIPGVPC+PGPCZI*  I 
I CANG+lPGPPC+l.Ol* I 
I SANG ) 
1 

I 
1 

I A = 1;O - PGPPC + I 
I EXPANG * I 
I llPCPPC+PGPCZI*  I 
I SANG-ll.O+PGPPCI* 1 
I CANG) 
I 

I 
1 

1 I 
I C E L 3 = F * A - E l  
I * B 
I 

I 
I 

I C E L 4 = E * A + F !  
1 
I * B  : 
I NUMl = I 
I l O E U * S I N l - O E L Z *  I 
I C 0 6 1 1  * EXPZ I 

I NUMZ = I 
I l O E L 9 t C O S l - O E L 4 8  I 
I S I N 1 )  8 E X P l  I 
1 I 
I NUM = NUM2 - NUMl I 
I I 
I DEN I I 
I 1OEL*WOSl+oEL3*  I 
I S I N i ) * E X P l -  I 
I lDEL3*COSl+oELZ* I 
1 5 1 8 1 1  * EXPZ I 

I C l F F  - A M P O T S -  I 
I O M O T G I I I  1 

I 
1 
I 3 

I I BALAN I 
1 3  I I 
I . I I T O Y ~ I G O I O ~ F F )  I 
I 0 1  I 
I l l  I 

I 
I 
I * 4 

* * 
* * * * 

TRUE* 
---* IGO .LT+ 1 0  * 
I *  * 
I *  * 
I * * 
I **** 
- * I *  * 
1 2 2  8 I F A L S E  **** I 

9 I 
I 
I 
1 
I 1  --- 

I 

I --- 
I I 
I 
I 
I 5 ..................... 

1 I J K  = 1 I 
I I 
I T C Y A l l J K )  = TCY I 
I I 
I H C T = H C  I 
I I 
I HGT = HG I 
I I 
I THETA141 = AMPDTG I 
I I 
I TEST1 = n C T  * I 
1 ITCY-TCI  I 
1 I 
I TEST2 = HGT * I 
I ITG-TGYI  I 
1 
1 

I 
TEST = I 

I T E S T l l T E S T Z  I 
I I 
I ERROR = 1. - TEST I 

I 
I 6 ..................... 

* P R I N T  OUTPUT 8 
..................... 

I 

I I 
I Y R I T E B C O  I 
I U N l T  6 I 
I FORMAT 1 0 9  I 
I I 

I I 
I Y R I T E  BCO I 
I U N I T  6 1 
I FORMAT 1 1 0  1 
I I 

I Y R I T E  BCO I 
I U N l T  6 1 
I FORMAT 111 1 
I I 

* 1 1 0  L I S T  I S  * T C Y A I I J K ) .  T E S T l ,  * 
* TESTZ. TEST. HCT. * * HGT. ERROR. R *  * 

1 
2 * 11 * * 

* 
* 

* 
* 

L O I E Q *  * ---* A 0 0  1 TO I r * 
I 8 COMPARE TO NR 
I *  * 
I * * 
1 **** * 
- * I*  I 
* 1 3  * 1 H I G H  **** I 

..................... 
* EN0 OF 0 0  LOOP * 
* VARIABLE I * ..................... 

1 
I 
I . . . . . - 1.01- . . 

FORMAT STATEMENTS 

... 1 3  . . . EXIT.  . . ... 

Figure 3. -Continued. 



PROGRAM BL - AMPLITUDE RATIO GIVEN 

SUBROUTINE BALAN 

PARAMETERS 1X.K.YI 

I BALAN I 

I 
2.03---I 

I 1 ..................... 
SUBROUTINE BALAN * ..................... 

I 
I 

I 
L.. . . 

* * . . ... 
BRANCH ACCORDING TO THE 
VALUE OF VbRlABLE I: 

. . . E X I T .  . . 
L.. 

..................... 
I 
I 
1 * 6 

* * * 
* 

* 
1 

FALSE* I 
I----------* A B S I V I  .LT. * 
I * 1.E-4 * 
I 
I 

* * * 
I 

* 
* * 

* 
I TRUE 
1 
I 

I 
1 
I ... 9 . - . E X I T .  . - . . . 

Figure 3. -Concluded. 

Program BL 

C 
C 
C * t 1 4 1 * 4 t * S 4 * + S * * 8 * * * 4 : * * * 4 ; P 8 t * * * ; P * * * * * * ~ * * * * * * * * $ * * # * * * * * * * $ * ~ * * ~ * * * * * 4 *  

C C O N b E C S I V E  H E A T - T R A N S F E R  C O E F F I C I E K S S  F R C M  H A R H C h I C  T E P P E R A T U R E  
C  O S C I L L P S I O N S  - A M P L I T L U E  R A l i C  G I L E h  
C 1 t * * 1 8 * ~ * * 1 4 * + ~ f S t * * 8 * * * 4 1 0 1 * * * 4 : * * * * 4 * * 1 0 * ~ * * ~ * $ * * * * * * * * * * * * ~ * * * * * ~ ~ $ * ~ * * *  

C 
L 
C  I R C G = R E  A C  ING h U M B E R  
C I S T P = S T P T I O N  K L M B E R  
C NR=hUMBER O F  R E A D I N G S  TC B E  CCMPLTED 
C K = T H E R M A L  C O N O L C  T I L I  T Y  CF h A L L  P P T E P I P L  
C R b O = C E N S  I T Y  OF h A L L  M A T E R I A L  
C C C = S P E C I F I C  H E A T  OF k A L L  P A T E P I A L  



L = l b  I C K N E S Z  OF k A L L  M A T E R I A L  
X L = R A T I O  O F  D I S T A N C E  M E A S C R E D  F R C N  H C T  G A S  S I D E  O F  T H E  W P L L  

TEMPERATURE M E A S U R I h G  L C C A T I C N  T C  W A L L  T H I C K h E S S  
T G = P E A N  TEMPERATURE CF HCT G b S  

T k O = h A L L  TEMPERATURE 9 F L h C l I  C h  CF T I P E *  X = O - 0  
T W L z k A C L  T E Y P E R A T U R E  F U k C T I  C h  CF T I N E *  X=L  

T C = C E P N  T E M P E R A T U R E  OF 1 H E  C C C L A h T  
WRAD=FREQLENCY OF T E M P E R A I L R E  C S C I  L L b T I C h S  

O M C T C - = R A l I U  O F  THE A M P L I T L D E  C f  THE k A t L  TEMPERATURE T C  T H E  
A M P 1  I T C O E  O F  THE S I  h U S C I D A L L Y  D R I V E N  H C T  GAS T E C P E R P T U R E  

PLPI -P=7 I -ERMAL D I F F L S I V I T Y  
E T P = F K E Q L E N C L  AND h A L L  P R C P E P T Y  F b R A M E T E R  

t-CA ( 1 l = L d h E K  L I M I T  OF C O C L A h T  S I C €  C C h L E C i I V E  H E A T - T R A h S F E R  
C C E F F I C  I E N T  

t-CA ( 3 1 =UPPER L I  M I  T  OF C C G L A h 7  S I D E  C C h V E C T I V E  P E A T - T R A N S F E R  
C O E F F  I C  I E h T  

I - C l = T i M E  A b E K A G E D  C O h V E C T I b E  H E A T - T P A k S F E R  C C E F F I C I E h T  CR 
C G O L A N I  S I D E  OF THE k A L L  

t - G T = T I M E  AVERAGED CUrVVEClE  bE h E A T - T R A h S F E R  C C E F F I C I E k T  Clu WCT 
G A S  S I D E  OF THE k A L L  

I J K = N b C B E R  O F  I T E R A T I O h S  
R = R A  1 I D  OF C O N b E C T I  VE H E A l - T R A A S F E R  C C E F F I C I E h T S  

T C h A = C A L C U L A T E 3  C O O L A k T  k A L L  T E Y P E R P T U R E  
T E S T l = t E A l  F L L X  TO THE C C C L A h T  
T E S T Z = t E A T  F L L X  FROM THE H C T  G A S  

L 
C 
~ 1 4 1 1 4 8 4 $ * $ $ 1 8 + * * 9 * * d * * 4 ; * * * * 8 * * * * 8 * * * * * * $ * * * * * * * * * $ * * * * * * * * * * * * * * $ * * * * * *  

D I M E N S  10N T C k A I  3C0) ~ h R A D 1 3 0 0 )  r C C O T G f 3 0 0 )  9HCA ( 4 )  r T H E T A ( 4 )  
E Q b  I L A L E N C E  t P S I C  r P H I C )  r (  P S I G r P H I G l  
R E A L  F ~ C V  h L M l r N L M 2  r N U M  TNE WERR 

~~l l l l ***4*$**#* t t t ****** t ;Cr8*****#f*************$*****%*****************  

C R E A C  I N P U T  
C 1  ~$l***ttt*ltS4**#************************$**************************** 

1 K E A C i  5,lCC 1 I R D G T I S T A  rNR 
R E A L (  5 , 1 0 1 )  K ~ R H O T C C ~ L ~ X L , ~ G ~ ~ ~ C ~ T ~ L ~ T C  
R! iAC(5,101)  ( ~ R A U ( I ) ~ O M D T G ( I ) ~ I = ~ T ~ R )  

C *  l t  * 1 * * * * 4 1 1 * * * 9 * + * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * $ * * * * * * ? * * *  
C P R I N T  7  I T L E  A N D  INPUT 
C l # * t 1 * * 8 * t t 4 t * * 8 * * * t $ * * * * * * * * * * * t 8 I r * 9 I p ; 3 : ~ ~ * * * ~ * * * * * 9 * ~ * * * $ * * * * * * * * * ~ ~ * * *  

k R  I TE ( C t  102 1 
k R I T E ( f r l C 3 )  I R D G t i S T A  
A L P t - A = K / (  RhO*CC I 
DO i I =  I? NR 
k R I l E ( t r l C 4 f  I 
W R I T E i  6 9  l C 5  1 
k R I l E (  f r l C t 1  
W R I T E 3  t r l C 7 1  K T R H O T C C  rL,XLrTGtTCGrTkLrTCrWRAD( 1) ,OCCTG( 1 )  

C * * * 1 * + * * * + * * * + + 4 + * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * # * * * * * * * * * * * * * * * * *  

C I N i T I A L I Z E  S T A R T I N G  V A L L E S  FOR I T E R A T I G N  
C*l*~l***l*~~*S***+t**********~~t***********~*****9********************* 

T C&=T hO 
TCw=TC + 10. 
I E O = 1  

C 4 l * # t * 9 ~ * * * * * * * * * * t * * * * * * * * * * * * * * * * * * 9 * * * * * * * $ * * * * * * * * * * * * * * ~ * * * * * * * * * *  

C D E F I N E  PC B O L N D A K Y  C O N D I T I G h S  A h C  C A L C U L P T E  R  R P T I C  
C*********t**** $************8****84Ip*18******#*******1******************  

F R = (  TG-1Eh  ) / ( T C b - T C  1 
t -G=-K*( 3 C b - T G h J / ( L * f T G - T G h )  1 
I-C=R*t-C- 



Ct l* *************************************************$****** ************ 
C C A L C U L C l E  AND CGMPARE A P P L I T L D E  R A T I C S  
C11***4*ttt***4*8*+******4*******Ir*.O:***8******************************** 

ETA=SQFT(  h R A O I  1 1 / 4 2 - C * A L P H A J  
ETAL=E 1A+L 
ANG=2, ( *E  7AL 
SANE= S IN (  ANG 1 
CANG=CC S i  PhG 1 
EXPANG=EXP ( A N G I  
T I - E l A I  i l =CMDTGI  I 4  
A N G l = E l A i * X L  
E X P l = E % P t A N G 1 1  
ANG2=E IPL*42 .C -X t  1 
EXP i = E  #P 4 ANG2 I 
CGSl=CCS(  P h G 1  I 
S I N l = C l h ( A N G l )  
P I - IC=K*ETA/ t?C 
PI - IE=K*PI -  I C  
PGPPC=PI- I G + P H I C  
PGPCZ=? I -ZG*PHIC*Z -C  
F=P I- I C  
E= 1 .C- F 
P C P I = P t l C i 1 * 0  
C=F*CAAG+PCP l * S A Y G  
C=PCP l*CANG-PP I t* SANG 
B=I  PGPFC-PGPCZ ) + E  XPAFuG*f (PGPPC+PGPC2) *CPhG+ fPGPPC+ l *O  1 *SANG1 
A = 1  .C-PGP PC+E XPANG*t (PGPPC+PGPCZ ) * S A h G - ( 1  .O+PGPPC) *CAKG 1 
DEL l = C * A - C * d  
C ELZ=C*P+C*B 
CEL 3=F*P-E*0  
CEL 4 = E * A t F * 0  
N U M I = {  CEL l * S I N l - D E L Z * C @ S l  f * E X F 2  
N U M i = (  CEL ? * C O S l - D E L 4 * S I N 1 1 * E X F 1  
NLH=NLCZ-NLH 1 
DEN=( CEC4*COS 1 + D E L 3 * S I N l  ) * E x p i -  (DE t l * C C S l + D E L 2 * S I N l  l * E X P 2  
AZPE!Z=P** 2 + 0 * * 2  
C O N = S Q P l (  h L M * * i * D E N * * Z I  
AMPCTG=CON / A 2 P B Z  
D I F F = P P P D  1E-OMDTG ( I  J 
C P L L  e P L A h ( T C k r I G t i t 0 I F F J  
I F (  IGO s L T * l C  1 GO TO 9 
I J K = l  
TCWAt I J K ) = l C h  
I -CT=kC 
I-GT=PC 
T t E f A 4  l=AMPDTG 
TEST1= i -CT* (  TCC-TC 1 
T E S T 2 = t C l * 4 T G - T G b  1 
TEST-1E'T l / T E S T 2  
ERROH=I,-JEST 

C 1 1 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  ************************ 
C P R I N T  CUTPLT  
C * * * * * t * + * *  t * * * * *+* * * * * * * t t * rP : * * * * t * * * *8 - t i# * * *$* * * *$* * *$* * * * * * l * * *$* * * * * * *  

W R I T E (  t r  L C 4 1  
WRITE4 t r i l C )  
W R I T E ( C * 1 1 1 )  T C k A ( I J K ~ ~ T E S 1 1 r T E 5 1 2 ~ T f S f r H C T ~ H G T ~ E R P C R ~ R ~ T H E T P ( 4 ~  

i C O N T I N L E  
GO 7 0  I 

C t*** ******* *** ********************************************* %*********** 



C FORMAT S T P I E M E N T S  
C*4**1****P******************t*t**************************************** 

1 0 C  F O R M A T ~ f I i  1 
1 C 1  F O K M A T t  1 0 E e - 4 )  
I C E  F O R M A T ( 1 2 C b 1 C O h b E C T I V E  HEAT-TRANSFER C C E F F I C I E N T S  FROM CARPCNIC TE 

I M P E R A T L R E  O S C I L L A T I O N S  - A C P L I T L D E  R A T I O  G I V E &  1 
1CS F O R M A T (  1 8 k C R E A C I N G  N k P B E R  = , I 2 r l O X , 1 8 H  S T A T I C N  k U C @ E R  = 9 1 2 )  
1 0 4  F O R M A l ( 4 H C R U N ~ I Z l  
1 C 5 F O R M A T ~ t ~ C i N P t l ~  
1CC FORMAT 4 l H C t 4 X  r 1 H K r  8 x 9  3HRHC EX g 2 H C C p 8 X  ~ ~ H L ~ ~ X ~ ~ H X L ~ ~ X ~ ~ P T G Y  7 X t 3 b T h ' t l  

I t  7 X r 3 k l k L  r7Xr2H7Cr7Xr4HkRADrbXr5HCPDTG) 
1 C 7  F O R M A T ( 1 H C ~ F 8 ~ 6 r 4 F l Q o 4 r 4 F l C ~ 1 ~ 2 F 1 0 ~ 4 )  
1C t FORMA 1 ("kc I T E R A T I O N S  EXCEED 5 C  1 
1CS F O R M A l ( 7 H C O L T P L I 1  
1 1 C  F O R P A I  ( l H C ,  3 X t 4 H T C h A r 5 X t 5 H l E S T l t 5 X  9 5 H T E S T 2  r 6 X  v 4 H T E S T t 6 X r 3 H F C T l  7 x 9  3 

I F b G T p  C > r  S k E K R O R t 7 X r L H R  t 7 X , 5 H l H E l A )  
111 F O R M A T { l H C , F 8 - I y  3 F l O o 4 ~ 2 F l C c 6 ~ 3 F 1 0 . 4 1  
1 1 2  F O R M A T ( 5 5 k C S O L l T I O N  I S  D X k E P G I h G  1 

EN C 

S U B R U L I I N E  B A L A N ~ X I K I Y )  
GO TO ( 1 , i ) r K  

1 X l = X  
Y  1=Y 
X = X i X I  10. 
K = 2  
R E T L R N  

i X 2 = X  
Y Z = Y  
I F (  P B ' O  1 .LT.  I m E - 4 ) K = L 5  
X=(X2-rl)/(Y2-Y1l+(-YL)+X1 
x 1 = X 2  
Y 1 = Y 2  
R E T L R N  
E N 0  

Program BL Output 

CONVECTIVE I-EPT-TRANSFER COEFFICIENTS FRCM HbRMONIC TEMPEFATURE OSCILLdTIONS - AMPLITUDE RATIO GIVEN 

R E f C l N G  NUMBER = 1 STATICN hUMBER = 1 

RUN 1 

INPLT 

K RHO CC L XL TG TWO TWL TC HRAO OM0 TG 

0 . ~ 0 ~ 2 ~ 3  ~ . 2 e t 0  0.1170 c.0600 0.1667 960.0 658.0 658.0 57C.6 1.2390 C.1538 

OU'IPL3 

TCkA 1ES11 TEST2 TEST HCT HGT ERRCR R TI-ETA 

615.0 C.1344 0.1344 0.9998 0.002775 0.000445 0.0002 6.235C C.153e 

*01* bNITC5, EOF. REC= CCOOC FIL= 0 0 0 0 2  



PROGRAM JCL - PHASE LAG ANGLE GIVEN 

..................... 
* I 1 0  L I S T  I S  * 
* K. RHO? CC. L. * 
* XL. TG. TGY. TC * ..................... 

r 1 1 0  L l S T  I S  * 
t K, RHO. CC. L. * 
* XL. TG. TGY. TC. * 
t Y R A D A I J J I ,  * 
* P H l R A l J J I  * ..................... 

I Z ..................... 
READ INPUT 

.**l****.*.****.****. 

I I 
I REAO BCO I 
I U N I T  5 1 
I FORMAT 1 0 1  1 

I I 

-- 
**********.****t***tt 
* I N I T I A L I Z E  * 
* STARTING VALUES * 
r F O R I T E R b T I O N  * ..................... 

I 
I 2 1  ..................... 

I I J K = l  I 
I I 
I T C Y A I I J K I  ' TGY I 
I I 
I TCY = TGY I 
I I 
I YRAO = Y R A D A I J J I  1 
I I 
I P H I  = P H I R A I J J I  I ..................... 

I 

I I 
I *€AD BCO I 
I M N l T  5 1 
I F M M A T  LOO I 
I I 

*+tttt+*+**tt+t+*rtt* 
1 1 0  L I S T  I S  * 

8 I u R A D A I I I ~ P ~ ~ R A I I I *  
t . I= I .NRl  * 

I 
I 9 ..................... 

t PRINT T I T L E  AN0 * 
t INPUT * 
..................... 

I 
I 2 2  ..................... 

t CALCULATE R R A T I O  * ..................... 
I 

I I 
I WRITE BCO I 
I U N l T  b I 
I FORMAT 1 0 2  1 

I 

I '  REAO BCD I 
I u n n  5 1 
I F M W T  1 0 1  I , I 

I 
I 11 

I I 
I Y R I T E  BCO I 
I U N I T  6 1 
I FORMAT 1 0 3  1 

I 

I ALPHA = I 
I KI lRHO*CCl  I 
I 1 
I X ' L * X L  I 

I ETA = I 
I SQRTlURAOII2.0* I 
I ALPHA11 I 

1 

I ETAL = ETA L I 1 1 
I 1 2  ..................... 

* 1 1 0  L l S T  I S  * 
8 IROG. I S T A  * 
***t******.********.t 

I 
I 
I 1 3  

I ETALZ = ETAL * I 
I 2.0 
I 

I 
I 

I ETAX = ETAL * XL I 
I I 
I ANG1 = P H I  r ETAX I 
I I 
I S I N 1  = S I N I A N G L I  1 
I I 
I c O S l  = C O S l A N G l l  I 

I BEGIN 0 0  LOOP I 
1 5 JJ = 1. NR I 

I ANG2 = ANGL - I 
I ETALZ I 

I SET J J  = 1 1 

I I 
I S I N 2  S I N I A N G 2 1  I 
I I 
I COSZ = COSIANGZI I 
I I 
I ANG3 = P H I  - ETAX I 
I I 
I S I N 3  = S I N l A N G 3 1  I 

I I 
I Y R I T E  BC0 I 
I U N I T  6 1 
I FORMAT 1 0 6  1 
I I 

1 AN64 = ANG3 + I 
I ETALZ I 
I I 
I S I N 4  = S I N l A N G 4 1  I ..................... 

I 

I 
1 1 5  ..................... 

1 1 0  L l S T  I S  * 
J J  ..................... 

; Y R I T E  BCO I 
I U N l T  6 1 
I FORMAT 1 0 5  1 
I I 

! 

I I 
I Y R I T E  BCO I 
I U N l T  6 I 
I FORMAT 1 0 6  1 
I I 

1. WRITE BCD I 
I U N l T  6 I 
I FORMAT 1 0 7  1 , I 

Figure 4 - Flow chart for program JCL 



PRBGRAP J C t  - PHASE LAG ANGLE GIVEN 

I EXPZ = I 
I EXPtE lALZ* lZ .O-XLJ I  
I > I 

I I 
I A = - S I N 1  r I 
I EXP2 t COSZ + I 
I BXPZ * U N 3  - I 
I EX03 * C O S I  I 
I I 
I B = CBS1 - E X P l  * I 
I S I N 2  - EXPZ * I 
I C O W  + EXP3 * I 
I S I N 4  I 
I I 
I C = S I N 1  + E X P l  * I 
I SINZ + EXPZ * I 
I S l W  + EXP3 * I 
I S I N 4  
I 

I 
I 

I 0 = - COSI  + I 
I E X P l  * COSZ - I 
I EXPZ * COS3 + I 
I EXP3 t COS4 I 
I I 
I E = S t N 1  - E X P l  * I 
I 9 I N Z  + EXPZ I 
I S I N S - E X P 3 *  I 
I S I N 4  I -------------- 

I 
I 2 

I F - COSL + E X P l  * I 
I S I N 2  - EXPZ I 
I COSS - EXP3 * I 
I S I N 4  I 

1 
I 3 

***..**.***C*******.t 
t 6 0 L M  FOR R W T S  + 
t O* CUBIC EQUATION ***.***.*******.***** 

I BEGXN DO L m P  I 
I 6 K K - I r a  I 
I I 
I SET KK 1 1 I ------ ------ 

I 
Z107----1 
6 I 6 

. ~ 

I CONVdKKI - CRTRN I 

I 
I 
I 
I /  -- 

/ 

LOIEQ*  
--• A 0 0  1 TO KK. t 
I COMPARE TO 3 * 
I *  
I * *  
1 **** * * 
- * z *  * 
* 0 6  * 1 HIGH 

**a* 1 
6 1 

I 
I 

* EN0 OF 0 0  LOOP 
VARIABLE KK ..................... 

I 

I I RTPOLV I 
1 5 IlN.AAr5O.l.E- I 
I . I7eUU.VV.CONV. I 
I 0 1HH.BB~CCC.OD. 1 
I l l  E E I  I 

* CHECK FOR t 
* P O S I T I V E  REAL * ROOT ..................... 

I BEGIN DO LOOP 1 
1 7 K T = l . 3  1 
I I 
I SET KT = 1 I 

TRUE * V V I K T )  .NE. *-------------I 
* 0.00 * * I 

I 
t *  I 

* * I 
1 

IFALSE 
I 

I 

I 
I 
1 

I 
I 

I 

I 
I 

1 5  I 
I 

I KK = KT I 
I 

I 
I I 

I KOUT I KOUT + 1 I I 

, I 

I LOIEQ*  * 
I-------* A00 1 TO KT. * 

8 COMPARE TO 3 8 * * 

I HIGH 
I 
I 
I 
I 
I 1 7  ..................... 

TRUE* 
---* KOUT .NE. 0 * 
I *  
1 .  
I *  
I **** * r 
- * 3 *  
* 0 1  * I F A L S E  **** I 

8 I 
I 
I 
I 1 9  

/ / 
/ WRITE BCD I 
I UNIT 6 / 

/ FORMAT 1 1 2  I 
I / 

I 
I 2 0  

..................... 
1 1 0  L I S T  I S  

NR ..................... 
I 

* END OF 0 0  LOOP t 
8 VARIAELE K T  * 
..................... 

I 

Figure 4. - Continued. 



PROWIAP JCL - PHASE LAG ANGLE GIVEN 

t *  
* I  * 

8 TRUE 
* KOVT -€a. a * * * * * * *  

1 FALSE 
I 

I 1 

I KOUT = 0 I --------------.- 
I 

------ 
I lEGtN DO LOOP I 
1 9 K T i  1.3 I 
I I 
I S E n K T = l  I 

* 8 * * * 
1 FALSE 
I 
I 
I 
I 
I 5 . . 

I (  
I I 1 K K - K T  I 
I 1 1  I 
I I I KOUT = KOUT 1 I 
I ( ---- 
I Y I 
I 
I 
I 

I 
6 

I 
9 * 

* 

I 
I 1 

***,***,****t**..**** 
EN0 OF 00 L00P * 

t VARIABLE KT * .***... *.******.***a* 

* 
t TRUE 

* KOUT .EP. 1 L---- * * 

I TRUE* 
-1 I--------* UUIKKI .LE. * 

I * 0.00 * 

I 
I IFALSE 
I I 

I 
I I 

A I 12 1 I2 
1 1  
I I I REAL2 = UUIKKI I 
I 1  I I 
I 1  I REAL1 = REAL2 * R 1 
I 1  1 I 
I 1  I GR = I 
I I IiREALZ+Z131I* I 
1 1  I REALZtLl2Il * I 
I I I R E A L Z + Z l l I  I 
I I 1 I 
I I I HCT = I 
1 1  I (K*ETAI/REAL2 I 
1 1  I I 
I I I HGT s I 
I 1  I IK+ETAl/REALl I 
I 1  I I 
I I I PSlC = REAL2 I 
I I I I 
1 1  I PSlG = REAL1 I 
1 I 
1 1  I 
7 ,  1 . . 
! !  I 13 

I*... **************** . . 
1 1  8 CALCULATE AN0 * 
I I * COMPARE COOLANT * 
I 1  t WALL TEMPERATURES * 
1 1  ..................... 
I I I 

* I 
1 FALSE 
I 

I 
I 

8 I18 LIST 16 * 
1 NR 
t t t t * t * . * t t U * t R t * * l *  

I 

I IJK = IJK + 1 1 
I 

i TCYAIIJKI ' TGY - I 
I H G T t L *  I 
I ITG-TGYIIK 1 
I I 
I TCY = TCYAlIJKl I 
I I 
I TEST1 = HCT * I 
I ITCY-TCI I 
I I 
I TEST2 = HGT * I 
I ITG-TGYl I 
I I 
I TEST = I 
I TESTlITEST2 I 
I I 
I ERROR = 1.0 - I 
I TEST I 

I 
I 

TRUE* 
---I ASSIERRORI .LT. * 
I * -01 * . . 
I * *  
I **** * * 
- * 4 *  * 
I 01 IFALSE 
tt*. I 

4 I 
I 

I I 
I TCY = TCWAIIJKI 1 

I 
I 
I 

* * 17 

* * * * 
TRUE* * 
--• IJK .LT- 50 * 
I *  

I ***I 8 
- * I *  8 
t 23 IFALSE **** I 

I' YRlTE BCO I' 
I UNIT 6 1 

/ FORMAT 108 I 
/ I 

Figure 4 - Continued. 



PRBGRAN JCL - PHASE LAG ANGLE GIVEN 

I 2 
*tC**************.*** 
8 P R I N T  OUTPUT * ..................... 

I 

--------- 
/ I 
I W R I I E  BCO I 

/ U N ( T 6  1 
I 6ORNAT 1 0 9  1 

I I 

/ I 
/ WRITE BCO / 

UNCT 6 1 
I FORNIT 1 1 0  1 

I I 

/ WRITE BCD I 
I U N I T  6 1 

/ 60RMAT 111 / 
/ I 

I 
I 
I 6 

..................... 
t 1 0  L I S T  I S  8 * TCWA(1JKI. T E S T l .  * * l E S r 2 .  TEST, HCT. 8 

* HGT. ERROR* R. * PSlC.  PSIGI GR 
*****D***m*******a*** 

I 
2.20--*--I 

I 
5 * 7 * * 

8 
* 

1 

COlEP* 1 
-* LOO 1 TO J J .  8 
I CUMPARE TO NR 8 
I * I 
I * 
L * *a t  * 
- 8 1 8  t 

* 1 4  * 1 HI.GH 
8I.t I 

1 
I 

I B ..................... 
* EHD OF DO LOOP * B A R I A B L E  J J  * 
*****D*************** 

I 
I 
I 9 

/ WRITE BCO I 
/ UNlIT 6 1 

/ 60RMAT 1 1 4  1 
I I 

FORMAT STATEMENTS 

- - --- -- - 
/ I -------- 

I 
I 
I ... 1 0  . . . EXIT.  . . . . . 

Figure 4. - Continued. 



PRBGRAP J C t  - PHASE L A G  ANGLE G I V E N  

SUBROUTINE RTPOLV 

I R T P O L Y l  --- - - --- 
I 

2.10---I 
I 1 ..................... 

* SUBROUTINE RTPOLY * ..................... 
I 
I 
I 2 

I NSAVE = N I 
I I 
I N N = N + l  I 

I B E G I N D O L O O P  I 
I I I = l r N N  I 
I I 
I S E T I - 1  I 

I 
'---------------I 
A 1 I 4 
I 
I I H I 1 1  = A l l 1  I 
I ------------------- 
I 
I 

I 

I 
1 

I 
I 

I 
5 

* * 
I * 
I 

* 
* 

I L O I E Q *  t 
I--------* &OD 1 TO I, . 

* COMPARE TO NN 8 
1 * * * * 

* EN0 OF DO LOOP 8 

* VARIABLE I * ..................... 
I 
I 

I 0 ..................... 
* EXTRACT ZERO * 
I R ~ ~ T I  

Figure 4. - Continued. 



PROGRAM JCt - PHASE LAG ANGLE GIVEN 

S U B R M I I I N E  RTPOLV 
I --- 

I 
4. * 3 * *  

t 
* 

* 
* * 

* I + )  * N *-------I I N I T I A L I Z E  PIQIETC * * I 

* t 
I + )  * * 1-1 ---* N - 1 *-------I RESTORE N. RETURN- 
I *  * I 

1 N = NSAVE I ..................... 

. . . E X I T .  . . . . . 

Figure 4. - Continued. 



PRBGRAU J C I  - PHASE LPG ANGLE GIVEN 

---- S U B R W I I H E  RTROLY 
I -- f 2 0  I --- I I 

1 I 
6.05----I I 

I 1 I ------ 1 3  ..................... 
I N N h N I I  I 
-_-____--A- 

+ END OF 0 0  LOOP * 
VARIABLE J * 

I ..................... 
I 

REPLACE X BY 1 1 I X I  

1 34 1 ----- --- 
I 

7.14--*-I 
1 1 5  

I 2 
*.l.*.,**,.*..t..*.** 

8 SCALE * 
COEFFICIEMTS OF * 

POL*UO*1PL. * 
I," *.*..**.*.*.*...** 

1 

I BEGIN 0 0  LOOP I 
1 3 6 J = I . M  I 
I I 
I S E T J i l  I 

I 

A I 1 7  
I 
I I HH = H I J I  I 
I 1  I 
I I M n M = N + 2 - J  I 
1 1  I 
I I H I J I  = H I H l R l  I 
1 ..................... 
I I 
I I 
I 3 6  1 1 8  
I 
I I H I H M n l = H H  I 
I 
I I 
1 1 
I I 
I 
I * *  1 9  

I BEOIN 0 0  Z W P  I 
I a0 J a 1 5  NN I 
1 I 
1 S E T J - 1  I -------------- 

I 
----I 
1 I 
I 5 
I * I  
I * 
I * 
I .  * I 8 1  
I v H l J l  *----I 
I = * I 
I *  * I 
I 8 I 
I * I 
I I 
I I (-**I I 
I 1 I 
I I I 
I I I 
I I I 
I 24 I 6 I 
1 I 
I I 1 . 1 ,  I I 
I I L O G I I H I U I I  I I 

----------------I 
I I v 
I I 
I I 
1 40 * 7 
I * *  
I 
I 
I L O I E P *  * 
I--* LDD 1 TO J. * 

I CLMPARE 1 0  NN * * 

I * 
I *  * 
I L O I E P *  
I----* A 0 0  1 TO J. * 

* CORPARE TO R * 
t 

I 
I 
1 2 0  ..................... 

* EN0 OF 0 0  LOOP * 
* VARIABLE J * ..................... 

I 

*"+..**.****..*.u** 
1 EN0 0 6  0 0  LOOP * 

VARIABLE J * 
..................... 

I 
I 
I 1 0  ----------- 

I =GIN DO I M P  I 
1 3 2  J = Lb NN I 
I I 
I S E T J - I  I 

I 
------------I 
A 3 2  1 11 
I ---- 
I 1 H l J l  = H l J B  * S 1 
I - 
I I 
1 I 
I I 
1 * 
1 . 1 2  

1 * 
I *  I 
I k O l E *  . 
I---* ADD I 1 0  J. * 

CC?PAUE 1 0  NN * 
* 

t 
8 
I HIGH 
I 
I 
I 
I 
I 
1 I --- 

I 

Figure 4. - Continued. 



PRBGRAU J C I  - 9HASE LAO ANGLE GIVEN 

-- S U B R W T I N E  RTPOLY 

/ GB E -- 

A I 
1 2 1 2  I 2 1  
I 
I I U l N l  = - PIZ .  - I 
I I SSSS I 

* * * 
# + I  C * I O L  ---. 2 - N .-.-a 

I I 
li I * 
1 1  * 
1 9 1 .  a 1 
- * a *  * 
103. 1 1 - 1  
1-t I 
4 I 

I 
I 

52 1 4 ------ ---- 

QUADRATIC EPUATION 

*.***,*******l)**.*II** 
8 BEGIN I ' IERAIIIONS * 
*..*...**..**.*****tt 

I 1 
1 s s s s  - I 
I OSQRTIOABSISSSJI I ------ ------ 

I BEGIN DO LOOP I 
1 2 2 0  J = 1. NN I 
I I 
I S E T J i l  I 

I 

I 
I 
I 9 

-+ ------- 
I BEOIN DO COOP I 
I t 2  J 1 36 NN I 
I I 
I I E T J - 3  1 ------------ 

I 
--------I 
A I 1 0  
I --------- -- --- 
I I 8 l J l  9 H I 4 1  - I 
I I eOJ-11 * P - I 
I I BIJ-21 1 a I 
1 -------.. 
I 1 
I 1 
1 62 I 11 
I --I----- 
1 I C 1 J l  * 8 1 0 1  - I 
I 1 1115-1) * P - I 
I I CIJ-21.a I 
I --- ----- ---- 
1 I 

t ~ L O I E P ~  
* A 0 0  I TO J. *----I 
* COMPARE TO NN * * I U l N l  = - P I 2 .  I 

I I 
I UtN-11  - U l N 1  I 
I I 
1 V I N I  - 5 5 5 %  I 
I I 
I V I N - 1 1  - - SSSS 1 

I I 1 HIGH 
I 1 I 

2 1 0  1 2 0  I I 
I I 

I U t N l  = - PIZ. + I I I 
I 5 5 5 s  1 I I ..................... 2 8  

1 ..................... 
I I EN0 OF 0 0  LOJP 
I I t V I R I A B L E J  
1-----------------I ..................... 

I 

Figure 4. - Continued. 



PIWIGRAY JCL - PHASE LAG ANGLE GIVEN 
SUBROWTINE RTPOLV 

I -- 
f I 

I 
I 
I 1 

.**,***.****a******* 
END OF 00 LEOP * 

8 VARIABLE J * 
***b*******W**.***L. 

I 
I 
I * 2 * .  * * 

* 

11-/+I * * 
I 101-I* * 
1 ---; OABSlBiNll * 
I I *  * 
I I *  * 
I I * * 

168 * 7 I **** * * 
* * -1 10 * 1 

* * * 01 * I I + >  
8 t *+*+ I 

8 * l+l 70 I 
X I -  --------" I 

*DABSIBINIIHINI)* --------------------+--I 
t a b 4  * * 

I 9 ..................... 
* 8 I BINNI = HINNI - I 

* 1 BIN-11 * Q I 
1101-1 --------------------- 
I I 

Figure 4. - Continued. 



PROGRAM JCL - PHASE LAG ANGLE GIVEN 

SUBRWTINE RTPOLY 

L INEAR EQUATION 

I C I I I  H I 1 1  I 
I I 
I E t l l  ;i O. I l1  I 

I BEGIN OC t( lDP I 
1 1 2 J 1 2 + N N  I 
I I 
1 S E T J - 2  I 

* 8 4  I 2 2  
* * ..................... 

* I R - R -  I 
I O I N N I I E I N I  I 

1 I 0 1  
I I 

I U I N I  = R I 
I I 
I V I N I  = 0. I 
I I 
I CONVINI  = XK I 
I I 
I N - N - 1  I 
I I 
I N N = N + l  I .................... 

I 
I 

I 
1 * 
I t O I E Q t  
I----* e o o  a T o  .I. * 

CINPARB TB NN * * * 
* * * 
I HIGH 
1 
I 

I 6 
*,***l****.**R****.** * E n 0  OC 0 0  LOOP * 
I YPRILBLE J * ..................... 

I BEGIN DO LOOP I 
I 1 0 8  J  = 1. NN 1  
I I 
I S E T J r I  I 

I 

A 1 0 8  I 1 6  
I 
I 1 H l J l - D I J I  I 
I 
I I 

* * * *  * 
I H I G H  

I 
I 1 8  ..................... 

END OF 0 0  LOOP * VARIABLE J  
..................... 

Figure 4. - Concluded. 



Program JCL 

b I E F ' I C  J C L  

C 
C 
C 4l t a****+** *************8********************************************** 

C CONVEC 1 I V E  HEAT-TRANSFER C C E F F I C a E N l S  FRCM HARCCNI  C TEPPERATURE 
C O S C I L L 6 7 I O N S  - PHASE LAG AhGLE  G I L E N  
C*$$444+$***t**+*4*4:**rPr9t*8*********8*********************************** 

C 
C 
C IROC=READING NUMBER 
C I S l P = S T A T I O N  NUMBER 
C NR=NU#BER OF DATA P O I N T S  TC BE CCHPUTED 
C K=THERMAL CONDLC T I  V I  TY C 6  k A L L  F A T E P I A C  
C RHO = D E N S I T Y  OF WALL HATE P I AL 
C C C = S P E C I F I C  HEAT  OF WALL N A T E P I A L  
C L = T H  ICKNESS OF H A L L  H A T E R I A L  
C X L = R A T I O  OF D I S T A N C E  MEASURED F R C P  HOT GAS S I D E  C F  THE WbLL 
C TEMPERATURE MEASURIhG L C C A T I  CN TO k A L L  T H I C K k E S S  
C TG=MEAN TEMPERATURE CF HCT G d S  
C T G k = k A L C  TEMPERATUREIFLNC'I I C h  fF D I S T A N C E  
C TC=MEAN TEMPERATURE OF THE CCCLART 
C WRADA =FREQUENCY OF TEMPERATURE C S C I L L b T I  CRS 
C P H I R A = P H A S E  L A G  ANGLE B E T k E E h  THE D R I V I N G  GAS TEMPERATURE AND T P E  
C RESPONDING WALL TE tPEPATURE 
C A L P k b = l k E R M A L  0 I F F U S L V I T Y  
C ETA=FKEQCIENCY AND WALL PPCPEPTY PARbMETER 
C GR=CUBIC E Q L A T I O N  CHECK CF RCCTSw SHOULD bPPROXIMATE Z ERC 
C k C T = T I M E  AVERAGED CONVECT1 GE HEAT-TRANSFER C C E F F I C I E h T  ON 
C C O O L A N l  S I D E  OF THE k A L L  
C l-G7 = T I M E  AVERAGED CONVECT1 LE HEAT-TRANSFER CCEFF I C I E h T  CN HOT 
C GAS S I D E  OF THE k A L L  
C I JK=NLMBER O F  I J E R A T I  ONS 
C i I = R A T I O  OF C O N V E C T I V E  HEAT-TRANSFER C C E F F I C I E N T S  
C P S I G = C O N V E C T I V E  HEAT-TRANSFER FARACETEP CN THE HCT GAS S I D E  O F  
C Tl-E WALL 
C P S I C = C O N V E C T I V E  HEAT-TRANSF ER FARACETER CN THE CCCLART S I D E  CF 
C Tl-E WALL 
C l C L = C A L C U L A T E D  COOLANT k A L L  TEMPERATURE 
C T E S T l = k E A T  F L l X  TO THE COOLAhT  
C TESTZ= t -EAT  F L L X  FROM THE HOT G A S  
C CONV=CON bERGENCE C R I T E R I G k  L S E D  F C R  EACH ROOT 
C 
C 
C 4 1  t #******************************************************************* 

DIMENS ION kRADA i l O G ) r P H I R A ( l O C )  t T C k A I 1 0 0 )  ti!(+) p C C N V t 4 )  
COUBLE P R E C I S I O N  H H 1 4 )  rBf3 1 4 )  r C C C ( 4 )  rDD ( 4 )  r E E ( 4 )  r P A ( 4 b r U U l 4  I r V V ( 4 )  
R E A L  L r K  
DATA C P I R N I L a E - 5 /  
P  I = 3 *  1' 1 5 5 2 6  
P  I 0 1 8 C = P i / 1 8 0 .  

i 4 *  t $*+*8****9rPr***+$*****4*************1)*************#******************* 

C REAC I N P U T  
C * * * * * * * * + * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

1 REAC( 5  l O C  1 IRDGI I  STArNR 
REAC( 5 1 1 0 1 )  K I R H O ~ C C I L ~ X L ~ T G I ~ G ~ ~ ~ C  



R E A D ( 5 , l C l )  (HRADA(I)ePHIRAfIlrI=1eFJRl 
C** *44 *+ * *8$  t*8+*****t*********rP:**4**419*********************#********** 

L P R I N T  l I T L E  AND I N P U T  
C**t*t**+***t********************************************$************** 

WRITE  ( 6 ,  l C 2 )  
W R I T E (  t r  l C S )  I R D G r I S T A  
DO 5 J J z l t N R  
W R I T E (  t, 1 C h )  JJ 
W R I T E (  t r  l C 5 )  
WR I T E  t r  l C t )  
W R I T E ( t r l C 7 )  K ~ R H O , C C , L , X L ~ T C r l G k ~ T C ~ L r P A D A ( J J )  , P H I F E ( J J  1 

CS**4 t * * * *+ *  #8*****.9:*4:*******************************************$****** 

C I N I T I A L I Z E  S T A R T I N G  V A L L E S  F C R  I T E R A T I C N  
C *4 tS* * * * * * * * * * * * * * * * * * * t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

I J K = l  
TChA4 I JK )=TGk 
TCk=TC C 
kRAC=hPACA (JJ 1 
P b I = P P  I R A I J J  

C * * 9 * 4 * * * * * + * + * * * * * * * * * * 4 : * * * * * * * 8 * * * * t * * * $ * * * * * * + * * * * * * * * * * *  ************ 
C C A L C i L b l E  R R A T I O  
C4**~**+t**41***+***********************************4***~*************** 

4 R=(  7G- 1Gk 1 / I  TCb-TC 1 
PLPkA=K/ (RHO*CC 3 
X=L+XL  
ETP=SQP1(  bRAD/ (Z *O*ALPHA)  
ETAC=E l A *  L  
ETAL2=ETAL*2 .0  
E T A X = E l b L + X L  
A N G l = P J - I + E T A X  
S I N l = S  I N 4  ANG1)  
COS l = C C S I  AhG I )  
ANGZ=LNC 1-ETAL 2  
S  IN2=,C l N ( A N G 2 )  
COS2=EGSt ANG2 1 
ANG3=Pl-I-  ETAX 
S I N 3 = I  1Nf  ANG3 3 
COS?=COS( ANG3 1 
ANG4sAkG3  t E T A L 2  
S IN4=S l N ( A N G 4 )  
CO S4=CC S t  ANG4 f 
EXP ] = E L P I  E T A L 2 )  
EXPZ=EXPf  E T A L 2 * (  2 - 0 - X L )  1 
EXP3=EXP{  E l A L Z * (  1 - 0 - X L ) )  
A=-51N 3 +EXP l *COSZ+EXP2*S I  N3-EXP3*COS4 
B~COSI-EXPl+SIk2-EXPZ*COS3+EXP3*SIN4 
C=SIN 1 t E X P  l * S I N Z + E X P 2 * S i N 3 + E X P 3 * C I  F;4 
D=-COS l + E ) r P l * C O 5 2 - E  XPZ*COS3+E)cP3*COS4 
E=S I N  I -EXP  l * S I N  Z+EXP2* 5 1  N 3 - E  XP3*51  N4 
F=COS I i E X P  l *S IN2 -EXP2*CGS3-EXP3*Z IN4  
G=-SIN I - E X P l * C O S 2 + E X P 2 * S I  N3+E WP3*COS4 

Cll*tt8***+*4*8*+$***********$****4**4******4********************4****** 

C SOLVE FOR ROOTS OF C U B I C  E Q L A T I C h  
Ctl**l******t*********************************************************** 

2 4 3  J = t C i R * 1 C + D ) ) I I R * ( F + G ) )  
Z (  Z ) = (  i*O*A+R*(A+B))/(Z-O*R*iF+G)) 
Z( l ) = E / I  ZaC*R*(F+G)  1 
Z( 4 1 ~ 1  a 0  
A A 1 2  ) = 2 1 3  f 



A A ( ? ) = Z ( i ; )  
A A ( 4 ) = 2 ( 1 )  
PA( 1 ) = I  o O D C  
DO C K K = l v ?  

C CONV( K K  I=CRTRN 
N=? 
C A L L  R ~ P O L Y ( N ~ A A ~ ~ O , ~ - E - ~ ~ L U ~ \ ~ V V C C N V  9HH ,eB,CCC,CC,EE 1 

C  $**9***************************************************************** 
E CPECK FOR P O S I T I V E  R E A L  ROET 
Ct4*$********************8*$********************************************** 

KOU l = C  
C 0  7 K I = l r 3  
I F 1 V V I K T ) o N E . 0 1 0 0 )  GO TO 7 
KK=KT 
KOL l = K O L T + l  

7 C O N T I N l E  
I F ( K O C 1  o N E . 0 )  GO TO 8 
M R I T E ( t r l l 2 )  NR 
GO TO 5 

e IF(KOLI.EP.~) GO TO 11 
KOUT=C 
GO S K7=1,3  
I F [ U U ( K l ) o L E . C - O C 1  GO TO 9 
KK=KT 
K O U l = K C L T + l  

S C O N T I N t E  
IF (KDL l .EQ .1 )  GO TO 1 2  

1C W R 1 7 E ~ C 1 1 1 3 )  NR 
GO TO 5 

1 1  I F ( U U I F K ) . C E . O * D C )  GO TO 1 C  
1 2  R E A L 2 = L L (  K K )  

R E A L l = P E A L E * R  
GR=I(REAl2+Z(3))*REAL2+Z12))*PfPL2+Z(l) 
HCT=( K * E T A  ) / R E A L 2  
I-GT=( K * E T A  ) / R E A L  1 
PS I C = R  EPL 2 
PSIC-=REAL 1 

C*1*t****t*tl**4*****************************************~************** 

C CALCULPTE AND COMPARE COOLANT kAtL  TEMPERATURES 
C t * 8  t*S*S*P t l * * *+ * * * * * * * * * * * * * * * * * * * * * * * t * t41*9* * * * * * * * * * t * * * *W** * * * * * *  

I J K = I J K + l  
T C k 4 I  I J K ) = T G k b G T * L * ( T G - T G k ) / L  
TCk=TCbAL 1 J K )  
T E S l l = l - C T * ( T C h - T C I  
I E S 1 2 = k C T * ( T G - T G h l  
TEST=TEzT  l / T E S T Z  
ERROR= 1.0-3ESf 
I F 1 A 8 5 ( E R R O R )  o L T * e C l )  GO IC 4 
TCWAi IJK ) = # T C W A ( I J K - 1  ) + T C k A t I  J K )  1 /2*0  
TCW-TC bA( IJK 1 
IF4 l J K , L T o t O )  GO TQ 2 

W R I T E (  t q 1 C E )  
GO TO 5 

4 H=( 7G- J G k  I / (  T C k - T C I  
Ct**********t*********************************************************** 
C P R I N T  O L T P b T  
Cll+*4****************************************************************** 

WRITE4 t r l C 4 1  
WRITE4  t v  1 I C )  



W R I T E I e 9 1 1 1 ,  T C k A t I J K I  9 T E S f l ~ T E S 1 1 2 p T E S T ~ H C T r H G T e E R R C R s P ~ P S l t C 9 P S I G ~  
i GR 

C C O N l I N L E  
W R f T E l t o l l 4 )  
GO 70 I 

C l t 4  t*********************************************#********************* 

C FORMA f STAYEMENTS 
ClttS44++*8***4*$*********Ir**#****8**********************S************** 

I C C  F O R H A T ( ? I P )  
1C 1 FORMb74 l O E f . 4 )  
10; FORMA1(12CWlCONLECTIVE  HEAT-TRANSFER C C E F F I C I E h T S  FROM bARMCNIC T E  

1MPERATlWE O S C I L L A T I O N S  - PHASE LAG AhGLE G IVE l v  1 
1 C 2  FORMAT4 1 8 k C R E A D I N G  NUPBER = t 8 2 9 1 0 X s 1 8 U  S T A T I C N  NUWEER = 9 12)  
l C 4  F O R M A 7 i 4 H c R U N o I S )  
1 C 5  F O R M A T i t H C I N P L T l  
l o t  FORMAT( I H C , ~ X ~ ~ H K ~ ~ X I ~ H R H C V ~ ' X ~ ~ H C C I ~ X  ~ l H L s 9 X 9 2 h X L 9 8 X 9 2 k T G 9  7X t3HTGW 

1. 8x9 2 H l C p  t X p  5 H k R A D A r 5 X r 5 H P H I R A )  
103 FORMAT I 1 X O v F 8  eS94F  1 0 - 4 . 3 F l C o  1 p 2 F L 0 . 4 )  
1C E FORMAT ( 5 5 b C I  TERATPONS EXCEED 50 1 
I C S  F O R M A l 1 7 H t O U S P C 7 )  
1 1 C  FORMAT( I H C 9 4 X 9 3 H T C  k 9 5 X w 5 H T E S T l t  5 X t 5 H T E S T 2  p6X94HTEST  pbXg3t iHCT97Xw 3H 

1kGT9 tX,SHERKORe7X,IIHR p 8 X 9 4 H P S I C 9 6 X , 4 H P S I G ~ ? X g 2 h G P )  
111 FORMAT( I H C ~ F ~ a l ~ 3 F ~ O ~ 4 ~ 2 F l C . 6 1 5 F l O o 4 1  
112  FORMAT/4OkOERROR I N  SUBR RTPOLY FCR DATA PC INT  hC, 1 5 )  
1 1 2  F O R M A l 4 6 3 k O A  L N I Q L E  P O S I T 1  I lE  R E P 1  RCCT CANhOT e E  FOUNC FCR DATA PO 

l I N T  N O *  I [ 5 )  
1 1 4  F O R W A T ( l H 1 )  

END 

SUBROL'IINE RTPOLYINpA r L ~ F r G r V r t t h V p H e B  r C r O r E )  I 8 4 C O e l C  
C N ORDER OF I N P U T  POLYNGNIAL F I X  EDIB4OCC2C 
C A COEf F I C  IENTS  OF I N P U T  PELY h C P I A L  I N  CESCENCIN CRDER D .P. IB4CCC3C 
C L HAXIHbH NUMBER OF I TERATICN FCR EdCH RCCT F I X E O I B 4 0 0 G 4 0  
C F DES IRED TOLERANCE (REPAIkDER / CChSTbKT TERM) S ape I B 4 0 G O f  0 
C U REAL PART OF ROOT D-Pa 184COCCO 
C V IMAGINARY PART OF RECT Cape 1840067C  
C CON V CONVERGENCE C R I T E R I O h  USED FOR EACH ROOT SSP- 1 8 4 0 0 0 8 0  
C I F  AFTER L I T E R A T l O N S  CCNVEPGENCE W I T H I N  F F A I L S 9  S eP- I B4CCC SG 
C THE TOLERANCE I S  RELAXED BY 10, S IP- 1 8 4 0 0  1aC 
C H kORK I N G  STORAGE CoPo  18400  1 1 0  
C B kORK I NG STORAGE Cepe I B 4 0 0  1 2 0  
C C kORKI  kG STORAGE G e P e  1 8 4 0 0 1 3 0  
C 0 kORK IKG STORAGE 0 -Pa  104C0140  
C E kORK I N G  STORAGE DePe I B 4 0 0 1 5 0  

DIMENS ION A ( 4 0 ) , U ( 4 0 )  r V ( 4 0 1  rCCNV140)  r H ( 4 0 )  r B ( 4 0 )  ~C(40)~U~40~~EI40~184(10lCC 
DOUBLE PRECIS ION A ' rU ,VrHrBrCoDrE I B 4 0 0 f  7 0  
COUBLE PRECIS ICN P ~ Q ~ R ~ S I P S V C S ~ P T ~ C T ~ H H ~ H R ~ I X K ~ S S S ~ S S S S  184(101t!C 
NSAVE = N 1 8 4 0 0  1 5 0  
NN = N t l  1B400 iCO 
DO 1 1 = l r N N  I 8 4 C C 2 1 0  

1 H ( I )  = A t 1 1  I 84CC i ZC 
XK = F I B 4 C O i 3 0  
L T  = 1 IB4CC24C. 

C EXTRACT ZERO ROOTS 184CCZSC 
2 I F ( h ( N h ) )  4.3.4 1 8 4 C 0 2 6 0  
3 U ( N )  = C. 1 8 4 0 C 2 7 0  

V ( N )  = C. IB4G02eC  
CONVlN = XK I84CCZSO 
N = N - 1  I B 4 0 0  3CC 



NN = N + l  
GO TO i 

4 I F t N )  5 0 0 1 5 0 0 ~ 1 0  
C I N I T I A L I Z E  P,QvETC- 

1 C  s = 0. 
PS = C. 
a s  = c. 
PT = 01 
Q T  = 0. 
XK = F 
I F  (N-1) 5 C O ~ l S 9 2 0  

1 2  R = - t - 4 Z ) I b ( l )  
GO TO I C O  

2C NN = N + 1  
C SCALE COEFFICIENTS OF POLYIUOWIAL. 

I = 0  
W 3C J = 1,NN 
I F ( k ( J  I )  f 4 ~ 3 G . 2 4  

24 I = I + L O C L ( h ( J ) )  
30  CONTINLE 

F N = N + l  
S=.5**( l / N N )  
DO 1 2  J = 1,NN 

2 2  H( J )=FIJ I * S  
I F I D A B S ( H ( Z ) / H t l ) )  - DABS(H(h ) /H (NN) ) )  3 4 9 4 0 ~ 4 0  

C REPLACE X BY ( 1 /X )  
34  L T  = - L f  

M = NN 12 
DO 36 J = 1 9  M 
hH = P ( J )  
MMM =N +2-J 
h ( J I  = HIMMM) 

3C H(f4MM 1 = FH 
4C 1F(QS)  '2,44942 
4 2  P = PS 

Q = QS 
GO TO 54 

44 I F ( k ( N - 1 ) )  4 E r 4 t r 4 8  
4 t  a = 1. 

P = -2 .  
GO TO 50 

4E Q = P(NN) /W(N- I )  
5 9 5  P = 4P(PfI-H(N-Z)*Q)/H(N-13 

5C 1Fl2-N I 52,19494 
52 R = C .  

C BEGIN l lERATIONS 
54 I 1  = C 

C EA IRS lCh  I lERAYION 
C C  8 4 1 )  = H ( 1 1  

C ( 1 )  = B (  1 )  
B ( 2 )  = H ( 2 )  - 8 ( 1 ) * P  
C ( 2 )  = B (  2 )  - C ( l ) * P  
DO 62 J = 3rNN 
B ( J )  = k ( J ) -  B t J - l ) * P  - B ( J - 2 ) * C  

6 2  C ( J )  = B ( J )  - C ( J - 1 ) * P  - C ( J - 2 ) * C  
I F (  B I N ) )  1 6 2 r C 4 r l t 2  

162 k N 1  = k ( N )  - t3(N-2) *Q 
I F ( P N 1 I  l C 4 r 1 0 t r l C 4  

l t 4  IF4XK - DABS(B(NJ/HN11)  7 C 1 7 C ~ 6 4  
l t t  I F I I + t N ! )  l t 8 ~ 1 7 C , l 6 8  
ICE I F ( X K  - DABS(B(N) /H (N)  1 )  7Cr7Cv64  
17C I F I C A B S ( B ( N ) ) ) 7 C * 7 0 1 6 4  

t 4  B I N N )  = H ( N N I  - B ( N - l $ * Q  
C B l N + 1 1  l E S 1  
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Z Z C  k(J1 = B I J )  
GO TO 10 

C R E S T O R E  N r RETLRN. 
C O C  N = N S b L E  

RETURN 
END 

Program JCL Output 

CONVECTIVE HEAT-TRANSFER COEFFICIENTS FRCC HbRCONIC TEMPERATURE OSCILLATIONS - PHASE LAG ANGLE GIVEN 

REPCING NUH8Hl = 1 STATICN hUMBER = 1 

RUN 1 

INPUT 

K RHO CC L XL TG T CW TC LIRACA PHIRA 

O.CCC207 C.2BCO 0.1170 0.0600 0.1667 960.0 658.0 570.6 1 .2?@C C.7673 

OUTPLT 

1 CW TEST1 TEST2 TEST HCT b GT ERRCR R PSlC PSIG GR 

624.6 ( - 1 1 4 6  0.1152 0.9949 0.002121 0.000381 0.0051 5.59C3 C.9764 5.4305 -0.0C004 

Lewis Research Center, 

National Aeronautics and Space Administration, 
Cleveland, Ohio, July 13, 1970, 

129-04. 



APPENDIX - SYMBOLS 

Machine Engineering 
code symbol 

ALPHA (Y 
2 2 thermal diffusivity, K/pC, in. /sec; m /sec 

CC c specific heat of wall material, Btu/(lbm) (OR); ~ / (kg)  (K) 

ERROR --- 1. o - (TESTI)/(TESTB) 

ETA r frequency and wall property parameter, l/in. ; l/m 

GR --- cubic equation check of roots, equals zero for correct solution 

HCA(1) - - - lower limits of the coolant -side convective heat-transfer coef - 
f icient 

HCA(3) - - - upper limits of the coolant-side convective heat-transfer coef- 
f icient 

HCT hc time averaged convective heat-transfer coefficient on the coolant 
2 side of the wall, ~ t u / ( i n . ~ )  (sec) (OR); W/(m ) (K) 

HGT h~ time averaged convective heat-transfer coefficient on hot-gas side 
of wall, ~ t u / ( i n . ~ )  (see) (OR); w/(m2) (K) 

IJK 

IRDG 

ETA 

K 

L 

NR 

OMDTG 

number of iterations 

reading number 

station number 

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

J/(m) (set) @) 

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), K$/hG 



Machine Engineering 

code symbol 

REAL2 $c convective heat-transf e r  parameter on coolant side of the wall, 

K d h C  

RHO density of wall material, ~bm/ in .~ ;  g/m 3 
P 

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

temperature measuring location to  the wall thickness 
- 

TC Tc mean temperature of the coolant, OR; K 

TCW Tcw calculated coolant wall temperature (JCL program), OR; K 

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

TEST1 2 heat flux to coolant, Btu/(in. ) (sec); W/m 2 
q c 

TEST2 2 heat flux from hot gas, Btu/(in. )(set); W/m 2 
q~ - 

TG T~ mean temperature of hot gas, OR; K 

TGW T(x, 7) wall temperature, function of distance (measured into wall from 

hot surface) and time (JCL program), OR; K 

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

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