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ABSTRACT 

The real gas subroutines in Sandia's version of the NASA Ames flow field code 

have been extensively revised. Using these modifications the required computer run 

time for a difficult high Mach number case has been reduced from 1330 seconds to 

151 seconds. 
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IMPROVED REAL GAS ROUTINES FOR SANDIA'S NASA AMES FLOW FIELD PROGRAM 

INTRODUCTION 

Sandia's version of the NASA Ames flow field code continues to be used extensively 

for calculating inviscid gas flow fields along bodies at zero angle of attack. This 

code in its original form requires extremely large amounts of computer time when 

calculating with the real equilibrium gas model. Over thirteen hundred seconds of 

CDC 6600 computer time are required to calculate the flow over a blunted 60 cone for 

a length of 60 nose radii when M = 22 and the altitude, h, is 30 km. This difficult 
00 

case requires only 24 seconds using an ideal gas model. A less difficult case for the 

same geometry and using the real gas model for M = 8 and h = 0.3 km requires 530 
00 

seconds. 

With a moderate amount of modifying subroutines RGAS, SERCR and ISENC these same 

real gas cases can now be computed in 152 seconds and 109 seconds, respectively. The 

modified code is 5 to 8 times faster than the original code. The time of computation 

for the original code was strongly dependent on the size of the compressibility factor 

Z in the equation of state (p = ZpRT). Some of these calculations have Z larger than 

3 when total isentropic properties are being calculated. Ideal gas equations are used 

as a first approximation to the equilibrium gas solution. The real solution is then 

obtained using an iterative procedure. The ideal gas equations are not accurate for 

large Z, thus many iterations must be completed to obtain satisfactory real gas values. 

In the modified code, the methods used to iterate have been greatly improved. 

This report discusses the function of the three subroutines listed above and 

outlines the recommended changes that must be incorporated into the original code 

to obtain the reduction in computing time described above. 

SUBROUTINE RGAS 

The function of the RGAS subroutine is to supply thermodynamic state properties 

for a gas in chemical equilibrium. Given two state properties the remaining properties 
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are calculated using the spline fit coefficients which are stored on Tape 9 (hereafter 

identified as RGAS data or RGAS Tables). If pressure and density are provided, the 

look up procedure is direct. If pressure and entropy are provided, the look up 

procedure is iterative. In this latter case the pressure and entropy are used to 

estimate density which in turn is used with pressure to determine entropy from the 

tables. This entropy is then compared with the given entropy. The density is 

incremented and an iteration procedure is followed until the given and calculated 

values of entropy agree satisfactorily. The final density and given pressure are then 

used to determine the remaining state properties; enthalpy, temperature, and sonic 

velocity. 

Due to the general use of the RGAS subroutine in this program, a sample problem, 

a detailed outline and a FORTRAN listing are given in Appendix A, Band C. Prior to 

studying these Appendices it is important to understand how the spline fit data 

(Tape 9) is stored, retrieved and used. An outline of this concept follows. 

Groups of spline fit coefficients for the four variables and their associated 

indexing parameters can be thought of as being contained in boxes. There are eleven 

boxes which are indexed by powers of density. 

R = log ...E... = -7 
Po 

Spline fit coef
ficients for sonic 
velocity, enthalpy, 
temperature, and 
entropy. 

log ...E... = -6 
Po 

Spline fit coef
ficients for sonic 
velocity, enthalpy, 
temperature, and 
entropy. 

log ..e.... = 3 
Po 

Spline fit coef
ficients for sonic 
velocity, enthalpy, 
temperature, and 
entropy. 

Sketch 1. Groups of Spline Coefficients 

The process of obtaining real gas thermodynamic state properties for a given 

pressure and denSity using the information in these boxes can be divided into three 

general steps. 



Step 1 

step one is to locate the two storage boxes that contain coeff'icients for the 

densities which bracket the given density. We are now interested only in these two 

boxes. 

step 2 

Both of these boxes contain a complete range of coefficients for the four state 

variables. In order to isolate the sets of coefficients which are the most closely 

associated with the given pressure and density, a quantity F is calculated. F is a 

function of pressure, density and several constants, Figure 1. For each of the four 

state properties the indexing parameters (see Sketch 2) are searched to find the one 

that is closest to, but smaller than F. 

log ..£... 
Po 

Spline Fit Coefficients 
Indexing 
Parameter 

-------------~~--.. --~--- ~ 
Sonic Velocity 

Enthalpy 

Temperature 

Entropy 

a. 
1 

xxx 
xxx 
xxx 

· · · xxx 

b. 
1 

xxx 
xxx 
xxx 

xxx 

d
i 

xxx xxx yyy 
xxx xxx yyy ~ F (typical) 
xxx xxx yyy 

xxx xxx yyy 

etc. ........... --F 

etc. "'~""'--F 

etc. .... ~ __ -- F 

Sketch 2. Details of Any One of the Boxes Shown in Sketch 1. 

These four sets of spline fit coefficients and F are then used to calculate the 

state properties as follows. 
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y + biF 
2 + d.F3 = a. + c.F 

~ ~ ~ 

Sonic Velocity i 1 

Enthalpy i 2 
where Y = 

Temperature i = 3 

Entropy i = 4 

and ai' bi , ci and di are the spline fit coefficients for the cubic spline. 

Step 3 

TWo values, one from each of the two boxes, have been obtained for each of the 

four state properties. The final values of the real gas thermodynamic state properties 

are obtained by interpolating between these boxes. 

Several modifications have been made to RGAS. The logic flow has been revised. 

It is more readable and several of the multiple recalculations of branching variables 

have been eliminated. Originally numerous calls were made to SERCR for the polynomial 

coefficient values for F equal zero. Since these values never change, the revised 

program obtains these values once and stores them in an array for retrieval when 

needed. 

The most significant improvement to RGAS is the reduction in the number of 

iterations of denSity when the input is pressure and entropy. This is accomplished 

by starting the iteration with the denSity obtained at the previous mesh point along 

the characteristic line. 

SUBROUTINE SERCR 

This subroutine searches the arrays filled from the RGAS tape to find the coef-

ficients which correspond with the index F calculated in subroutine RGAS. The 

original technique, which is valid for data in random order, has been modified to take 

advantage of the fact that the tables are stored in monotonic order. The original 

Do Loop required searching through all data points. The revised program, lines 5-8 
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of Appendix D, uses the monotonic order to exit from the loop immediately after 

*. passing the desired value. This Do Loop has been shortened. It now fits "IN STACK" 

which saves computer time. 

The second time saving improvement consists of replacing the parameter list with 

.a common block. In addition the coding now brackets the midpoint (NER) upon initially 

entering the subroutine. Consequently, no more than half of the table needs to be 

examined for each entry into SERCR. The most significant improvement is obtained with 

the first two revisions. 

The third statement of the subroutine sets NOUT equal to 70,000. This is done 

in order to help debug the program in the event that the subroutine is called with a 

value of F less than the first position in the RGAS Table (zero for air). In case 

of this event the program is returned to subroutine RGAS and the calculations fail 

with a mode one type error on the CDC 6600. 

SUBROUTINE ISENC 

Subroutine ISENC contains an iteration scheme which is used to obtain state 

properties at point 2 given entropy (S) at points I and 2 and enthalpy (R) at point 1. 

Points I and 2 are adjoining points along a characteristic line. Since RGAS will not 

use Sand R directly the pressure is approximated using an ideal gas equation. P and 

S are then used in RGAS to obtain the remaining state properties. Next an iteration 

procedure is used on pressure until the enthalpy calculated in RGAS agrees within a 

given tolerance to the given enthalpy. 

The original subroutine is excessively time consuming; particularly when total 

isentropic state properties being calculated are quite different from ideal gas 

approximations. In these cases the ideal gas equations which are used for first 

* Computer programmed instructions are stored in an instruction stack capable of holding 

eight 60-bit Words. Instructions for inner "Do Loops" which can be contained within 

eight words fit "IN STACK" and are the fastest e:J!;ecuting loops. 

9 



10 

approximations are not accurate for real equilibrium gas, consequently many iterations 

must be performed. 

In order to describe the improvements made to this program an outline of the 

original scheme will be given followed by an outline of the modifications made. 

Original Subroutine Outline 

1. Entropy and enthalpy are known. 

2. Pressure (p) is estimated using pressure and Mach number at point 1 and 

the ideal gas equation. 

3. Subroutine RGAS is called with P and S to get remaining state properties. 

4. The H from RGAS is compared wit~ given H. If not within given tolerance, 

P is improved as outlined below. 

5. Pinitia1 is decreased by a factor ZROOT = 0.97 (Figure 2). Steps 3 and 4 

are redone. Checks to see if P was changed in proper direction. 

6. If change was in right direction and not too large (doesn't overshoot 

answer), another increment is taken (Po 0to 1 x 0.97 x 0.97). 
~n~ ~a 

7. If change is in wrong direction, Pinitia1 is multiplied by ZROOT = 1.03 

(Figure 3). The process of using RGAS to obtain remaining state properties 

8. 

is repeated. 

New P values are obtained using Po 0tO 1 x ZROOTn until given H is passed. 
~n~ ~a 

When answer is bracketed between steps nand n + 1, the properties at the 

intermediate 1/3 intervals are calculated. 

10. Using the four points obtained in Step 9 an interpolation scheme is used 

in subroutine INTER to calculate the final pressure. RGAS is then used 

to obtain the final state properties. 

Improvements Made to Subroutine ISENC 

In situations where the real gas answer differs appreciably from the initial 

ideal gas estimate the above technique consumes computer time excessively. In some 



extreme cases the P had to be incremented in the order of 102 times by the factor 

(ZROOT = 0.97 or ZROOT = 1.03) before the convergence criterion was met. consequently, 

the subroutine ISENC has been rewritten to change the convergence technique as follows. 

step 1 through 7 given above remain the same. step 8 is the same the first time 

through the subroutine. At this point the program stores the final n so that the 

next time the subroutine is used for a similar type calculation the stored value of 

n can be used to "jump" (n-3) intermediate steps. See Figure 4 for a typical case. 

If the "jump" passes the correct P then the subroutine automatically reduces the size 

of n to reduce the size of the next jump. This technique appreciably reduces the 

amount of computer time required. See section on results and conclusions. 

A brief flow diagram is in Appendix E and a computer listing of this subroutine 

is given in Appendix F. 

RESULTS AND CONCLUSIONS 

In order to calculate the amount of computer time which can be saved by the 

various changes incorporated into the program, four runs were made for a short 

sphere-cone body in ~ = 22 flow. 

radii using the original program. 

were added and the program rerun. 

Ini tially the program was run to X = 2 nose max 

Secondly the improvements made in subroutine ISENC 

This reduces the required run time from 246.1 

seconds to 158.6 seconds as shown in Table 1. Then corrections in SERCR were included 

and rerun. An additional 92 seconds of run time (Table 1) were saved. Finally the 

program was run with all improvements including those in RGAS. The percentages given 

in Table 1 are based on the current run compared with the previous run. Comparing 

the final run time with the original program, a savings of 79% in computer time is 

realized. Considering a longer body (X = 60) a savings of 89% is realized. max Results 

obtained with the improved method were identical to those obtained with the original 

program. 

Therefore, it is of great importance that the original subroutines be modified 

if the program is to be used to obtain real equilibrium gas flow fields. 
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TABLE 1 

Computer Times Required for the Program in Various 

stages of Improvement. (X = 2, M = 22) max • ""co 

Type of Program 

Original Program 

Improved ISENC Sub. 

Improved ISENC and SERCR Sub. 

Improved ISENC, SERCR and 
RGAS Sub. 

Time 
(sec) 

246.1 

158.6 

66.4 

51.2 

Time Saving 
(sec) 

92.2 

15.2 23% 



I +2 S; R < 3.0 
5 

4 

I 
+1 S; R < 2.0 

o < R < 1.0 
3 

1 
-1 < R S; 0 

2 

1 
-2 < R S; -1.0 

1 

1 
-3 < R S; -2.0 

0 

p...0 I -4 < R S; -3.0 
';l;- -1 
"-' 

S 
J 

-5 < R S; -4.0 
-2 

-3 1 
-6 < R S; -5.0 

-4 I -7 < R S; -6.0 

-5 
R = log(p/p ) 

0 

-6 

o 1.0 2.0 
F 

Figure 1. FUnction F Determined from Pressure and Density. 
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Figure 2. 
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Intermediate steps which 
can be Skipped. 
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Iteration (n) 

Figure 4. Sequence for Pinitial Smaller than Pfinal 
and (n - 3) Steps Skipped. 
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APPENDIX A 

SAMPLE CASE ILLUSTRATING OPERATION OF RGAS 

The mechanics of subroutine RGASare illustrated through the use of a sample case. 

It is assumed that the subroutine is entered with a pressure of 18599.449 psfa and density 

of 0.0005689099724 SlugS/ft3 , and the property index NUMX is equal to 4~ Base 10 

* logarithms of normalized pressure (51) and density (73) are used in RGAS. The appli-

cable normalizing parameters are listed in Appendix B under line numbers 35-50. Thus, 

P equals .943984427646 and R is -0.6409352834. 

Array TH consists of a series of "boxes" containing the desired coefficients for 

all four output variables. The specific' set of coefficients is located by comparing 

F(89) with the indexing parameters in the corresponding boxes of the TH5 array. Arrays 

NDL and NDU define the beginning and end position respectively of each box in TH and 

TH5. Table Al lists the directory information contained in NDL and NDU for each of the 

four output variables. The NR + 8 position is determined by the value of R which spans 

the range of -7 < R < 3. Table A2 contains a listing of the beginning portion of TH 

and TH5. 

For the sample case NR(79-86) equals -1. The calculated value of F, 1.595155586; 

is used to search TH5 from 120 to 129 for sonic velocity data. This search, which is 

done in SERCH, can be verified by comparing the value of F against those in Table A2 

from TH5(120) to TH5(129). The value nearest to but less than F is 1.3687 which means 

NOUT is 125. Thus the polynomial coefficients are TH(1,125), TH(2,125), TH(3,125) and 

TH(4,125). The resulting polynomial is solved as a function of F to give Yl equal to 

6.749088. The Do Loop which enters the final answer in AN(Nl) is from line 97 to 109. 

The normalized values of the state properties, which were described in the body of the 

report as lying between two boxes, are calculated linearly a Dx(87) distance between 

Yl and Y2 (108). Results for this case and the remaining three output variables are 

listed in Table A3. FUrther inSight can be obtained from Figure Al which is a plot 

* Numbers in the ( ) refer to specific Fortran logic statements in Appendix C. 



of the two boxes involved for the sonic speed property. The solutions for F are shown 

at Yl and Y2 with the solution of AN(l) (not shown) located at 6.66 between them. Final 

answers are obtained from the intermediate results by using the dimensionalizing constants 

given from statement numbers 114 to 117. 
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Figure AI. Calculated Y Curves for Sonic Speed (Air) Using 
TH Coefficients Obtained from Table 2A. 



Table A1 

Directory Information, in ATrays NDL and NDU, Used to 

Address sets of Real Gas Data in Array TH 

Nl = 1 In ... 2 Nl = 3 Nl = 4 
Sonic Velocity Enthalpy Temperature Entropy 

(NR + 8) NDL NDU NDL NDU NDL NDU NDL :NDU 

1 1 26 156 177 300 314 422 434 
2 27 49 178 196 315 328 435 446 

3 50 68 197 212 329 341 447 457 
4 69 88 213 227 342 353 458 468 

5 89 105 228 241 354 366 469 478 
6 106 119 242 253 367 378 479 487 

7 120 129 254 264 379 389 488 494 
8 130 137 265 274 390 399 495 500 

9 138 144 275 284 400 408 501 505 
10 145 150 285 292 409 415 506 509 
11 151 155 293 299 416 421 510 512 
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Table A2 

polynomial Coefficients, Stored in TH Array, for Spline Fits of the 
Real Gas Properties; Sonic Velocity, Enthalpy, Temperature and Entropy 

Spline Fit Coefficients 
. (TH Array) 

Index 
Parameters 

(TH5) 

,---------.. ----,~~-~~----------~ ~ 
1.1358['00 1.413"£'00 9.3l66E-81 2.15"9£-01 O. 

-1.Q072E·00 9.'919~'OO -2.0497r+00 -3.~998E'OO 6.0833£-01 

2.2244[.01 -6.96d2f'01 1.9186£.01 -2.8116E.01 7 •• 575E-01 

8.0<;61 E'02 -2.~685F.'03 2. 7308E.03 -9.~395E'02 9.1249r-01 

-6.1693[.01 2.2380f+02 -2.3202E.02 7.9910[.01 1.0392E'00 

-4.2I54E'02 9.7038['02 -7.4061[.02 1.8977[,02 1.7927£.00 

6.6843£+03 -1.4201[+04 le0054E-04 -2.3696£.03 1.:3941£+00 

9,0455£-02 -1,"845£+03 1.0,.S5E-03 -2. J629[+02 1.4955[.00 

-3.1055E'03 5.0163E'03 -2.699"['03 4.8564£.02 1 •• 503~.00 

-4 •• 05IE'04 ,.q701£'04 -3.2723£+04 5.194IE'03 2.\038['00 

-2.Q)8"E'02 4.2735£'02 -2.05 .... £.02 3.4261£.01 2.?052F'00 

3.3482E'04 -4.1066£ '0" 1.6771£.04 -2.2789£,03 2.4333E.00 

1.1356£'00 1.4092E'00 8.65"5£-01 3.29 .. 3£-01 O. 

6.9568£'00 -3.5601£+01 7.1932E'01 -4.2656E'01 6 •• 437£-01 

-1.11 52E'01 5.0841£+01 -6,5041£'01 2.9130E'01 8.\110£-01 

1.0025E'03 -3.0653£'03 3.1258['03 -1.0591£'03 9.'318£-01 

1.2564£'02 -3.0337E'02 2.4861£'02 -6.6554£.01 1.0899E.00 

-1.0~20E'03 2.3368£'03 -1.7I02E-03 ".1854E'0~ 1.'941£,00 

-6.1052E·03 1.1971£'04 -1.8163£'03 1 ;,01"E'03 1.4955E'00 

-3.2071E'01 6.5584E'01 -".0824E'01 9.n24E'00 1.,,29[.00 

-1.9036E'03 3.1475£'03 -\o1241E'03 3.1512E.02 1.9111£.00 

-4.3186E'0" 6.033"£'04 -2.8080£'04 4.3554£,03 2.1038£.00 

1.3118F'03 -1.0168['03 1.3"80£'.02 2.269IE'01 2.4840E'00 

1.10"6£'00 1.6035£'00 3.5060E-OI 1.1110£-01 5,'228f-01 

-6.6956E'00 J •• 1~9£'01 -5.28ROE'01 2.5133['01 1.A515£-01 

6.9413E.02 -2 .... 53E.03 2.009"E.03 -6.5518E.02 9 •• 853[-01 

1.2199E'02 -2.A345£'02 2.2369E'02 -5.1520['01 1.\406r.00 

-5.4516£+02 1,1882E+03 -A.5797E~02 2.0764[-02 1.4448E+00 

-3.('<;33['03 6.9016£'03 -4.3391£,03 9.0986E.02 1.~462£.00 

·-1.4,NE'1Z 3.~]~.t' -1.1"'.,,, "~'II 1.7996£.1. 

2.5 ... 9£ .... -,.,p....... 1.71 __ -Z.781ft.t3 Z.ltJet." 

1.2 .. 84£ .... -106Ul( .... ,. ....... , - .... 11£ •• 2 z.~lt§£ ... 

5 

9 

II 

IJ 

15 

17 

19 

21 

23 

25 

21 

29 

31 

33 

35 

31 

39 

"I 

43 

45 

.. , 
49 

51 

53 

55 

51 

59 

61 

63 

65 

61 

Spline Fit Coefficients 
(TH Array) 

Index 
Parameters 

(TH5) 

----------.. ------~,----------------~ 
1.582IE.00 -6.2185E-02 1.1530E'00 9.2"78E-01 5.3228E-OI 

-4.3195£'01 1.9088£'02 -2.6315£'02 1.2166E'02 1.0911E-0 I 

-8.092IE'02 2.7418£'03 -3.1033E'03 1.1101£,03 8.8114[-01 

-8.1065£,02 2.3618E'03 -2.2944E'03 1.4120E'02 9.8853E-01 

2.400IE'01 -5.15"66'01 4.0595£,01 -9.2608£,00 1.1153E'00 

-3.2843E+03 7.2120£'03 -5.36 .... E.03 1.3206E'O'" 1.3681E'00 

-2.3185E'01 5.0234E'01 -3.2526E'01 8.2605E.00 1.6222E'00 

1.1096E'02 -7.5966£'02 2.1195E'02 -3.086IE'00 1.9264E'00 

-3."509E'04 ... 9232E'04 -~.3393E'04 3.104IE'03 2.053IE·00 

2.0116E'04 -2.7513£'04 1.2544E'04 -1.9049E'03 2.129IE·00 

-2.301IE'0" 2.9518£'04 -1.2590E-0.. 1.7918E,03 2.3513E·00 

-9.2285£-02 1.1023£-OJ - ... 5316['02 6.582IE'01 2.48"OE'00 

1.8593£'00 -2.5097['00 7.8184E-00 -3.8100·E-00 5.069"E-01 

-3.1151£-01 1.61lIE'02 -2.1838E'02 9.929IE'01 7 .3506E-0 I 

-3.9118['02 1.2830£'03 -1.3965E'03 5.0862£-02 9.3183E-0 I 

-1.1662E'02 2.1851£-03 -2.0"02E'03 6.3 .. 99E'02 1.0139E'00 

-4.1199E'01 1.1195E'02 -9.2529£-01 2.5515E'01 1.2"20£'00 

1.3953E'02 -1.3330E'03 R.0361E'02 -1.6024E'02 1.5462E'00 

-2.5909E'03 ".0831E'03 -2.14"4£'03 3.7618E-02 1.9010E·01t 

2.5108E-04 -3.1135E-0" 108"53£'0" -3.00 .. 3E-03 2.0218E-00 

1.1"91£'0" -2.3352£'0" 1.0393E'04 -1.5"03£'03 2.1798E'00 

-2.999 .. £-04 3.1380E'04 -1.5530£'0" 2.1521E'03 2.4080E'00 

1.1356['00 1.398"['00 8."610E-01 3.3118E-01 O. 

-6.4230E'00 2.7"8IE-01 -2.1024E'01 8.9609E-00 6.8"37E-01 

-5.5"43£-01 1.9335£'02 -2.16I1E'02 8.211IE'01 8.8714E-01 

-1.5156t.02 2.0 .. 75£-03 -1.8353E'03 5.4871E'02 1.0646E'00 

-6.1208£'01 1.5111['02 -101919£'02 3.1307E'01 1.2921E·00 

4.3193E+03 -8.7.73E-03 5.8230E+03 -1.2898'E+03- 1.4955£+00 

2.1913£'02 -4.6819[-02 2.633IE'02 -4.8059£,01 1.6222£'00 

-2.8969£,03 "."194£'03 -2.2 .. 65E'03 3.8212E'02 2.0024['00 

- .... 99tH ••• 6.1182£.0. -3.'.76£+04 4.6270[+03 2.1798E+00 

-1.l09H.'J 1 .... 4ft1£.03 -6.ZI?4£+02 9.2411£+01 2.3319£+00 

6 

10 

12 

14 

Ih 

IA 

20 

22 

24 

26 

2A 

30 

32 

34 

38 

40 

42 

4" 
46 

4" 

50 

52 

54 

56 

5A 

60 

62 

64 

66 

68 



Table A2 (Con't) 

spline Fit Coefficients 
(TH Array) 

Index 
Parameters 

(TH5) 
---~--------,/'--~ ~--------- -'-
1.1356E-00 I. ,e27E'OO A.39"0[-0I 2.9771E-0I e. 

1.2093E.01 - ... ~7"8£.OJ 7.1137£'01 -3.3833['11 7.,506£-01 

-5.1456£.10 2.7823£.01 -3."7117['01 1.565X'01 9.1 Z<o9£-OJ 

6.0)5lE'Ol -1.9 ... 5[.03 1.1231['83 -5.6717£-02 1.06<06£-00 

1.1 7.73£-02 -2.~062£-02 1.8963E'02 -4.6566£'01 1.19I3E'00 

4.7416E·02 -R.~79"E"02 5.5392£'02 -1.1317E'02 1.4955£'00 

-5.0501£.02 7.A253£'02 -4.0264£'02 1.0361E'01 1.9264£.00 

2.5456['04 -3.4917£.04 1.5958£'04 -2.4283E'03 2.1198£.00 

1.0~99E.04 -1.3361£'04 5.5615£'03 -1.1020E'02 2.'066f'00 

1.1356£.00 1.3622£'00 A.2095£-01 2.7503£-01 O. 

-4.2729£'00 I.AS09f"01 -1.61~7E'01 5.28"6IE'00 1.~041£-01 

1.9~IIE'02 -5.;'795£'02 4.7225£'02 -1.388IE'02 1.0646£.00 

3.2411£'01 -5.6555.'01 3.4418£'01 -5.5151£'00 1.2161E'00 

-3.514"£'02 7.0062£'02 - ... 6272£'02 1.0313E'02 1,~"62£'00 

-8.R781E·02 1.541J£.OJ -8.875IoE'02 1.7J 21£.02 1.~982E'00 

-1.1741[+03 1.~913E'OJ -R.1I26£'02. I.JI01£.02 2'0784.'00 

J.6~3J[.OJ -5.3J81£'03 2.5481£'OJ -3.9994E.02 2,'066£'00 

9.6)58£'02 -1.0785£'OJ 4.013"£'02 .... 8213E.01 2.4333£.00 

I.R198£.00 -1.985"£'00 5.9047E'00 -2.2839E'00 5.576J£-01 

-3.2?57f-01 1.1715£'01 -1.5()55£'01 7.712IE.00 1.0392E'00 

-1.7550£.02 4.1330£.02 -3.1842E'02 8.2559£.01 1.?673£.00 

-1.8328E-01 ~.?306E-OI -4.140IE-01 1.16 .. 5£.01 1_~969£_00 

-1.5298£-02 2.~403r-02 -1."813£'02 2.1635E.0 I 1.7996 •• 00 

-7.M28E.02 1.0810E.03 -4.9867£'02 7.8014£.01 2.7.559£.00 

8.1918E-03 -1.0113£'0" 4.1641E'03 -5.70 .. IE.02 2.4586£'00 

1.5388£-00 -5.3265£-01 3.10681£'00 -1.0226E'00 5.~763£-01 

3.0?30£·01 -6.7511£'01 5.3570£-01 -1.2763E'01 1.1406£.00 

I.R504E.OI -2.6110£.01 1.3703E.Ol -1.225IoE'00 1.'687£.00 

-4.1489E'02 6.3528[+02 -:'.2153£'02 5.5203£.01 l.n50£.00 

-2.4394£'02 3.4091£'02 -.1.578"£'02 2.556IoE.OI 2.UI9E'00 

1.447<0£'00 -6.'18541'-12 2;5629£'00 -5.6i!01£-01 5 •• 298£-01 

6.2493r'01 -1.4225£-82 1.1I .. 5£-tp -2.7_.01 1.118IE'00 

69 

71 

73 

75 

17 

79 

81 

83 

85 

87 

89 

91 

93 

95 

97 

99 

101 

103 

105 

107 

109 

111 

113 

115 

117 

119 

121 

123 

125 

127 

129 

131 

lJ3 

Spline Fit Coefficients 
, (TH Array) 

Index 
Parameters 

(TH5) 

-------------------~~---------------~ 
2.0111['00 -3.0""8E'00 A.205Z['00 -3.71A8£'00 5.3ZZ8E-01 

-1 ... OS£.OI 7.1286£'01 -9.5116£'01 ... 0039£'01 8.1110£-01 

l.tl72['11 -4.2n8E.00 -1.647ZE'01 1.4017£.01 1.0Ij9£.00 

-6.8626£.02 1.7753E'03 -1.5225E'03 4.357<;£.02 1.1153E.00 

-5.7284E'01 1.309IE'02 -9.576IE'01 2.459J'E.oi 1.3434£-00 

1.1796£'03 -2.3430E'03 1.5488E'03 -3.3883E'OZ 1.5715E'00 

1.4IZ9£.02 -2.1728£'OZ 1.1289£'OZ -1.8Z36E.01 1.698ZE-00 

-1.815ZE.03 2.7218E,03 -1.358IE-03 Z.2710E'OZ Z.1038E'00 

-4.72A3E'04 6.2085E'04 -2.7I6Z£'04 3.9608£'03 Z.Z559£.00 

5.124IE.OZ -5.8495£'02 2.Z089E'OZ -Z.60~3E'01 Z,"080E'00 

1.5681E'00 -7.5440£-01 4.1948£'00 -1.4604£-00 5.3228E-OI 

3.1203E'00 2.ZZ50E.00 -7.6370£'00 5.1730E'00 8.8714£-01 

-2.0334£'OZ 4.8287£'02 -3.7447E'OZ 9.7095E'01 1.1406£'00 

-1.l"12E'01 3.2213E'01 -Z.4830£'0I 7.5Z06E'00 1.3434£'00 

1.6675E'03 -3.0823E'03 1.8995E'03 -3.8848E'02 1.62Z2£'00 

4.44Z9E'01 -5.433IE'01 2.2225£'01 -1.5774E'00 1.7996E'00 

1.1597E'04 -1.53IZE·04 6.7334E'03 -9.8 .. 74E,02 2.2305E'00 

-2.1I65E'04 2.6683E'04 -1.1204E'04 1.5686£'03 2.3573E'00 

1.1356£'00 1.3375£'00 7.809IE-01 2.7970E-01 O. 

-1.8855£'01 6.7569E'01 -7.1669E'01 2.6 .. 06E'01 8.36"5E-01 

I.Z696£'OZ -3.366IE'02 3.0007E'02 -8.71 57E'01 1.1913E-00 

1.9108£.01 -2.9778E'01 I. 7363E'0 I -Z.1573'E.00 1.3687£'00 

2.21Z1E'02 -4.3413E'02 2.8115E'02 -5.8534E-01 1.7236E'00 

-6.8IZIoE'01 1.1391E'OZ -6.1128£'01 1.20S4£'01 1.9517£'00 

8.7647E'03 -1.I1Z4E'04 4.70Z0E-03 -6.6052E.02 2.,826E-00 

1.1356E'00 1.3080E.00 7.5597E-OI Z.4676E-Ol O. 

-1.Z616E'01 4.4373E'01 -4.381 .. E'01 1.5489£'01 8.8714E-Ol 

-5.4371£'01 1.0950E'02 -6.7747E'01 1.4319E'01 I.Z673E-00 

3.2510E'01 -4.0236£_01 1.5.170E-OI -4.0391£-01 1.698Z£.00 

1.7644E'01 -8.3872E.00 -2.59I1E'00 2.5866E'00 1.9517£'00 

l.l~57E'00 I.Z74ZE'00 7.108Z£-01 2.3965E-01 O. 

-1.7960['01 4.42Z0['11 -3.1054E'01 R.II"fE.OO 1.4 .... 8£.00 

70 

7? 

74 

76 

78 

80 

82 

8" 

86 

88 

90 

92 

94 

96 

98 

100 

102 

104 

106 

108 

110 

112 

114 

116 

118 

120 

122 

IZ4 

126 

128 

130 

132 

134 

23 



24 

Table A2 (Can't) 

spline Fit coefficients 
(TH Array) 

Index 
Parameters 

(TH5) 

~~~~ .. --------~~------...... ---------
-2.0~7~E·0I 4.4816£.01 -?85"1er.tl 1.0301£.00 1.~41!i£.00 

-3.~?II£OOI ~.1931£.01 -3.2646£.01 6.1011£.00 2 •• 305£.00 

1.1671£.00 1.1576r.00 6.6151£-'1 2.'26t[-OI 6.0Ulf-1I 

1.1223£·01 -2.41,0£.01 ?07I9f: •• 1 ..... 1221[.00 I.J94lr.oo 

1.P..3'+or+02 -2.':;972£+02 1.2341E.02 -1.A466[.0 1 2.0024E.-OO 

1.1)58£.00 1.1916£.00 6.294~£-01 1.8882E-01 O. 

1.0444£+00 2.15866£+00 -}.1240E+OO 1.21t22E+OO 1.1660~+OO 

-7.31l4£·00 2.0120E.01 -1.3025E.01 3.5382E.00 1.7489E.00 

I.D57£.00 1.14,,5£00'0 5.9741F.:~01 1.3866E-0I O. 

1.4368£·00 1.217 .. £.00 -3.1I38E-Ol 7.7514E-0I 1.1 .. 06£.00 

-8.3614E·00 ?1246r.01 -103030£001 3.2986£.00 1.9771£.00 

2.1484E·00 1 • .003£.01 -2.116IE.01 ... RI92E.01 3.0 .. 16£-01 

-6.9152£·02 3.2112E.03" -4.9209£.03 2.5539E.03 6.5902E-01 

3.0934£.03 -1.0961£.04' 102731£004 -4.7579E.03 7 •• 575E-01 

1.1425E.04 -2.7995£.04 2.2360£.04 -5.6880£.03 1.0899£.00 

4.9501£.04 -1.1561£005 8.9 .. 87[004 -2.2815£.0" 1.3 .. 34£000 

".606IE.04 -7.9285[004 ... 4473£004 ~7.9113£.03 1.5208£.00 

2.6760f005 -"."340£005 2."371E.05 -4."2 .. 2E.04 1 •• 757E.00 

-1.~J33E·06 2.6704E.06 -1.2957E.06 2.0961E.05 2.0784E.00 

1.216"£.06 -1.596IE.06 6.9611E.05 -1.0047E.05 2.2812E.00 

-1.7952£·06 2.1511£.06 -8.5808[005 1.1 .. 30E.OS 2.4586E.00 

2.2466£.00 1.7135£.01 -1.8892£001 4.5678£.01 3.0416[-01 

-1.5297E.03 6.5345[003 -9.2674E.03 4,.4237E.03 7.0971E-OI 

6.6038E.03 -2.2680£.04 ?5780£O04 -9.6198E.03 8.6179E-01 

-1.0"0IE.04 3.0634E.0" -Z.9943E.04 9.1914£.03 9.p853E-01 

1.0561£.04 -2.4994[+04 1-9238£.04 -4.6893E-03 1.1660[+00 

-1.4744[+05 Z.Q670F+OS -1.9A70f+OS 4.4429£+04 1.4448£+00 

2.~257E.05 -".~2"5£.05 2.4053£.05 -4.2235E.04 1 •• 757E.00 

-1."925£.06 2.1354£.06 -100176E.06 1.6173E.05 2.1291£.00 

1.~115[.06 -2.0863£.06 R.8618E.05 -1.2473E.05 2.3319£.00 

3.l035£·00 7.<l970E.00 <1.6216£000 1.0;158(.01 O. 

~-4.4969E.OI 2.41.8£.02 -,.73711£.82 2.3160(.02 6 •• 833£-01 

135 

137 

139 

141 

143 

145 

147 

1"9 

lSI 

153 

ISS 

157 

159 

161 

163 

165 

167 

169 

171 

173 

175 

177 

179 

181 

183 

185 

187 

I~~ 

I'll 

193 

195 

197 

199 

Spline Fit Coefficients 
(TIi Array) 

Index 
Parameters 

(TH5) 

------------~---~-------------------~ 

7.9766£-01 •• 3"0IE.00 -4.0610E.00 2.2410[.00 1.1406[.00 

-6.102IE.00 1.9135E.OI -1.3323E.0 I 3.8763E.00 1.5715E·00 

-1.0019E.00 1.2382E.OI -9.119.E.00 2.8HIE.00 2.2559E·00 

1.0524E.00 1.6076E.00 -6.2208[-02 5.7208E-01 6.0833E-OI 

-1.1616E.02 1.4226E.02 -5.7552E.OI 8.755.E.00 2.3066E.00 

1.085IE.00 1.4289(.00 h.8842E-02 4.6426E-OI 5.8298E-Ol 

-2.0074E.OI 3.7402E.OI -2.0384E.OI .... 008E.00 1.5969E.00 

3.2035E.00 8.0853E.00 9.8.07E.00 1.5976E.OI O. 

-7.495"E.Ol 3.9292E.02 -6.2677E.02 3.7303E.02 5.8298E-Ol 

-1.3936E.03 6.1523E.03 -9.0250E.03 4.4617E.03 7.3506E-Ol 

5.115IE.03 -1.8.96E.04 2.2080E.04 -8.6188E.03 8.3645E-Ol 

-1.5073E+04 4.5081E.04 -".4'28E.04 1.4901E.04 1.0139[.00 

2.0165E.04 -4.8235E.04 3.7955[.04 -9.6853E.03 1.2420E.00 

-1.2184£+05 2.6493E+05 -).8264E+05 4.2036E+04 1.4194£+00 

7.889"E+04 -1.3375E+05 1.4514E+04 -1.3"20E+04 1.7236E'+OO 

-4.3710E.05 6.450IE.05 -3.1640E.05 5.1833E.04 1.977IE-00 

1.1172E.06 -1.4836E.06 6.5348E.05 -~.5170E.04 2.15.5E-00 

-6.9833E.05 7.5775E.05 -2.6899E.05 3.1406E·04 2.3826E-00 

-5.1932E.OI 2.7915E.02 -4.4109E.02 2.7236E.02 6.0833E-01 

1.1l24E.03 -3.6370E.03 3.6871E.03 -1.0760E.03 7.8575E-Ol 

-1.3678E.03 2.7648E.03 -1.2925E.03 -1.8365E.OI 9.3783E-0 1 

1.1593E.03 -3.2860E.02 -2.3233E.03 1.5912E.03 1.08~9E.00 

6.7902E.04 -1.5127E.05 1.119.E.05 -2.737IE.04 1.3687E·00 

-5.6359E.05 8.1082E-05 -3.8109E.05 6.2026E.04 2.0278E.00 

1.0.90£.06 -1.3590E.06 5.838IE.05 -8.2864[.04 2.2052E·00 

-1.6732E.05 .9.0 I 03E.04 8.4966£.03 -6.1539E.03 2.4586[.00 

2.2934["00 1.6"1[.01 -1.7109(.01 4.3915E.01 3.0416E-Ol 

-1.0157E+03 •• 2257E.03 -5.1245E.03 2.7I71E·03 7 .3506E-0 1 

136 

138 

140 

142 

144 

146 

148 

150 

152 

154 

15~ 

15~ 

160 

164 

166 

168 

170 

172 

174 

176 

178 

180 

182 

184 

186 

188 

190 

192 

194 

196 

19~ 

ZOO 



I\) 
\Jl 

Table A3 

Data Extracted fram Tables Al and A2 to obtain Intermediate Results for Sample Case 

NR+8=7 NR+9=8 -- ./"'--. --- - ~ -NL= NU= NL= NU= 
N1 NDL(Nl,7) NDU(Nl,7) Yl NDL(Nl,8) NDu(Nl,8) Y2 

Normalized Sonic = 1 
AN(l) Velocity 

120 129 6.749088 130 137 6.495157 

Normalized 2 254 264 293.914313 265 274 223.05058 
Enthalpy = AN(2) 

Temperature = AN(3) 3 379 389 7236.71625 390 399 7429.264 

Entropy = AN( 4) 4 488 494 44.6211646 495 500 38.90891 

Intermediate 
Results 
~ 

AN(Nl) 

6.657908 

268.4696 

7305.85335 

42.57009 



Line No. 

10-14 

15 

16-50 

19-21 

23-24 

25-27 

28-34 

35-50 

APPENDIX B 

FUNCTIONAL DESCRIPTION OF RGAS BY LINE NUMBERS 

Local variables are set equal to subroutine input parameters. NUM(NUMX) 

is either 4 and NUM5 is -1 with density and pressure input or NUM = 5 

and NUM5 = 0 for pressure and entropy (S) input. 

NTEST is negative for real gas. If zero or positive, ideal equations 

are used from Line 233, to the end. Real gas calculations are from 16 

to 232. 

Real gas data read in once,and many parameters initialized. 

Read in from real gas tape (Tape 9) NDL, equivalence NDU, TH, WTMIX and 

C(1)-C(7) • 

Find and store the midpoint location between each NDL and NDU set in 

MIDL. This revision in SERCH allows a maximum of only half the distance 

from NDU to NDL to be searched in SERCH. 

TH(5,N) data is stored in TH5(N), against which F is searched in SERCH. 

This single dimenSioned array permits a faster more direct solution than 

the original method. 

This coding originally was at 220 and is used whenever F $ 0.0. The 

constant coefficients for each of the 4 variables, which is the solution 

for Y at F = 0, need to be determined only once and are stored in SAVFO 

for use at 220. 

Many parameters are initialized here. To aid the discussion of the 

sample case (page 18) the significant variables will be identified for 

air, which is file 2 of Table 1, page 15, of Ref. 1. 



Line No. 

51 

52 

53-72 

53-55 

56-58 

59-65 

66-72 

CONC = .99629144514 (air) 

PO = 2116. Normalizing parameter for pressure 

RO = .002488736 (air) Normalizing parameter for density 

B = -.037985802 (air) 

E = -.02828552 (air) 

D = -.0017838726 (air) 

FM = 2.508714 (air) Maximum value of F 

Base 10 logarithm of input pressure normali zed by PO is the value of P. 

Branch on (NUM-5): For NUM = 4, to 73-71; for NUM = 5, to 53-72; for 

NUM = 6 (impossible branch), terminate at 205. 

NUM = 5 branch. P and S input provided. 

RGAS will solve for correct R (normalized logarithm of density). Initial R 

is calculated at 55. Solving Do Loop 97-109 for entropy and iterating on 

incremented values of R, the proper solution is obtained when the cal

culated entropy (119-120) matches input entropy, REAL, (normalized entropy, 

S/RRR) • 

When RGAS is called from a subroutine which is iterating to the solution 

of some variable, R converges with fewer iterations if the solution is 

initiated using R from the previous call (stored in RLAST, 127) to RGAS 

instead of the calculated R(55). This is normally the case if the cal

culated value of R varies less than· 10% from the calculated value on the 

previous call and R is set to equal RLAST. If more than 10% variation 

exists, the ca·lculated value is used to begin the solution. 

The minimum (RR) and maximum (RL) allowable range for R is established. 

RR is calculated at 60-61. The maximum value of RL(59) is calculated by 

solving the equation of F(59) for R with F = 0 (see Figure 1). RR, RL 

and R must be within the range of -7.0 to 3.0. 

Integer flags are set including NUMM = 5, NUMM9P = NUMM - 9 + NUM = 1, 

NBOT = 4 and NUP = 4. The last two provide that the calculating Do 17 

Loop, 97-109, only calculates entropy until final value of R is achieved. 

27 
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Line No. 

73-77 

78-86 

87-89 

90 

91 

95-96 

97-109 

NUM = 4 branch. P and R input provided. The logarithm of the input 

density normalized by RO is the value of R. NUMM = 5 and NUM9P = 

NUMM - 9 + NUM = 0, which will solve for all 4 variables (NBOT = 1 to 

NUP = 4) at one pass. 

NR is determined from R. If R is pOSitive, NR is integer value of R. 

otherwise, NR = R - 1.0. -7 ~ NR ~ 2. 

DX is the difference between Rand NR. This is used to linearily 

interpolate between Yl and Y2 which is calculated for F from coefficients 

from NR and NR + 1 respectively (108). 

NR = NR + 8, provides positive integers 1-10 which can be used to address 

arrays NDL and NDU. 

F is the variable used to search the TH5 RGAS data and is a function of 

variables P and R and constants B, E and D. See Figure 1 for the 

relationship of P, R, NR and F. 

For F zero or positive go to 92. 

For negative F, test that the value is nearly zero and if the absolute 

-8 value is less than 10 , set F = O. 

Test NUMM9p. If f 0, go to 97. This branch is taken only for NUM 

when iterating to the solution of R. 

Branch here for NUMM9P = O. Always branch here for NUM = 4 and for 

NUM = 5 after final value of R is obtained. These tests determine if 

F is within the proper limits. If F ~ 0, branching is to 207 for the 

calculation of the 4 output variables. If F is too large, that is 

greater than FM(45), branching is to 186 for error message and 

termination. 

5 

This is the heart of RGAS which solves for up to 4 output variables and 

stores the normalized results in array AN. 

AN(l) Normalized sonic velocity 

AN(2) Normalized enthalpy, H 



Line No. 

110 

III 

112 

113-118 

119-120 

122-128 

129-185 

131 

132-185 

186-206 

AN(3) Temperature OK 

AN( 4) Normalized entropy, S 

Refer to the preceeding discussion for details (page 18). Subroutine 

SERCH searches RGAS data from TH5(NL) to TH5(NU) (also stored and used 

in Q) for the location exceeding or equal to F(89). The coefficients 

for the preceeding position (NOUT) are used to solve the third degree 

polynomial for Yl at F. Y2 is found in the same manner using NDL(Nl, 

NR+l) and NDU(Nl,NR+l) for NL and NU. The answer is obtained by linearly 

interpolating between Yl and Y2 and is placed in AN(Nl) (108,87). 

Branch on NUM-5. For NUM = 4 go to 113, leave RX unchanged, and output 

final answers. 

Branch to here for NUM = 5. If still iterating on R(NUMM9P r 0) go to 

119 to test again on entropy. 

Branch here for NUM = 5 and final R found and calculate density from R. 

Calculate final values of sonic velocity, enthalpy, temperature (oR) 

and entropy and exit from RGAS. 

Calculate (percentage) difference between input entropy and calculated 

value and determine if within tolerance (10-4), then branch to 122 or 129. 

Branch here when difference is within tolerance and prepare for one 

final pass through (97-109) Do Loop to calculate AN(1)-AN(3). AN(4) is 

supplied with normalized input S,.and RLAST is set equal to final R. 

Branch here when convergence not obtained and calculate a new value of R. 

Convergence must be obtained within 20 iterations or branch to 186, 

print error message, and exit from RGAS. 

Value of R is adjusted by adding .3, -.3, or linearly interpolating 

between solutions of the last two iterations (151,155). R is always 

kept within the limits of RH to RL(59-65). 

This point is entered from 96 to 131 for error message and exit from 

RGAS. However, if F is negative or zero, branching will go to 207 for 

calculation of 4 output variables and density. For positive F an error 

message with the values of some of the variables are printed. 
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Line No. 

200-206 

207-232 

233-241 

242-264 

265-268 

A maximum of nine calls to RGAS can pass through this error message and 

exit RGAS without changing the values of any of the output variables. 

On the tenth time the program will be terminated by a CALL EXIT. 

Solution for F zero or negative called from 95 and 186. The RGAS 

coefficients are solved once for R = 0 (28-34), stored in SAVFO, the 

output variables placed in BN(1)-BN(4) and ANR array positions calculated. 

Branching is next to the ideal gas solution (242-264) but for the ANR 

positions with L = 8. 

Begin ideal gas solution called from 15 using parameter list input 

conditions, y and density. Solutions of ANR positions are begun with 

L = O. 

Ideal gas solution is concluded here. 

Normal exit from RGAS. 



Appendix c. RGAS Fortran Listing 

SUBROUTINE RGAS CDC 6600 FTN V3.0-V344 OPT-I 03/10175 11.37.59. PAGE 

sUBROUTINE RGASIPX.RX.AX.Hx.TX.SX.RRX.GX.NTEST.NU~X.NGASI COUNT 90 
CRG4SR WALKER TEMP CONVEpTED TO RANKINE COUNT 91 

DIMENSION THIS.6001.NDLI4.111.NOUI4.III.ANI41.CI71.ANRI171.BNI41 COUNT 92 
rOUIVALENCEINOLI4SI.NOUI COUNT 93 

5 COMMON ICSERCHI F. TH5160nl. Nl. NU. NOUT. NER COUNT 94 
DIMENSION MIOLI4.111. SAVFOl41 COUNT 95 
DAU IFO 1 0 1 COUNT 96 

C COUNT 97 
C COUNT 98 

10 paPX COUNT 99 
s"'SX COU",T 100 
R"'RX COUNT 101 
",UHaNUHX COUNT 102 
",UH5 _ NUH - 5 COUNT 103 

IS 3 IFINTESTI 7.8.8 COUNT 104 
7 IF (NFIRST-NGASI 10.9.10 COUNT lOS 

10 NFlRShNGAS COU",T 106 
CALL lOCATEINGAS.91 COUNT 107 
READ 191 INoLlNI.N=1.891 COUNT 108 

20 NHH =NDLlII91 COU"IT 109 
·REAO (91 (THINI.N=I.NMMI.WTHIX.ICINI.N=I.71 COUNT 110 
~EWINo 9 COUNT 111 
00 115 N=I.44 COUNT 112 

115 HIOllNI .. INOlINI.NOUINII/2 COUNT 113 
25 ",OUMX .. NoUI441 COUNT 114 

00 120 N=I.NOUMX COUNT 115 
120 THSINI .. THI5.NI COUNT 116 

FaO. COUNT 117 
00 21 N1"1.4 COUNT 118 

30 NL=NoL INIt II COUNT 119 
NU-NOUINI.II COUNT 120 
NER = HlolINI.II COUNT 121 
CALL SERCH COUNT 122 

21 SAVFOIN11 .. THII.NOUTI COUNT 123 
35 cONC-WTHIX/28.966 COUNT 124 

PO-2116. COUNT 125 
RO·.002498*CONC COUNT 126 
RRR .. I116./CONC COUNT 127 
RRXeRRR COUNT 128 

40 RTO=RRR-493.635 COUNT 129 
sOPORO .. SORTIRO/POI COUNT 130 
saTHINHH-21 COUNT 131 
r",THINHH-ll COUNT 132 
oaTHINHHI COUNT 133 

45 FH-2.1632 •• 3468-CONC COUNT 134 
AA-O-FH COUNT 135 
SB-E-FM.I. COUNT 136 
CCC=B.FH COUNT 137 
RLAST - 0.0 COUNT 138 

50 RSTART .. 100.0 COUNT 139 
9 P -ALOGIP/POI/2.3025851 COUNT 140 

TFINUH5140.l1.70 COUNT 141 
31 REALIiS/llltll COUNT 142 

r,Ga lllEAL-Clli-CI21*PI/IClll,P*ICI 41,P*CI5111 COUNT 143 
55 RaCI61-&6'CI71*P COUNT 144 
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Appendix C (Continued) 

SUBROUTINE RGAS CDC ~600 fTN V3.0-V34A OPT=1 03/10/75 11.37.59. 

60 

65 

70 

75 

80 

85 

95 

100 

105 

110 

~ER = ABS«RSTART - R) / R) 
RSTART os R 
If (PfR.LT. 0.1) R = KLAST 
RL=P-II 
CC=CCC-P 
RH=-CC*(I"AA*CC/CBB§HB))/AB+.005 
If(RH .LT. -7.) RH = -7.0' 
If (R .LT. RH) R = RH 
If(RL.GT.3.0) RL = 3.0 
If(RL .LT.R) R = RL 
NUMB=O 
NIMX=O 
NUMM=5 
NUMM9P NUMM - 9 • NUM 
'1BOT = 4 
'1UP = 4 
(;0 TO 42 

40 R = ALOG(R/RO)IZ.3025R51 
'1UMM=5 
NUMM9P = NUMM - 9 + NuM 
NBOT=1 
NUP=N\J14 

42 CONTINUE 
tf(R) 11.12913 

II NR = R - 1.0 
If (NR .LT.-7) NR= -7 
GO TO IS 

12 NR = -1.0 
GO TO IS 

13 NR = R 
If(NR.GT.2' NR = 2 

IS nX=R-fLOATCNR, 
NR"NR'B 
f"C~-R-B)/CI,·R·(E·D·R" 
tf(f'158.160.160 

158 tf (f .GT. -I.OE-OS' F = 0.0 
160 CONTINUE 

C If(NUM~-Q.NUM, 22.162.22 -------- If(NU~M9P) 
yf (NUMM9P)22.1~2.22 

162 If(f-.OOOOOI' 27.161.161 
161 If(fM .LT. f) GO TO 44 

22 nO 17 NI=NBOT.NUP 
36 NL-NDL(NI.NR' 

NUCNDU(NI.NR' 
NER = MIDL(NI.NR) 
CALL SERCH 
yl = TH(I.NOUT, .F*(Th(2.NnUT,.F*(TH(3.NOUT"f*THI4.NOUT',) 
NL=NDL(NI.NR.I, 
NU=NDU(NI.NR.I) 
'1ER = MIDLINI.NR.I, 
CALL SERCH 
y2 z THII.NOUT, .F*IT~c2.NnuT'.f*ITHI3.NOUT)'F*THI4.NOUT')' 
ANCNI)zYI'DX*IY2-YI) 

17 CONTINUE 
yFINUM5 I 51.52.52 

COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COU'IT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 
COUNT 

145 
146 
147 
148 
149 
ISO 
lSI 
152 
153 
154 
ISS 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
17R 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 

PAGE 



Appendix C (Continued) 

SUBROUTINE RGAS CDC 6600 fTN V3.0-V34A OPTz l 03/10175 11.31.59. PAGE 3 

52 IfINUMM9PI39.108.39 COUNT 200 
108 RX=RO*10.**R COUNT 201 
51 GO TO 1121.122.123.124.1241.NUM COUNT 202 

124 <;X=ANI41*RRR COUNT 203 
115 123 TX= ANI31*1.8 COUNT 204 

122 ~XaAN'21*RTO COUNT 205 
121 AX=ANlll/5QPORO COUNT 206 

r;O TO 109 COUNT 201 
39 Olff=ABSIIREAL-ANINUP))/REAL) COUNT 208 

120 If 10 Iff-. 000 11 31.31.38 COUNT 209 
C NUMM9P " NUMM - 9 • NU04 0 COUNT 210 

37 NUMM9P 0 COUNT 211 
NUMM = 9 - NUM COUNT 212 
NBOT a l COUNT 213 

125 NUP.a3 COUNT 214 
ANI41 a REAL COUNT 215 
RLAST " R COUNT 216 
GO TO 42 COUNT 211 

38 NUMB=NUMB'1 COUNT 218 
130 NIMXaNIMX'1 COUNT 219 

If INIMX .GT. 20) GO TO 44 COUNT 220 
43 IfINUMB-2182.83.84 COUNT 221 
82 IfIREAL-ANINUP)) 8~,37,86 COUNT 222 
85 RlaR COUNT 223 

135 SlaANINUPI COUNT 224 
RsA •• 3 COUNT 225 
If IRL.LT.R) R RL COUNT 226 
R2aR COUNT 221 
L .. 0 COUNT 228 

140 r,0 TO 42 COUNT 229 
86 R2aR COUNT 230 

52a ANINUPI· COUNT 231 
R-R-.3 COUNT 232 
If IR.LT.KHI R-RH COUNT 233 

145 Rl " R COUNT 234 
La l COUNT 235 
GO TO 42 COUNT 236 

83 IfIll 91090,91 COUNT 231 
90 52a ANINUPI COUNT 238 

150 R-R2 COUNT 239 
IfISl.NE.S2) RaR2-IS2-REAL1/IS2-S11*IR2-Rl1 COUNT 240 
Tf IRL.Ll.RI RaRL COUNT 2"1 
GO TO 93 COUNT 242 

91 <;1-ANINUPI COUNT 243 
155 R-IREAL-Sl 1/IS2-S11*IR2-Rll.Rl COUNT 2"4 

If IR.LT.RHI R=RH COUNT 245 
93 TfIR2-R) 10",31 ,105 COUNT 2"6 

104 NU"!!=1 COUNT 241 
Rl=R2 COUNT 2"8 

160 51aS2 COUNT 249 
L-O COUNT 250 
rfUl2'.J-RLI 21O,211.l11 COUNT 251 

211 "2-"L COUNT 252 
,,-R2 COUNT 253 

165 GO TO 42 COUNT 254 
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Appendix C (Continued) 

SlIBROUTINE RGAS CDC 6600 fTN V3.0-V34A OPT~I 03110115 11.37.59. PAGE 4 

llO R2=R2 •• 3 COUNT 255 
R-R? COUNT 256 
GO TO 42 COUNT 257 

105 If IR-Rll 106.37.42 COUNT 258 
170 106 NUM'l=1 COUNT 259 

R2=RI COUNT 260 
52=51 COUNT 261 
L=I COUNT 262 
IfIRH-RI·.3) 2120213.213 COUNT 263 

175 213 RlzRH COUNT 264 
RaRI COUNT 265 
GO TO 42 COUNT 266 

212 Rl=RI-.3 COUNT 267 
RzRI COUNT 268 

IBO GO TO 42 COUNT 269 
84 yfIREAL-ANINUP)) 87.87.88 COUNT 210 
87 RI=R COUNT 271 

GO TO 91 COUNT 272 
88 R2=R COUNT 273 

les GO TO 90 COUNT 274 
44 If ":--.000001) 27.444.444 COUNT 275 

444 NTIMES=NTIMES'I COUNT 276 
WRITE 16.190) COUNT 277 

190 rORMATIIHO.IOX.36HOllTSIDE TABLFS IN RGAS ENTERING WIlH) COUNT 278 
190 wRITE 16tl9U PX COUNT 279 

191 fORMATlllx.2HP=.EI3.6) COUNT 280 
rflNI.IM5 ) 192.193.193 COUNT 281 

192 CONTINUE COUNT 282 
wRITE 16.194) Rx COUNT 283 

195 194 FORMATIIIX.2HR=fI3~6) COUNT 284 
GO TO 196 COUNT 285 

193 CONTINUE COUNT 286 
wRITE 16.195) SX COUNT 287 

195 FORMATIIIX.2HS=.EI3.6) COUNT 288 
200 196 IfINTIMES-IO) 109.ln.l97 COUNT 289 

197 CONTINUE COUNT 290 
wRITE 16.198) COUNT 291 

198 FORMATI20x.28HEXIT CALLED oN TENTH fAILURE) COUNT 292 
GO TO 25 COUNT 293 

205 70 7 = Z·SQRTI-I.O) COUNT 294 
25 CALL EXIT COUNT 295 
27 L=8 COUNT 296 

pap X COUNT 297 
R=Rx COUNT 298 

210 rf IGTEST.EQ.GX) GO TO 440 COUNT 299 
24 GTE5T= GX COUNT 300 

Ll=9 COUNT 301 
Z2=RO/IO.··7 COUNT 302 
pR=-1 •• B COUNT 303 

215 pR=PO·IO.··PR COUNT 304 
71"'PR COUNT 305 
IfQ a IfQ • I COUNT 306 
F" • 0.0 COUNT 307 
00 23 NI-I," COUNT 308 

220 23 ANINU a SAVfO/NI) COUNT 309 



225 

230 

235 

240 

245 

250 

255 

260 

265 

Appendix C (Continued) 

SUBRoUTINE RGAS CDC 6600 fTN V3.0-V34A OPT:I 

·64 

RNCIlaBNCll/SQPORO 
BNC2I aBNC21*RTO 
RN C3l aBN (l1*1.8 
FlNC4I aBNC41*RRR 
ANRC9laPR/Cl2 *BN1311 
RRhANRC91 
ANRCI2laBNC21/BN 131 
ANRIIOI=I.+ANRC91/CAN.1121-ANRC911 
ANRIlllaANRCI21/ANRCI01 
ANRllll aBNCII*BNIII*Z2Il1 
ANRCI6I aBNC41-ANRCIII*ALOG(ZI/Z2·*ANRCIOII 
GO TO 26 

II LaO 
If CGTEST.EQ.GXI GO TO 440 
GTE·STa GX 
Ll a 2 
ANRCI'aRRX 
ANRC21aGX 
ANRI3IaANRCII/CANRC21-1.1 
ANRI4IaANRIII+ANR(31 
ANRC8I a4900a.609-ANRC11*ALnGCI71.6/.0001**ANRC211 

26 ANRCL+SI-l./ANRCL+21 
ANRIL+6I a ANRCL t 41/ANRCL·II 
ANRCL'71-ANRCL'61/ANRCL+21 
IfINUMSI440,69.70 
QUOO-P/R**ANRCL'21 
oUOT"P/R 

440 

GO TOI65.66,67.68,691.NUM 
69 [X-S-ANRCL+81 

EXaEXPIEX/ANRCL t 311 
RaCP/EXI*·ANRIL.SI 
OUOO-P/R··ANRIL+21 
OUOT-P/R 

68 
67 
66 
65 

30 

109 

GO TO 67 
S-ANRCL+al.ANRCL+31*ALOGCQIJOOI 
T-QUOTlANRCL+lI 
HaQUOT-ANRCL'61 
LL-L+LI 
A-SQRTCANRILLI-OUOTI 
AX-. 
HXaH 
TX- T 
SX-s 
RX-R 
CONTINUE 
r,TEST--I •• [+Jt .'IIItN 
END 

03/10175 Il~37.59. PAGE 5 

COUNT 310 
COUNT 3Il 
COUNT 312 
COUNT 313 
COUNT 314 
COUNT 315 
COUNT 316 
COUNT 317 
COUNT 318 
COUNT 319 
COUNT 320 
COUNT 321 
COUNT 322 
COUNT 323 
COUNT 324 
COUNT 325 
COUNT 326 
COUNT 327 
COUNT 328 
COUNT 329 
COUNT 330 
COUNT 331 
COUNT 332 
COUNT 333 
COUNT 334 
COUNT 33S 
COUNT 336 
COUNT 337 
COUNT 338 
COUNT 339 
COUNT 340 
COUNT 341 
COUNT 342 
COUNT 343 
COUNT 344 
COUNT 345 
COUNT 346 
COUNT 347 
COUNT 348 
COUNT 349 
COUNT 3S0 
COUNT 351 
COUNT 352 
COUNT 353 
COUNT 354 
COUNT 3SS 
COUNT 356 
COUNT 357 
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Appendix D. SERCH Fortran Listing 

SUBROUTINE SERCH 

~UBROUTINE SERCH 
COMMON ICSERCHI x. 0(6001. 
"lOUT ., 70000 
IF (x.GE. Q(NERII NL=NER 

5 DO 10 I=NL,NU 
IF(X.LT. 0(111 RETURN 
",OUT "' 1 

10 CONTINUE 
RETURN 

10 fND 

NL. 

CDC 6600 fTN V3.0-V34A OPT=l 03/10175 

COUNT 
NU. NOUT. NER COUNT 

COUNT 
COUNT 
COUNT 
COUNT 
SERCH 
SERCH 
COUNT 
COUNT 

. ' 
11.37.59. PAGE 

358 
359 
360 
361 
362 
363 

11 
12 

364 
365 



Appendix E 

Subroutine ISENC Flow Diagram 

I START I 

Total enthalpy HT is calculated using static pressure (p) 
(1-17) entropy(S) and velocity from a point upstream on the 

characteristic of interest (V2 == 0) 

Real - . IF(NTEST) : + Ideal 

0 

Calculates PROOT(I) Ideal Uses ideal gas P2 using ideal gas (22-28) 
(29) for 1st approximation equations 

to real pressure 

NROOT = 0 P2 (ideal gas p) (27) 
ZROOT = ZROOTL 
NF = 1 

GO TO END 

(45) 
DO 100 NROOTI = 1,200 
This is the main Do 
Loop of the subroutine 

I 

Initial or last calculated value of P is 
(46) multiplied by ZROOT ** NF. NF is adjusted 

on line (95) 

New estimate is used in RGAS with given 
(55) entropy(S) to iterate on density (p) until 

calculated S agrees with given S. 

37 



( 56) 

(59) 

The difference of the calculated enthalpy (H2) 
and the known enthalpy (line 17) is stored in 
FROOTY 

The choices for the subscript I578 are as 
follows: I578 = 5 when the P is being iterated 
upon in the main Do Loop; I578 = 7 when the 
correct pressure has been bracketed and 
n + 1/3 n step to be calculated; I578 = 8 
indicates the n + 2/3 n step is to be calculated 

- t IF(NROOT) 

0 

(62) set NROOT = -1 
(89) Test, is initial 

pressure exact 
answer. 

+ 

(81) 

(82) 

(103) 

(92) FROOT (2) and FROOT 
(6) are set. 

I GO TO 100 

Using state properties 
at'n, n + 1/3, n + 2/3, 
and n + 1 a better 
answer is found by 
curve fitting and 
interpolating 

- Checks sign of [HT gi ven - HTpresent iteration]· 
(87) If sign changes from last iteration, answer has 

been passed. Has sign been changed? 

GO TO A I 

YES 

(89) IS PRESSURE EXACT? I 
YES ~ NO ~ 

NO 

(88) IS ANSWER BETTER? 

NO 

Change step size 
(64) indicator ZROOT 

from .97 to 1. 03 



(73) 
! 

(80) 

(90) 
(121) 

yesl 

Finished I 
(92) 

(93) 

No 

Set 
PROOT (2) 

and 
PROOT (6) 

(95) 
Second time through Do Loop NF = NFSAV. Next 
time through loop, big step in guessed value 
of P will be taken. 

I 
(96) End of Do 100 loop 

I 
(104) Sets up size of 

! step size (NFSAVE) 
(120) for next entry into 

subroutine. 

~ 
(67) I Is NF = I? 

Yes / ""- No 

Ready to calculate A big step was taken which 
1/3 steps so final (71) was too big. Therefore 
answer can be ~ = NF - 2. 
interpolated 

I I 
Finished. Goes Go to end of loop. Take 
outside loop to (NF - 2) step jump. If 
curve fit and this jump size still passes 
interpolate answer, go to A and repeat 

process. 

39 
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Appendix F. ISENC Fortran Listing 

SUBROUTINE ISENC CDC 6600 fTN V3.0-V34A OPTzj 

5 

10 

15 . 

20 

25 

30 

35 

40 

45 

50 

55 

SUBROUTINE ISENCCP1.SIX.Vl.V2.P2.RX.GX.NTESTX.NGASX.ER) 
CISENC LOMAX 

C 

3 

4 
7 

I 
2 

C 
C 
C 
C 

114 
C 
C 
C 
C 

C 

nl~ENSION PROOTCIO) 
nATA NFSAV 1 1 1 
nATA LIMPI. LIM. LIMI / 6. S. 4 1 
OATA ZROOTL 1 .97 / 
nATA ZROOTH 1 1.03 1 

FR=O.O 
RzRX 
G=GX 
NTESr=NTESTX 
NGAS=NGASX 
Sl=SIX 
CALL RGASCPI.RI.Al.HI.TI,SI.R.G.NTEST.5.NGAS) 
HT=HI·.S*VI**Z 
HtMV2=HT-.5*VZ**Z 
IfCHTMVZ) 3.3.4 
ER"-I.O 
GO TO 5 
IfCNTEST) 6.7.7 
pROOTCl)=G/CG-l.) 
PROOT(2)=CVI/A1)**2 
pROOT(3)=CV2/Al)*·2 
pROOT(4)=PROOTC2)-PQOOTC3) 
PROOT(5)=CG-l.0)IZ.0 
pZ=Pl*Cl.0·CPROOT(5)*P~OOTI4)))**PROOTCI) 
GO TO 5 

6 pROOTX = P2 
IfCPROOTXI 101.2 
pROOTX:PI 

CONTINUE 

NROOT·=O 
ZROOT "ZROOTL 
pROOf(9)=0.0 
",ROOT = -I 
NfCHK " NfSAV 
Nf = I 

PROOTX GuESSEn VALUE Of ROOT 
ZROOTH AND ZROOTL PERCENT INC~EMENTS 

1578 = 5 
pROOTCI)=PROOTX/ZROOT 
00 100 NROOTl=1.200 
pROOTCI) = PROOTCII·ZROOT**Nf 
pROOTZ=PROOTCl1 
CONTINUE 

INSERT EQUATIoN fOR ROOT 
PROOTZ = fUNCTION 
PPOOTY IS ZERn fOR TRUE ROnT 

JISENC ,. JISENC • I 

CALL RGASCPROOTZ.R2.A2.H2.T2.SI.R.G.NTEST.S.NGASI 

03/10/15 11.37.59. PAGE 

ISENC 2 
ISEhlC 3 
ISENC 4 
COUNT 1 
COUNT 2 
COUNT 3 
COUNT 4 
I SEt-IC 5 
ISENC 6 
ISENC 8 
ISENC 9 
ISENC 10 
ISENC 11 
ISENC 12 
ISENC 13 
ISENC 14 
ISENC IS 
ISENC 16 
ISENC 17 
ISENC 18 
ISENC 19 
IsENC 20 
ISENC 21 
ISENC 22 
ISENC 23 
ISENC 24 
ISENC 25 
ISE"lC 26 
COUNT 5 
ISENC 30 
ISENC 31 
ISENC 32 
ISENC 33 
ISENC 34 
ISENC 35 
ISENC 36 
COUNT 6 
COUNT 7 
COUNT 8 
COUNT 9 
COUNT 10 
COUNT 11 
COUNT 12 
COUNT 13 
COUNT 14 
COUNT 15 
COUNT 16 
COUNT 17 
COUNT 18 
COUNT 19 
COUNT 20 
COUNT 21 
COUNT 22 
COUNT 23 
COU"T 24 



Appendix F (Continued) 

SUAROUTINE ISENC CDC 6bOO FTN V3.0-V34A OPT=I 0311·0175 11.37.59. PAGE 2 

pROOTY .. HTMV2-HZ COUNT 25 
C COUNT 2b 

C END Of EQUATlnN FOR ROOT COUNT 27 
112 pROOTI15781 = PROOTY COUNT 28 

bO C COUNT 29 
104 Tf INROOll 102.1010125 COUNT 30 
101 NROOT" -I COUNT 31 

GO TO 103 COUNT 32 
108 lROOr =lROOTH COUNT 33 

65 pROOTIII=PROOT~/ZROOT COUNT 34 
r,0 TO 103 COUNT 35 

107 If INf .EO.lI GO TO 127 COUNT 36 
"If = Nf- 2 COUNT 37 
yf INF .LT. II Nf=1 COUNT 38 

70 pROOTIll = PROOTI21 COUNT 39 
NfCHK = Nf COUNT 40 
GO TO 100 COUNT 41 

IZ7 nROOT=IPROOTIZI-PROOTIIII/1. COUNT 42 
pROOTI31=PROOTIII+0~OOT COUNT 43 

75 pROOTI41=PROOTI31+0ROOT COUNT 44 
pROOTZ .. PROOTI31 COUNT 45 
MROOT .. 0 COUNT 46 
NROOT=I COUNT 47 
1578 z 7 COUNT 48 

80 GO TO 114 COUNT 49 
IZ5 TfIMROOTI131.113.115 COUNT 50 
113 pROOTZ=PROOTI41 COUNT 51 

C pROOT (71 ",PROOTY COUNT 52 
MROOT .. 1 COUNT 53 

85 r578 '" 8 COUNT 54 
GO TO 114 COUNT 55 

10Z If ISIGNIPROOTI61.PROOTISII-PROOTI611 107.106.107 COUNT 56 
10& If IARSIPROOTISII - ABSIPRoOTI6111103.103.108 COUNT 57 

103 IfIPROOTI511IZ4.105.124 COUNT 58 
90 lOS PROOTIIOlzPROOTll1 COUNT 59 

GO TO 110 COUNT 60 
124 PROOTI21=PROOTIII COUNT 61 

pROOTI61=PROOTISI COUNT 62 
Nf"'l COUNT 63 

95 Tf INROOYI .EO.21 Nf=NfSAV COUNT 64 
100 CONTINUE COUNT 65 

131 wRITE 16.1111 PROOTIII. PRnOTI21. PROOTI51. PROOTI COUNT 66 
161.PROOTX COUNT 67 

III fORMATI13HO ER ISENCPI=EI4.6.~H P2=E14.6.4H PS=E14.6.4H P6",E14.6.4 COUNT 68 
100 IH PG-El4.61 COUNT 69 

CALL 000191 COUNT 70 
C pROOTIIlI=PROOTY COUNT 71 

115 CALL NTERPII.I.PROOTI COUNT 72 
If INfSAV .GT. II GQ TO 2?0 COUNT 73 

lOS yflNROOTl .LE.LIMI GO TO 2<;0 COUNT 74 
NfSAV-NROOTI - LIMI COUNT 75 

C pRINT 225. NFSAV COUNT 76 
225 FORNAT I - NEW LIMIT Nf"- 141 COUNT 77 

GO TO 250 COUNT 78 
110 220 If IHFSAV .GT. NfCH~1 GO Tn 240 COUNT 79 

41 
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Appendix F (Continued) 

SUBROUTINE ISENC CDC 6600 FTN V3.0-V34A OPT-l 

235 

C 
115 238 

248 

240 
120 250 

110 
C 
C 
C 

125 
5 

If INROOTI-LIMPI)248.248.215 
Nf=NfSAV 
NfSAV - INROOTI -LIM~I) + NF5AV 
pRINT 238. NF. NfSAV 
fORMAT I • INCREA~E LIMIT fROM. 14 * TO.14) 
,,0 TO 250 
TF INROOTI .GT. LIMI) GO Tn 250 
NfCHK - NFSAV-l 
NfSAV '" NFCHK 
CONTINUE 
pROOTK=PROOTIIO) 

r;>Z-pROOTX 
RETURN 
END 
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