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THEORETICAL STUDIES OF SOLAR LASERS AND CONVERTERS

By
John H. Heinbockel*

Research for the period consisted of developing and refining the
continuous flow laser model program. In addition, a working model for a two
pass continuous wave amplifier was developed. The following is a summary of
the mathematical development of a two pass amplifier for the n-C3F7I iodine
laser. The geometry of the amplifier is illustrated in Figure 1. In this

figure

Pin = power density into the amplifier (watts/cm2),
w = transmission coefficient,

£ = radiation energy from I* (watt-sec),

c = speed of light,

Pout = output power density,

RL = reflection coefficient for mirror,

p+(2) = photon density for wave motion in positive direction (cm'3),
p-(Z) = photon density for wave motion in negative direction (cm'3).
The input power density Py, is assumed to be known. The photon density

satisfies for all values 2

p+(Z) p-(2) = Ko (1)

*Professor, Department of Mathematical Sciences, 01d Dominion University,
Norfolk, Virginia 23529.
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where Ky is a constant. At Z = 0 we have

p+(0)p-(0) = Kg (2)

and at Z = L we have

p+(L) p-(L) = Kg. (3)

The value of p+(0) is determined from the assumed value for the input

power density Pj, and from this we calculate

Pinw
p+(0) = (4)
e C

and consequently from the relation (2) we have

K,

p+(0)

p-(0) =

In the above relations W is the transmission coefficient of the Brewster

windows and Ky is an assumed initial value. At Z = L we have Ry = W2RL as
the reflection coefficient from the Brewster window. We then are able to
calculate the return photon density from the Brewster window at Z = L. We

find that this density should have the value
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p-(L) = Rop+(L). (3)

Combining the equations (2) (3) and (5) we determine that

' K
R2p+2(L) - K, or p+(L) -\jF_Q - \/;;(O)p-(o) 6)
R2 R2

Using the value (6) as the theoretical value for p+(L) at Z = L we can com-

pare this value with the calculate value for p+(L) obtained from an integra-
tion of the differential equations defining the chemical reactions occurring

in the amplifier. We adjust the value for p-(0) until

P+(L) heoretical P+ (L) alculated| © E 7

where E is an error criteria.

The above procedure is a shooting method for the determination of p-(0).
When the error criteria is satisfied, the output power is obtainable from the

relation

POut = p-(0) WeC (8)

and the gain is calculated from the relation

P
out

Pin

(decibels). 9

gain = 10 log10
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The chemical reactions occurring in the laser tube are listed along with

the values used for the rate constant.

4
RI + hv —e—l‘* R+I*

*
Ip + hu-gza I+I (51%
Ip + hv ——2—+ I+1 (49%

Two Body Reactlons

* 1
I +R —— RI ,
)
I+R —— RI ,
Ky
R+R —— R ,
2
Ky
R+RI —— R,+I ,
K
R+1, — . RI+I ,
K6 *
R+RI] — R2+I ,
* K?
I +RI —— R+I2 s
K
I+RI —é—* 12+R ,
* Q
1 +RI —— I+RI ,
Q,
I +1, — I+1 ,
2 Q 2
I +R ——3——» I+R ,
Q,
I +R — I4+R ,
2 2
Qs

Three Body Reactions

% C]_

I +I4+RT —— L,+RI :
¢

I+I+RI —2— I,+RI :

of
of

the
the

.0(10™7)

7¢10° Y7

8¢10°1h

.6(10'3 )

time)
time)

14

.0 (1007

-11

.8 (10 )

12

.0 (10775

16

L0 (10°7)

11

.0 (1077

.0

9

23

L6(10°°7)

7

.7¢10° 18

16

J7(10° )

14

L6(10° )

3

-33 e1310/I‘

L7¢077)

The assumed reactions are:

e-4.4(10'3)(1:-300)
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T +I+1 s L C. = 0.0

++2C 2+2 , 3- .

4 a
I+I+1, - 1,41, , G, =10
I+I+R — I.4R , C. = 8.0(10'33)e1310/F
2 . 2772 5

* 6 v

I+1 +R2 —_— 12+R2 , C6 = 0.0

o = -29.439 -5.844 log (_E;) -2.163 | log, —
300 300

Let B denote a scale factor and let yj, i=1,7 denote the normalized
values of concentration. Define the quantities:
X1 = By; = [RI]

X9 = Byp = [R]

X3 = By = [Rp]
X4 = By, = [I2]
Xg = Bys = [I*]

X¢ = Byg = [I]

p+(2)

X7 = Byy
Xg = p-(2)= Ko/X7

p = p(Z) = X7+Xg

where [ ] denotes concentration of substance, R is the iodide perflouride
radical n-C3F7, I is iodine and I* denotes the excited state of iodine. For
w the flow rate of n-C3F7I in the Z direction (cm/sec) and p the total photon
density, the differential equations defining the chemical kinetics of the

amplifier are given by:
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dy1

dz

dy2

dz

dy 6
W —_—
dz

= K By, Y5 +K,By,¥g -4, -K, By ¥ +KsBy,Y, -K;By sy, -R¢By,y) -KgBy Y-y,

2
= £, K BY,¥q-K,yBy,¥g-2K By, -K By, ¥, -K By, ¥, -RsByyy,

dw
+K,By,y5+KgBY Y6, o Yo/7)

]
~
(o]

]
N

+

~

dw
627172 * KBV Yy Yy — - Y3/75

2 2 2 .2 2 2
CiB Y ¥5Yg+CoB Y g +C3B Y, Yoy tC,B Y, Yg -§5Y, KBy Y

2 2 2 dw
- KsBYpy,#CsB Yg YyRgBYgY1*C6B Ye¥sY3Ya — - VYA

2 2
€,51%0.51€,y, -K By,¥5-C B Y Y5V CaB Y, Y5Y-Q BYY5-QBY, Y5

1
-Covpe(ye- = y.) + K By, y.-Q.By.¥,-Q, By y,-Q:By.y
5 576 6271 37572747573 ¥577576

2 dw
“K;Bysy1-CeB ¥gYs¥37Ys ol Ys/Tg
- 1.49 E.y.+ Quy.y.4QBy,ve-2C.Boy 2y K By y.+ Cop (Yo = ¥,)
. oYt QY1Y5HQBY, Y5205 Y Y37Rg%Y6Yy 57 5 76

2 2 2 .2 2.2
-C1B"Y,Y5Ye-2C,B Y ¥¢ -CqB Y, Yo¥42C,B7Y, Y KoBY g +K,BY 1Y)

i - 2 dw
3By 5Y9+Q By 5y 3+QsBY5Y6*KBY Y, C6B YeYsV3 Ve —— ° Y6/ "6

dw
z

d
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Normalizing the length of the amplifier by using the substitution Z =
SL, 0 < § < 1 the differential equations are solved numerically using a
Runge-Kutta integration scheme. Appendix A contains the computer code for
the simulation of a two pass continuous wave amplifier. Appendix B contains
a representation of the output from the code. This Appendix contains figures
illustrating how concentrations change with distance. Current research is
directed toward the refining of this program and performing a systems study

with the parameters involved in the code construction.
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APPENDIX A

COMPUTER PROGRAM FOR SIMULATION OF TWO PASS CONTINUOUS WAVE AMPLIFIER
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FROGRAM TFAMFZ (INFUT,OUTRUT, TARFES=INFUT, TAFEL=0UTFUT, TAFES)

MAIN FROGRAM
TWO FASS CONTINUOUS WAVE AMFLIFIER

AMFFAR IS THE DATA FILE WITH NAMELIST VARIAEBLES DEFINED

COMFRESSIELE FLOW LASER MODEL WHICH TNCLUDES
ECUATION OF STATE
CONTINUITY EQUATION
MOMENTUM ECUATION
ENERGY ECUATION

TAPEE I5 FOR DUFUT DATA---RENAME AND S&VE TAFEB IF YOU WANT
TO SAVE THE OUTFUT DATA

FROBLEM IS5 SCALED IN THE AXIAL DIRECTION-—--LENGTH IS5 LC
SCALED LENGTH IS ZERO TO ONE

SFECIFIC HEAT AT COMSTANT VOLUME IS5 FUNCTION OF TEMPERATURE
OBTAINED FROM LEAST SGQUARES FIT OF EMFPIRICAL DATA
FOR N-CZF7I IODINE LASER

USED IN FREDICTION MODE---GIVEN CONDITIONS AT ZI=0.

THIS VERSION CONTAINS AN AUTOMATICALLY CHOSEN VARIABLE STEF
SIZE. IT ALSD CONTAINS WALL EFFECT REACTIONS. (NOT USED THOUGH)

EFFECTS OF TEMFERATURE, FLOWRATE,DENSITY AND FRESSURE VARIATIONS
ARE CONSIDERED IN SUBROUTINES ARREN, FFLOW AND FLOW

COMMON/BLE2/E1, K2, K3, K4, K5, K6,£7,8,C1,C2,C7,C4,CS
COMMON/BLKEZ7/01,02,03, 04,05
COMMON/BLEI/R, B2, B3, C, A0O, BOO, EFSNU, OMEGA, Cé
COMMON/BLK4/CHSI1G, CHSI20, ABARD, Z1BAR, LT, XKO
COMMON/ELK7 /ABC,CO0, CO, OMEGL ,,F,R1,R2, TM, XNRHO
COMMON/BLKS/Z0L, ZE,NG, TO,RAD, A, PIN, W
COMMON/ELK10/CF1,CF2,CF4,0F0,RSTAR, ZL,L,SF1,SF2, AR, ARO, REO
COMMON/BLKZ2/AD,V1,V2, GG
COMMON/BLKE23 /W0, ETAQ, FTO, FRAC
COMMON/BLK28/TAUZ, TAU4, TAUS, TAUS, TAUZ, S1G
COMMON/ELEZ99/TTT2, TTTZ, TTT4, TTTS, TTT6

REAL K1,K2,KT,K4,K5,K6,K7,HB

REAL LC,L

WRITE(&,123)
FORMAT (1X,20H START OF FROGRAM )
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DEFAULT VALUES

IEND=0 R
ICOUNT=0 ORIGINAL PAGE IS
NG=() OF POOR QUALITY
FRAC=O. O

AR=T.

TLE=Z?.0
FTO=20.0
WO=15.8
ETAG=,38
IDL=7.50
TO=700,
fAaD=147 27
AAT TN I/ MOL
BEC IN 1/K
BREO=, 0012
AAD, BED USED IN LEAST 30 FIT OF SP.HEAT CONSTANT VOLUME
LC=15.0
LG IN CM
XNRHO=1.0
FAD=0,0
VIi=0.0
2=0,0
TTTZ2=1.0E18
TTTZ=1.0E18 '
TTT4=1.0E18
TTT2=1.0E18
TTTé&=1.0E18
Cou=,5E12
R1=0.0
R2=,.975
TO=Z00,
FIN=1.0
W=0,98
ZE=S.0
A=2.,0
TM= 1-R2
OMEG1=5000,
OMEG1 IN CM/S
CON=2.,0E4

NAMEL IST/FARAM/FTO, OMEGL , CON, COO,R1,R2, TM, XNRHO, LC, ZOL, A, ZE,

1 AR, IEND,FRAC, TO,RAD, V1, V2, TTT2, TTT4, TTTS, TTT6, TTTI, W, FIN

ASSUME FRESSURE FTO (TORR) AND TEMFERATURE TO(DEG k)

ARE GIVEN FOR LEFT END. CALCULATE ETAO TO SATISFY GAS LAW
CONT INUE
IF(IEND .EG. 1) GO T4 600
IF(NG.EQ.8) GO TA 400
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(WA

aaaq

ICOUNT=ICOUNT+1 ORIGINAL PAGE IS

READ (5, FARAM) OF POOR QUALITY
IF(EQF (8)) 600,601

WRITE (&, 607)

FORMAT (1X,28HEND OF FILE ENCOUNTERED-STOF)
CALL FSEUDO

DO 10 JJJI=1,9

CALL GRAFHS (JJJ)

TONTINUE

STOF 1713

W=TRANSMIGSSION COEFFICIENT
FIN=INFUT FOWER DENMSITY (WATTS/CM**2)

F=FRESS5URE, TORR
AR=_ASER REAM DIAMETER CM
A=RADIUS OF TUEBE (CM
RAD=RADILS OF TURE WHERE CALCULATIONS ARE DONE.
T=TEMFERATURE DEG K
TO=TEMFERATURE LEFT END DEG K
FTo= FPRESSURE TORR LEFT END
wi=F_0OW RATE LEFT END M/SEC
ETAO=DENSITY OF GAS KG/M#*##3
OMEGL=FLOW RATE, CM/BEC , MAXIMUM FLOW RATE AT RAD=0
TALZ,TAU4, TAUS, TAUL ARE LIFETIMES FOR RADIAL DIFFUSION OF
TOTZ2,TTTIZ,TTT4,TTTS, TTTé4 ARE LIFETIME VALUES FOR Tau
THE QUANTITIES [R1,CI21,CI%1 AND [I3J.
TAUT IS DIFFUSION COEFFICIENT FOR C[R2]
CON=FEAL CONCENTRATION , SOLAR CONSTANTS
Coo=INITIAL GUESS AT RHO-FLUS AT ZERO
WHICH IS5 SQUARE OF (COO*R1)
R1= REFLECTIVITY AT LEFT END
R2= REFLECTIVITY AT RIGHT END
ZE=DISTANCE FOR LIGHT INTENSITY TO DIMINISH BY FACTOR 1/E
TM= TRANSMISSION COEFFICIENT (QUTFUT MIRROR)
ZOL=FOINT ALONG AXIS WHERE MAXIMUM ILLUMINATICN OCCURS
I THE CASE ILLUMINATION IS A RBELL SHAFED CURVE
iN THE CASE OF A SOQUARE WAVE, 2+Z0L IS CUT OFF FOINT
THE FOINT 2#Z0L I35 WHERE TLLUMINATION BEGINS TO DIMINISH
LC=LENGTH OF LASER CAVITY IN CM
== GUALED LENGTH WHICH GOES FROM ZERO 70O ONE
LENGTH IS SCALED FROM ZERO TO ONE

IL=2%Z20L LENGTH WHICH IS ILLUMINATED
FRAC=FRACTION OF FEAE CONCENTRATION WHICH GOES
INTO HEAT

DEFAULT VALUE IS FRAC=0.024 I.E. 2.40 FERCENT
= IS STEF SIZE FOR NUMERICAL INTEGRATION OVER SCALED LENGTH

CONT INUE

F=FTO

T=TO

ZTAO=F* (1, 01325E3) %2946,/ (BZ14,I%740.*T)
FTO 1S FRESSURE IN TORR

ETAO IS DENSITY IN KGS/M%x3

ETAOQ IN HG/M**7
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F IN TORR
T IN DEG kE
SMIN=1. OE4 ORGINAL PAGE IS

CHAX=1.0ET70 UALITY
ZL=02%Z20L OF POOR Q

L=L0C

C 3=C0ON

C11=C0ON
C-.L COEFFS

10

o IN M/RZEC
CEOMEGHS 100,
C A5 ARND OMEGA ARE IN CM/SED
Eih. 1980

pRd=] ST (/77

i (5, 199) 2, ZOL L TON, OMEGS, FRAD, Co0, kL, R2LF, T
19% =2 ST LY, S, OHIE = FLO. 5, T ”,th”L = L,ELIS.7,T95, 6HCON =

1 215,77, T30, 3HOMEGA = ELS," TLO4d, 7HFRAZ = Fs.2,/,

2L, T ARTO0 = (E15, 7, TEU_&M FlL = ,F10.7, TES,&H RZ = L,F10.

A “E},1F F o= ,Ei5.7 ,TJNS,THTEMF = GF10.5:
C ST7T UP COEFFICIENTS I DIFFERENTIAL. EGUATIONS
o SET FRIMTER CFF
o IFRINT=O FRINTER OFF
i IFRINT=1 FRINTIR ON

IERINT=0
C =T STEF SI7E H=,0205 UNITS
=0, 025

Z IFTEGRATE DIFFERENTIAL EQUATICNS FROM S5=0 TO 5=1.0

X1=C0O0

CALL INTEGU(IFRINT,H)

INTERVAL HALVING SCHEME

Y1=AEBC
I Y1.LT.O) FER=S5.0
CC IF(Y1.LT.0) PER=1.1
IF{Y1.6T.0) FER=,1
cC IFIY1.6T.0) FER=.9
702 CONTINUE
C N THIS VERSION COO I8 ASSUMED VALUE FOR RHO- (M)
COO=(FER) »COO
I=(Co0 JLT. CMIN) ZTOF S472
IFCOO .GT. CMAX) STOF 2345
XZ=C0a0
CA_L INTEGU(IFRINT, H)
Y2Z=ABC
C ABC IS XEO INITIAL MINUS XKoO CALCULATED (PERCENT =RROR)
IFO(YI*YZ) LT, 0O)BO TO 701
X1=C00
Y1i=Y2
=0 TO 702
701 CONTINUE
Wi=.6
WZ=.4
COO=W2xX1+W1*X2
708 CONTINUE
CALL INTEG(IFRINT,H)

b
7

1
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¥ T=CO0
v T=ARC
IF (ABS(YZ) .LT.0.0%) GO TO 555
704 CONTINUE
IF((Y1%YZ).LT. O GO TO 705
C ¥1 % YI ARE OF THE SAME SIGN ORIGINAL PAGE iS
X1i=X3 OF POOR QUALITY
Y1=Y3
Coi=, 5% (X1+XD2)
33 TD TO8
705 CINTINUE
» Vi % YT ARE OF OFFOSITE SIGN

Lo=XI

[

14
T
Yo=Y
Coun=,5%X1+X2)
2 TO 708
IFRINT=1
-, 025
CTALL INTEGIIFRINT,H)
=0 TO 55
END

i
t
L

EJBROUTINE BRAFHS(JIJIJI)

AS THE NAME SUGGESTS THIS SURROUTINE FLOTS GRAFHS OF THE
NUMERICAL OQUTFRUT
MULTIFLE PLOTS ON EACH GRAFH ——--UF TO MAXIMUM OF EIGHT

ooo0oO0a0an

COMMON/EBLEA/CHSI10,CHSIZ0, ARARO, Z 1 BAR, LC, XKO
CIMMON/BLEB/ZOL, ZE,NG, TO, RAD, A, FIN, W
COMMON/BLEI0/DATA (S0, 50) , NDMAX, FLRATE (8) , FDFTDAT (S50, 40)
DIMENSION X (S0),Y(S0),YY (50,89

REAL LC

1,9
1 FLOT R VS Z

2 FLOT IZ VS Z

I FLOT I* VS Z

4 FLOT I VS Z

JJJ=5 FLOT INV VS Z

JJJ=6 FLOT FLOWRATE VS Z
FLOT DENSITY VS Z
JJJ=8 FLOT FRESSURE VS Z
JJJ=%9 FLOT TEMFERATURE VS Z

DATA ARRAY IS BY COLUMNS

Z,R, 12, I%,1,INV,Z,R,12,I%,I,INV,...

ND=NUMEER OF DATA FOINTS,=NUMEER OF ROWS IN DATA ARRAY
NG=NUMBER OF CURVES FPER GRAFH

oOoooooonoooonoaoaooaonnan
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IC IS CODE 7O DETERMINE NUMEBER OF GRAFHS TO FPLOT

IC=0 FOR MORE THAN ONE GRAFH
IC=1 FOR LAST GRAFH (USED FOR ONLY ONE GRAFH)

IC=0
NLAST=NG-1
SXC=5.0
SYC=5.0
SYCI=7.0
=XC=LENGTH OF XSCALE
SYC=LENGTH OF YSCALE
SYCI=LENGTH OF YSCALE FOR INVERSION
IF (NLAST .EQ. @) IC=1
PLOT J3J VS Z
IF{JIJ .GE. &) BO TO 700
DO 10 I=1,NDMAX
¥ (13=DATAI, 1)
DO 20 J=1,NG
MN= (J-1) %4
NCOL=NN+1+JJJ
YY1, J)=DATA (I, NCOL)
ZONT INUE
ZONT INUE

FIND YMAX,YMIN

CMAX=0.0

YMAX=0.0
YMIN=0.0

ZMIN=0.0
FIND YMAX AND YMIN

C3 70 I=1,NDMAX

PO 71 J=1,NG

IF(C YY(IWJ) GT. YMAX) YMAX=YY(I,I)
IFC ¥YY({I,J) .LT. YMIN) YMIN=YY(I,J)
CONTINUE

CONT INUE

FLOT FIRST DATA CURVE

JJJ=1

IMAX=1.00

DO 40 I=1,NDMAX
Y{I)=YY(I,1)

CGNTINUE

LOGMAX=1+ALOG1O (ABS (YMAX))
FPOWER1=10. **_OGMAX
TEST=YMAX/FOWERL

YMAXX=0.025

IF(TEST .GT. ©.025) YMAXX=.05
IF(TEST .GBT. 0.05) YMAXX=0.10

IF(TEST .GT. 0.10) YMAXX=0.25
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100

C
C
cC

200

C

C

C

IF(TEST .GT. 0.23) YMAXX=0,50
IF(TEST .GT. 0.5) YMAXX=1.00
YMAX=YMAXX*FOWERL
IF(JJIJ.NE. §) GO TO 507
CONT INUE

IF(YMIN .GE. O) GO TO 307

IFAYMIN LT, 0,0) LOGMAXZ2=1+ALOGL1O (ABS(YMIN))

FOWER=10. #%_OGMAX 2

TEST=ABS (YMIN) /FOWER
YMINN=G0G, 001

IF(TEST .GT. 0.001) YMINN=O,O
IFOTEST GT. G.005) YMINN=O,G
IFATEST .GT. 0.01) YMINN=O,05
IFA(TEST W GT. ©.05) YMINN=O0, 1
DFATEST G6T. 0.30) YMINN=O,3
CFATEST JGT. 0.5%) YMINN=1,0
TMIN=~-YMINN*FOWER

ZYC=8YCI

CONT INUE

ZMIN=0,0

IFGIIILGT.1) GO TO SO

Jid=1 FLOT R VS Z

CALL INFOFLT(IC,NDMAX,X,1,Y, 1
22,22HZ, SCALE DISTANCE,
11,11H [CIF71 .0,
8XC,5YC,0.75,0.75)

GO TO 600

CONTINUE

IF(JJJ.GT.2) GO TO 100

L I OV I

JJJa=2 FLOT I2 VS Z

CALL INFOFLT(IC,NDMAX,X,1,Y,1
23, 2THZ, SCALE DISTANCE,
9, 9H [Iz1 ,o,
SXC,5YC,0.75,0.75)

50 TO 600

CONTINUE

IF(JJJ.GT.3Z) GO TO 200

DRI o5 B

JJIJ=3 FLOT I* VS 2

CALL INFOFLT(IC,NDMAX,X,1,Y,1,ZMIN, ZMAX, YMIN, YMAX, 1.0,

27,23IHZ, SCALE DISTANCE,
9, 9H [I*1 L0,
SXC,8YC,0.75,0.75)

GO TO 400

CONT INUE

IF(JJJ.GT.4) GO TOQ 300

(P2 I NI

JJdJ=4 FLOT I V8 2Z

CALL INFOFLT(IC,NDMAX,X,1,Y,1,ZMIN, ZMAX, YMIN, YMAX, 1.0,

1 23,23HZ, SCALE DISTANCE,
2 8,8H 11 ,o,

05

1

«IMIN, ZMAX, YMIN, ¥MAX, 1.0,

. ZMIN, ZMAX , YMIN, YMAX, 1.0,



r

|

[
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{

prin
Ui
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o

)

Z S8XC,5YC,0.73,0.73)
GG TO &00
00 CONTINUE

JJJ=5 FLOT INV V5 Z

anon

CALL INFOFLT(IC,NDMAX,X,1,Y,1,ZMIN,ZMAX,YMIN,YMAX, 1.0,
23, 23HZ, SCALE DISTANCE, .
24, 24H [I%1-.5%[11 ,0,
SXC,SYC,0.75,0.75)

500  CONTINUE

B e

C FLOT REST OF CURVES OR EXIT IF ONLY ONE CURVE
C
NLAST=NG-1
ITI(NG .E@. 2) GO TO 500t
IF(NLAST .EQ. O) GO TO 601
0o 500  J=2,NLAST
L3 501 I=1,NDMAX
YiIi=yYY(I,J)
501 CONT INUE
CALL INFOPLT(IC,NDMAX, X 1,Y,1,ZMIN, ZMAX, YMIN, YMAX, 1.0,
t 1,1H 1, 1H . 0,SXC,5YC,0.75,0.75)
500 CONT INUE
5001 CONTINUE
C
> FLOT LAST CURVE
»

DO &0 I=1,NDMAX
V(1) =YY (I,NG)
60 CONTINUE
CALL INFOFLT (1,NDMAX,X,1,Y,1,ZMIN,ZMAX,YMIN, YMAX, 1.0,
1 1,1H ,1,1H ,0,8XC,5YC,0.75,0.75)
601 CONTINUE
CALL NFRAME
RETURN

700 CONTINUE

C GET DATA TO FLOT
DO 701 I=1,NDMAX
X{I)=FDFTDAT(I,1)
DO 702 J=1,NG
NN=JJJ-4+ (J—-1) #5
Y¥(1,J)=FDFTDAT (I,NN)
702 CONTINUE

C FDFTDAT IS STORED IN THE FORM:
c Z,FLOWRATE, DENSITY, FRESSURE, TEMFERATURE, Z,FLOWRATE , « . «
701 CONTINUE
c FIND MAX AND MIN FOR Y VALUES
YMIN=100.
YMAX=0.0

DO 703 I=1,NDMAX
DO 704 J=1,NG
IF(YY(I,J) .LT. YMIN) YMIN=YY(I,J)
IF(YY(I,J) .BT. YMAX) YMAX=YY(I,J)
704  CONTINUE
703  CONTINUE
MAX=10. *YMAX+1.0

A-9
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YMAX=FLOAT (MAX) /10,
MIN=10.%YMIN-1.0
YMIN=FLOAT (MIN) /10,
=0.0
;:;;‘zi.o ORIGINAL PAGE 1S
C PLOT FIRST CURVEC OF POOR QUALITY
DO 705 I=1,NDMAX
NN=1
705 Y(I)=YY{(I,NN)
C SLOT JJJ VS 2
IF(JJJ .GT. &) GO TO 800
C JJJ=6, FLOT FLOWRATE VS Z
CALL INFOFLT (IC,NDMAX,X,1,Y, 1, ZMIN, ZMAX, YMIN, YMAX, 1.0,
1 05,75HZ, AXIAL DISTANCE, SCALED ,
2 15, ISHFLOWRATE CM/SEC . O
T 1., 5., 0.75,0.75)
GO TO 820
B8O TONTINUE
IF:JJJ .GT. 7) GO TO 801
C JJJ=7, FLOT DENSITY VS Z
CALL INFOFLT (IC,NDMAX, X, 1,Y,1,ZMIN, ZMAX, YMIN, YM&AX, 1.0,

L]

1 25,25HZ, AXIAL DISTANCE, SCALED ,
2 15, 14HDENSITY, KG/M**3 e

2100, 5.,0.75,0.75)

GC TO 820

801  CGNTINUE
IF(JJJ .GT. 8) GO TO BOZ

» JJJ=8, FLOT FRESSURE VS Z
CALL INFOPLT(IC,NDMAX,X,1,Y,1,ZMIN,ZMAX, YMIN,YMAX, 1.0,
1 25,75HZ, AXIAL DISTANCE, SCALED ,

2 14,14HFRESSURE, TORR . O,
3 10.,5.,0.75,0.75 )
GO TO 820

8OZ  CONTINUE

C JJJ=9, PLOT TEMFERATURE VS Z

CALL INFORLT(IC,NDMAX,.X,1,Y,1,ZMIN,ZMAX,YMIN, YMAX, 1.0,
25,25HZ, AXIAL DISTANCE, SCALED ,
18, 1BHTEMFERATURE, DEG C s 0,
10.,5.,0.75,0.75 )
820  CONTINUE
IF (NLAST .EQ. 0) GO TO 901
» FLOT REST OF THE CURVES
IF(NG .EQ. 2) GO TO SO
DO SOOI J=2,NLAST
DO S04 I=1,NDMAX
NN=J
Y (I)=YY (I,NN)
S04  CONTINUE
CALL INFOFLT(IC,NDMAX,X,1,Y,1,ZMIN,ZMAX,YMIN, YMAX, 1.0,
1 1,1H ,1,1H ,0,10.,5.,0.75,0.75 )

L2 S I o)

503  CONTINUE

5031 CONT INUE

c PLOT LAST CURVE
DO SO5 I=1,NDMAX
Y(I)=YY (I,NB)

505  CONTINUE

A-10
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CALL INFOFLT(1,NDMAX,X,1,Y,1,ZMIN,ZMAX,YMIN, YMAX, 1.0,
1 1,1H L,1,1H ,0,10,,5.,0.75,0.75 )
01  CONTINUE
CALL NFRAME
RETURN
END

SUBRROUTINE FFLOW

C SUBROUTINE TO CALCULATE THE FARAMETERS FOR SUERROUTINE FLOW

C FARAMETERS STORE IN COMMON EBLE10
COMMON/ELE7/ABC,C0O0,CO, OMEGL, F,R1,R2, TM, XNRHO
COMMON/BLES/Z0L, ZE,NG, TO, RAD, &, FIN, W

COMMON/BLK10/CF1,CF2,CF4,0F0, RSTAR, Zi, L, SF1, 5F2, AR, AAO, BEO

COCMMON/RLEZZ/WO,ETARO,FTO, FRAC
COMMON/BLEZY/ Z12Z2,T2Z2,FI2,ETAZZ,WZ2Z
RE4L L :

15 BEAM DIAMETER RADIUS IN CH

=1000, /296,

I =1/ M%1.E-03), WHERE M IS THE MOLECULAR WEIGHT
(J/7E KG) =SF1sCV (J/& MDOL)

2= (1. 01325ES) /760,
SFZ EGUALS 1Z23.3 FA/TORR

SF1,S5F2 ARE SCALE FACTORS FOR THE CORRECT UNITS OF

F=FRESSURE (N/M#*2) , SF1 (MOLE/EG)

FT=FRESSURE (TORR), SF2 (N/Mx%xZ2) /TORKR

an
oM
R T

aoa0oan

TEST=5.Z2#50RT (T
TEST1=ABRG (100. % (WO-TEST) /TEST)
IF(TEST1 .LT. 10.0) WRITE(6,778)

~
~J
o

1 ,7,1X,35HALLOWAELE VALUE OF S.I*SORT(TO)
ZL.=L.IGHT SOURCE LENGTH IN CM
ETA=DENSITY (KG/M#%x3)

L=TUBE LENGTH IN CM

RSTAR=GAS CONSTANT (JOULE/KG DEG k)

T=TEMFERATURE (DEG k)

CV=SPECIFIC HEAT AT CONSTANT VOLUME
RSTAR (J/K KB) = SF1*R({J/K MOL)

nooaoaooonon

FO=SF2#FTO
RSTAR=8314.3/2946.0
CF1=ETAO*WO
CF2=CF1#WO+FO
GFO=FRAC+ (1.40E3) #C0O *2./{(A*1.E-2)
C QFO IN W/M**3
c INFUT (W/M*x2) DISTRIBUTED OVER VOLUME (2(FIYA)/PI(A*x*x2)
WZZ=WO
RETURN
END

SUBROUTINE FLOW(Z,T,PTORR,WSS,ETA,DWDZ)

A-11

TEST TO SEE IF WO (M/SEC) IS NEAR MAX VALUE OF 5.Z0*SORT(TO)

FOSMAT (1X, SZ2HWARNING WO VALUE IS WITHIN 10 PERCENT OF ITS MAXIMUM

)

WO, WL=FLOW VELOCITY (M/SEC) (SUBSCRIFTS O,L FOR START,END)

IN MZ2/MZ
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100

1

COMMON/BLKES/Z0L, ZE,NG, TO,RAD, A, FIN, W

SUBROUTINE TO CALCULATE T,F,WSS,ETA AS FUNCTION OF Z
COMMON/ELK10/CF1,CF2,CF4,0F0,RSTAR, ZL,L,SF1,SF2, AR, AAD, BEO
COMMON/EBLE23 /W0, ETAO, FTO,FRAC

COMMON/BILLE29/ Z22,T2Z,FZZ,ETAZZ,WZZ
REAL L

ICOUNT=0

P=0FO0*Z/100,

ENERGY INFUT TERM DETERMINED RY GFO
Z IS IN CM AND QFD IS5 IN W/MexZ
IF(Z.GT.ZL) G=QFO*ZL /100,
XA X=BREO*® (TG-3200,)
Catl ETO(XXX,EED)
WES=WZZ

CONTINUE
T=((CFZ/CF1) *WSS-W55*WSS) /R5TAR
DTDW={(CF2/CF1) 2. ¥W5S) /ARETAR
XX X=RBRO* (T-Z00.)
CalLL ETO(XXX,EELl?
F=RSTAR* (T-TO) + (AAO/BRO) *SF 1# (EEL1-EED) +
CSE (WGS*WSS-WO*WO) -0 /CF L
FF=({(RSTAR+SF1*AAO*EE 1) #*DTDW+WES
W1=WSS-F/FF
ERR=ABS (100. ¥ (W1-WS5) /WSS)

IF(ERR .LT. .2%) GO TO 10O .

IF(ICOUNT .GT. 95) WRITE(6,357)ICOUNT,Z,WZZ,WSS,CF1,CF2,T70,08,FM

FORMAT (1X, IS,1%, (ZE16.7,/))
WSS=W1
ICOUNT=ICOUNT+1
IF (ICOUNT .GT. 100) STOF 4444
GO TO SO
CONT INUE
WSS=W1
T= ((CF2/CF1) *WSS-WSS*WSS) /RSTAR
TC=T-273
ETA=CF1/WSS
PNM2=ETA*RSTAR*T
FTORR=FNM2/5F 2
772=2
TZZ=TC
FZZ=FTORR
ETAZZ=ETA
WZZ=WSS
XX X=ERO* (T=300.)
CALL ETO(XXX,CVO) .
CV=CVO*AAO
CVS=SF 1 #CV
XNUM=RSTAR*QF O
XDEN= (CF2-2. *CF 1 ¥WSS) # (CVS+RSTAR) +RSTAR*CF 1 WSS
DWDZ=XNUM/ XDEN
RETURN
END
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SUBROUTINE ARREN (TEMF)
SUBROUTINE FOR ARRENHIUS EXFRESSION OF RATE COEFFICIENTS
BASTC ASSUMFTIONS

FOR Q@] TERMS QI=QIO*EXF (-BETA* (TEMF-TO))

TREAT kI TERMS LIKE CI TERMS

COMMON/BLE2/K1,K2,KT,K4,KS,K6,K7,K8,C1,C2,C3,C4,C5
COMMON/BLER7/01,02, 03, 04,05
COMMON/BLET/E, B2, BT, C, ACO, BOO, EFSNU, OMEGA, Cb
COMMON/BLE1L/KEE L, KED KET, R4, KES, KES KE7 ,KES
COMMON/ELF12/001 , 002,007, 004, 005
COMMON/BLELZ/CCL,CC2, CCT, £C4,C05, 006

REAL K1,E2, KT, KA, K5, Ko, K7, K8, KK, KK2, KT, K4, KFS, KKb,KE7, KK

REFERENCE J.5. COHEN AND O.F. JUDD

J.AFFL. FHYS., VOL 55, NO. 7, AFRIL 1784
COEFFICIENTS MODIFIED TO ACHIEVE SFECIFIC VALUES AT TEMFERATURE
OF 276 DEGREES k.

BETA=4.4E-3
SF1=1.0
LXX=-BETA* (TEMF-Z00)
CALL ETO(XXX,YYY)
SFI=YYY

}1 FE1#5F1

Pu—k*q*SFl
Ea=kkoa#5F 1
K7=kE7%5F1{
E8=kE8*5F1
Cl1=CC1%SF1
CZ2=CCZ*EXF (13460.00/TEMF)
C3=CCZ*SF1
XYZ=-29,477-5.844*ALOGLO(TEMP /300, ) +2, 16T (ALOGLO (TEMP/Z00. ) ) #%2
C4=CCax*XYZ
CS=CCS#EXF (1310.000/TEMF)
C&=CCEe%5F 1
Q1=0G1%5F1
2=QRI*EXF ((-4.4E-3) * (TEMF-300.))
13=003%5F1
24=0C4*%SF 1
QS=0035*5F1
RETURN
END

SUBROUTINE ETO(X,Y)
NEGATIVE EXFONENTIAL FUNCTION
IF(X .LT. -670.) GO TO 100

GRIGINAL pace
is
OF POOR QuaALTY
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cc
100

200

Y=EXF (X)
RETURN
Y=0.
RETURN
END

FUNCTION CHSTI1(2Z)

Z1BAR IS CUTOFF FOINT OF ILLUMINATION

ABARO IS FRONT CUTOFF FOINT OF ILLUMINATION

CHSI1 IS A CONSTANT

IMZLICIT REAL*B(A—H,k,L,0-2)
CCMMON/BLES/CHSI10, CHST 20, ARARD, Z 1BAR, LC, XKEO
COYMON/BLES/Z0L, ZE,NG, TO,RAD, A, FIN, W
REAL LC

IF (Z.LT.ABAROD) 5O TQ 100

IF(Z.LT.Z1BAR) GO TO 200

7 SREATER THAN Z1EAR
CHEI1=0.0

CHSI1 HAS UNITS OF SEC™ -1
RE TURN
SCHTINUE
CHSI1=CHSI1O
SETURN
END

FUNCTION CHSIZ{(Z)

ABARO IS FRONT CUTOFF FOINT FOR ILLUMINATION

Z1BAR IS CUTOFF FOINT FOR ILLUMINATION

CHSIZ IS A CONSTANT

IMPFLICIT REAL*8(A-H,K,L,0-2)
COMMON/ELK4/CHSI 10, CHSIZ0, ABARO, Z1BAR, LC, XKO
COMMON/EBLEB/Z0L, ZE, NG, TO, RAD, A, PIN, W
REAL LC

IF(Z.LT.ABARO) GO TO 100

IF(Z.LT.Z1EAR) GO TO 200

Z GREATER THAN Z1EAR

XXX=-(Z-Z1BAR) /ZE

CALL ETO(XXX,YYY)
CHSIZ=CHSI20%YYY
CHSIZ HAS UNITS OF SEC™—1
RETURN
CHSI2=0.0
RETURN
CONTINUE
CHSI2=CHSIZ20
RETURN
END
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SUBROQUTINE COEFFS
THIS SUBROUTINE DEFINES THE COEFFICIENTS IN THE DIFFERENTIAL
EQUATIONS TO EBE SOLVED.
IMFLICIT REAL*8(A-H,K,L,0-2)
COMMON/ELKZZ/AD,V1,V2, 66
COMMON/ELKI/E, B2, B3, C, AOO, BOO, EFSNU, OMEGA, Cé
COMMON/ELK4/CHSTI10,CHSIZ0, ABARD, ZIBAR,LC, XKO
COMMON/ELE7/ABC, COO, CO, OMEGTL , F, R1,RZ, TM, XNRHO
COMMON/ELES/Z0L, ZE,NG, TO,RAD, A, FIN, W
COMMON/BLELL/KKL, KER, KET, KR4, KES, EE6, KET, KES
COMMON/EBLE12/601, 002, 00T, 004, 005
CoMMON/ELLK1Z/CCL,CC2,C03, 004,005, CC6
COMMON/EBLEZ8/TAUZ, TAU4, TAUS, TAUSL, TAUT, SIG
COMMON/BLERSS/TTTZ, TTTI, TTT4, TTTS, TTTS
REAL KEEL,EFZ,EKD, FE4, KES, kb, EET7, KES, LC

CCEFFICIENTS IN THE DIFFERENTIAL ECQUATIONS

OMEGA=0MEG1
OMEGA=0OMEG1 IS FLOW RATE IN CHM/SEC
OMEGA IS FLOWRATE AT RADIUS R=RAD
SEE SUBROUTINE VELQOC

Call. VELOC{(OMEGL,RAD, OMEGA,A)

ABARD=0.0
ABARO IS START OF ILLUMINATION
Z1BAR=2%Z0L IS THE FOINT ON AXIS WHERE ILLUMINATION BEGINS TO DIMINISH
CHS5I10=(3.04E-3) #CO*XNRHD
COO IS THE CONCENTRATION IN SOLAR CONSTANTS
CHSIZ20=(3.3BE-2)*C0/2.5
Z1BAR=2#Z0L
EFSNU=1.5E-19
WATTS*SEC
ACO=2,0E17
BOO=0.4473
TAUZ=TTTZ2
TAUZ=TTT3
TAU4=TTT4
TAUS=TTTE
TAUL=TTT4

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeectcectceececeeeceeececeeee

(CHSI) HVY + RI —-=>» R + I#*
(CHSI2) HY + I2 =3 I% + 1 (S1% OF THE TIME)
(CHSI) HV + I2 —-=> I + 1 (49% OF THE TIME)

(KK1) I# + R ——» RI

(KE2) I + R —-» RI

(KEKZ) R + R —» R2

(Kk4) R+ RI ~——->R2 + 1

(EKS) R+ I2 —>» RI + 1

(kE&) R+ RI -—» R2 + I#

(KK3) I1#++RRI~—%>I122++RR

A-15
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(1) I* + RI —-% T + RI

(02 I* + I2 —>» 1T + 12

(eE3) I* + R ——> I + R

(0e4) I* + R2 ——> I + R2

Qo) I#* + I ——> 1 + 1

(CC1) I* + I + RI ——> IZ2 + RI
(CCD I1 +1 +RI - I2 + RI
(CC) I» + I + I2 ——3» 12 + 12
(CC4) T + 1 + I2 ——» 12 + 12
(CCD) I + 1 + R2Z —» 12 + R2
(CC&) I + I% + R ——» I2 + R2

WALL REACTIONS

(V1) I + 1 + WALL ——» IZ + WALL
(V2) R+ I + WALL ——> R + RI + WaALL

CCCCCCCZCCCCCCoCCCCcCcCcCCCeChceccococccccCcCCCCreCith

WILSCN ET AlL. (1984) AND STOCE ET AL. (1986)
EEL = S.6E-13

COHEN AND JUDD (1984)
KKl = (9E-173

VINOKEURQV AND ZALESSEKEII (1979)
EK1 = 1.E-14

WILSON ET AL. (1984) AND STOCK ET AL. (1986)
KK2 = 2.3E-11
BREDERLOW ET AL. (1983)
KKZ2 = .BE-11
COHEN AND JUDD (1984)
K2 = .7E-11

WILSON ET AL. (1984) AND STOCK ET AL. (1986)
KK3 = 2.6E-12

EREDERLOW ET AL. (1983) AND COHEN AND JUDD (1984)
KK3 = 2.0E-12

WILSON ET AL. (1984), STOCK ET AL. (1984), AND COHEN AND JUDD
K4 = 3.E~16

COHEN AND JUDD (1984)
KKS = 1.0E-11

WILSON ET AL. (1984) AND STOCK ET AL. (1986)
KK& = J.2E-17
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BREDERLOW ET Al.. (1987) AND COHEN AND JUDD (1984)
FK& = 0.

COHEN AND JUDD (1984)
FE7 = J3.0E-19

COHEN AND JUDD (1984)
FE3 = 1.6E-23

WILSCN ET AlL. (1984) AND STOCE ET AL. (1786}
C&1 = 2.0E-16

COHEN AND JUDD (1934)
Qo1 = 1.7E~-16

BREDERLOW ET AL.. (1787)
gt = 1.7E-17

COHEN AND JUDD (1984)
o2 = Z.80E-11*EXF (-4, 4E-T% (T-200,))
Cuz2=3.8BE-11
SUBROUTINE ARREN ADDS TEMFERATURE EFFECT
EREDERLOW ET AL. (1983)
@ge2 = IZ.0E-11
WILSON ET AL. (1984) AND STOCK ET AL. (198&)
DEZ = 1.9E-11

COHEN AND JUDD (1984)
Qa3 = I.7E-18

COHEN AND JUDD (1984)
Qa4 = 4.7E-16

COHEN AND JUDD (1984)
QRS = 1.6E-14

COHEN AND JUDD (1984) (A DIFFERENT REACTION, FERHAFS)

CC1 = 1.E-32
WILSON ET AL. (1984) AND STOCE ET AL. (198&)
CCt1 = 3.2E-33
HOHLA AND KOMFPA (197&)
CCt = 1.6E-33

COHEN AND JUDD (1984)
CC2 = 3.7E-33%EXP(1360./T)
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CCZ = S.7E-33
SUERDUTINE ARREN ADDS TEMFERATURE EFFECT
HOHLA AND EOMFA (1976)
CC2 = 2.1E-33#EXF(1600./T)
BEREDERLOW ET AL. (1987)
CC2 = Z.8E-31
WILSON ET AL. (1984) AND STOCK ET AL. (198&)
CC2 = 8.5E-22

WILSGON ET AL. (1784) AND STOCK ET AL. (1986&6?

CCT = B.E-3Z

BREDERLOW ET AlLL. (1983) AND COHEN AND JUDD (1984)

CCZ = 0.

WILSGW ET AL. (1984) AND STOCK ET AL. (1986)
CT4 = 3.BE-30
COHEN AND JUDD (1984)
CCA = 10.0%%(-29,437-5.844%AL0GLO(T/300.)
CC4 = 10.0
SUSROUTINE ARREN ADDS TEMFERATURE EFFECT
EREDERLOW ET AL. (1983
CC4 = 2.9E-I0

COHEN AND JUDD (1984)
CCS = B.E-I3x*EXF(1310./T)
CCS = 8.0E-33
SUBROUTINE ARREN ADDS TEMFERATURE EFFECT

BREDERLOW ET AL. (1983) AND COHEN AND JUDD (1984)

CC6 = 0.0

Vi
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b
[

-
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!

V2 = 0.0

CCCCCCCCcCccCCcCCcCcCceccccccccccccccccoece

FE1=.903E-13
Kk2=80.E-12
Kk3I=,65E-12
KK4=1.000E-16
KKE=T.0B?EF#11
KK7=.1517E-18
KK8=1.6E-23

OR1=.476E-16
oe2=1.92-11
GR3=.1235E-17
GR4=1.37E-16
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CCi=1.053E~-33
CC2=45.,0E-12
CCEZ=.4447E-31
CC4=4.94E~-30
CCS=3.6E-31

CCé6= 1.8E-322
Vi= 1.0E-12
Va= 1.0E-11

GG=2%(,18/LC) **2
C=Z,0E10Q
EBE=F*(Z.5E16)
B=(9.46&6E18) *F /TG
BZ2=R*HK

BI=RI*R

RETURN

END

SUEBROUTINE VELOC(UOMEG1,RAD,OMEGA,A)
VELOCITY FROFILE IS ASSUMED TO EE FARABOLIC
MAX VELOCITY AT RAD=0.0

CCCCCCCCCCCCCCLCCCCCCCCCCCCCCC

ZERO VELOCITY AT RAD=A
A IS RADIUS OF TUBE

OMEG1 IS MAXIMUM VELOCITY ALONG CENTERLINE

CALCULATE VELOCITY OMEGA AT R=RAD

O .LE. RAD

TYFE OF FLOW

.LE. A

OMEGA=(OMEGL/ (A*A) ) # (RAD-A) #%2

RETURN
END

SUBROUTINE FRINT (Z, TEMF)

{

g

SR N

COMMON/ELKZ/K1,K2,K3,K4,KS, Kb,K7,k8,C1,02,C3,C4,C5
COMMON/ELKZ7/Q1,02,03,04,05
COMMON/ELKI/K, B2, BT, C,AGO, EOO, EPSNU, OMEGA, C&
COMMON/ELK4/CHSI10,CHSI20, ABARO, Z1BAR,LC, XKO
COMMON/ELK7/AEC, COO, CO,OMEG1, F,R1,R2, TM, XNRHO
COMMON/ELK22/AD,V1,V2,G6
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COMMON/BLEZ28/TAUZ, TAU4A, TAUS, TAUG, TAUZ,SIG

COMMON/BLEZ99/TTT2, TTT3,TTT4,TTTS, T
REAL FK1,KZ2

2,k3,K4,K5, K6, K7,K8,LC
IF(Z .EQ. 0.0) WRITE(&,10)
FORMAT (1X, 20HCOEFFICIENTS AT Z=0
IF(Z .GE. 1.0) WRITE(&6,11)
FORMAT (1X, 20HCOEFFICIENTS AT Z=L
WRITE OUT COEFFICIENTS
WRITE (&, 100) K1,E7,01,C5, TTT2
WRITE (6,101) K2,KE8,02,V1,TTT3
WRITE(&,102) K3I,C1,03F,V2,TTT4
WRITE(4,107) K4,C2,04,51G,TTTS
WRITE (54, 104) KS,C3,05, TEMF,TTTS
WRITE(4,105) Ké&,C4,C6,LC
FORMAT(TS,SHEKL = ,E15.7,T3I0,SHEET
T8S5,5HCCS = , E15.7  , TLOZ,7HTTTR
FORMAT (TS, SHEKZ ‘F15.7,T3Q,5HHH8
T8S,5HVI = , EiS. s TLOZ, 7HTTTS
FORMAT (TS, SHEET 15.7,T30,5HCCL
T8S, SHVZ = , E15.7 ,
FORMAT (TS, SHEK4 = ,EL
T8S, GHSIGMA = ,
FORMAT (TS, SHEKS = ,E15.7, TI0,SHCCT
T85, 7HTEMF = ,F9.2 , T103I,7HTTTA
FORMAT (TS, SHEKSG = LE15.7,T30,SHCCS
T8S, 4HL = LF9.2 )
RETURN
END

7 o T-quHCFH

=
wu
7,

SUBROUTINE FUN(N,S,Y,F)

THIS SUEROUTINE DEFINES THE RIGHT

OF THE DIFFERENTIAL EQUATIONS FOR
IMPLICIT REAL*8(A-H,K,L,0-2)
DIMENSION Y(7),F(7)
COMMON/ELK 1 /X7, POWER
EXTERNAL CHSI1,CHSIZ
COMMON/EBLEZ/K1,K2,K3,K4,K5,K6,K7,E8,
COMMON/BLEZ27/01,02,03,04,05
COMMON/BLKI/B, B2, BF,C, A0O, BOO, EPSNU,
COMMON/BLK4/CHSI10,CHSI20, ABARO, Z1EA
COMMON/BLK7/ABC,CO0,CO,OMEGL,F,R1,R2
COMMON/BLK22/AD,V1,V2, GG
COMMON/ELK28/TAUZ, TAU4, TAUS, TAUG, TAU
COMMON/BLE29%/TTT2, TTT3, TTT4, TTTS, T
REAL K1,K2,K3,K4,KS5,K6,K7,K8,LC

QY=0QUANTUM YIELD
ay=1.

T1u* THTTT4

TIOZ,7HTTTS =

TT6

.7,T560,SHOGL =

e
~ -

L
T
1}
Q
1

1

W= (e
-
N

= ,El s
JELS.
YEL1S.7,T60,
'Elq 7))

,E15.7,T60,5HCCSG =

ZHEES =

i

HAND SIDE
THE CHEMICAL KINETICS

c1,c2,C%,C4,C5

OMEGA, Cb
R, LC, XKO
, TM, XNRHO

3,516
TG

F(I),I=1,4 ARE RATES OF CHANGES FOR THE CONCENTRATIONS

F(1)=DIRI1/DZ
F(3)y=DLR21/DZ

A-20

F(2)=DIR1/DZ
F(4)=DC121/DZ
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F(S)=DLI*1/DZ F(6)=DL11/DZ

CONTINUE
Z=LC*5
S 15 SCALED LENGTH VARIAELE
0 JLE. 8 .LE. 1
FLOW CALCULATES TEMFERATURE, PRESSURE, FLOWRATE
AND DENSITY RESFONSE AS FUNCTION OF Z

)00
(o]

Z 15 DISTANCE IN CM
CALCULATE GAS FARAMETERS AS FUNCTION QF Z
CALL FLOW(Z, TEMF,FRESS,FI.OWR,DENSITY,DWDZ)
CALL FLOW(Z,TEMF,FRESS,FLOWR,DENSITY,DWDZ)
WRITE(6,757) 2, TEMF,FRESS, FLLOWR,DENSITY, DWDZ
57 FORMAT(1X,3E16.7,/,3E16.7 )
TEMF 1S TEMFERATURE DEG K
FRESS IS FRESSURE IN TORR
FLOWR IS FLOWRATE IN M/SEC
DENSITY 15 GAS DENSITY IN KG/Mex3
OMEGA=FLOWR*100.
DMEGA IS FLOW RATE IN CM/SEC
CALCULATE COEFFICIENTS AS FUNCTION OF TEMF AND Z
CALL ARREN (TEMF)
= TAUS=(TTTS) *FRESS
== TAUL=TAUS

’F

{
0000000 N0

OnoaOonen

|\ N
00

CONSTANTS COME VIA COMMON BLES 2 AND =

K*S IN CM*x*3/SEC

C*'S IN CM*%6/SEC

2°S IN CM*%*Z/SEC

ROWEROISYIR) NRCM* %2

X7STAR=Y (7) *B+X8

DIF=Y(S)-.S*Y (&)

CALL SIGMA(SIG2)

SIG=5IG2
FO1)=H1%E*Y (2)#Y (D) +E2#BE*Y (2) #Y (&) —-CHSI1(Z)*Y (1) -K4xE*Y (1) *Y (2)
1 +ESHBExY(2) %Y (4) —K7#BxY (D) %#Y (1) -K&*¥BxY (2) %Y (1) +V2xBxY (3) #Y (&)

nonNooan

[

|
i

w 2 —KB*E*Y (&) #Y (1) =Y (1)*DWDZ

FU2)=CHST1 (Z) %Y (1) —K1*#E*Y (D) %Y (5) —K2*E*Y (2) %Y (&) —2%ETxExY (2) #Y (2)
- 1 —EA%B*Y (1) %Y (2) —KEXE*Y (1) #Y (2) ~KS*BXY (2) %Y (4) +VIRE*Y (T) #Y (&)
- 2 +K7%BRY (S)#Y (1) +KB*B*Y (&) #Y (1) -Y(2)*DWDZ-Y(2) /TAUZ

F(Z)=KI*B#Y (2) #Y (2) +K&¥BRY (1) %Y (2) +EAXB*Y (1) ¥Y (2) —U2*BxXY (3) #Y (&) -
) 1 Y(3)*DWDZ -V (3)/TAUS
= A1=CI*#E2#Y (1) #Y (5) #Y (&) +CI#BI*Y (1) %Y (&) #Y () +CI*EDHY (4) #Y (5) %Y (&)
- A2=CA*B2%Y (4) %Y (&) %Y (&) ~CHSI2 (Z) %Y (4) +K7*E*Y (S) #Y (1)

1 —KS*B*Y (2) #Y (4) +VI*EXY (5) %Y (&) +CS*ED*Y () %Y (&) *Y (3)
= F (4)=A1+A2+KB%E*Y (&) #Y (1) +CoOXB2*Y (&) %Y (5) #Y (I) =Y (4) *DWDZ-Y (4) /TAUA
- T=QRY*CHSI1(Z) %Y (1) +0,S1%CHEI2 (Z) %Y (4) —K1%#E*Y (2) #Y (5)

AG=—C1*E2%Y (1) #Y (5) #Y (&) -CI*B2#Y (4) #Y (3) #Y (&) —Q1*BxY (1) #Y (3)
AS=-R2%B*Y (4) *#Y (D) -C#*SIG*X7STAR#*DIF +Ko&*ExY (2) #Y (1)
F(S)=AZ+A4+AS-03*B*Y (5) #Y (2) ~Q4%B*Y (5) #Y (3) —QT*B*Y (J) *Y (6)

1 —k7%B*Y (S) %Y (1) —CH*¥E2xY (&) #Y () #Y (3)-Y (T) *DWDZ-Y (I) /TAUS
AL=1.49#CHSIZ2(Z) #Y (4) +Q1#B*Y (1) *#Y (5) +RZ*B*Y (4) *Y (D)

1 —2xCoO*BI2*Y (L) *#Y (L) ®Y (3) —HBxB*Y (&6)#Y (1)
A7=C*SIG*X7STAR*DIF -—-C1#B2%Y (1)*Y (35) %Y (&)

9
1)

v

A-21

e



) IH” o

"

0.1 1 “r

I

10

AB=-2#CO*EZXY (1) %Y (&) *¥Y (&) ~CI*ED*Y (4) *Y (5) *Y (6)

AG=—T*CAXRIXY (4) kY (L) #Y (&) —K2*E*Y (2) #Y (&) +E4*BxY (1) %Y (2)
ALO=0T*E*Y (5) #Y (2) +O4%E*Y (5) *Y (3) +QS*E*Y (5) *Y (4)

1 +KS*EXY (2) %Y (4)  ~V2%BxY (T) *Y (L) —-2*VI%BxY (&) %Y (&)

F (&) =AL+A7+AB+AT+AL0-COH*E2%Y (6) #Y (S) %Y (T) -Y (&) *DWDZ-Y (&) /TAUS
SCALED EQUATIONS IN THE Z~-DIRECTION

DO 10 I=1,6

F(I)=LCx*F (1) /0OMEGA
F(7)=LC*Y (7)*DIF*E*S1G

RETURN

END

SUEROUTINE SIGMA (31G)

THIS SUBRDUTINE DEFINES THE CROSS SECTION SIGMA
CGMMON/ELKI/E,BZ, B3, C, AOO, BOO, EFSNU, OMEGA, C6é
COMMON/ELKT /ABC, COO, CO, OMEGL, F,R1,RZ, TM, XNRHO

REAL NU,NUS,NUO,NU1,NUZ,NUT,NU4 ,NUS

FI=3.14159

FIGS=FI*FI
NI=C/1.2135245E-4
NUS=NU*NU
FISNUS=FIS*NUS*4,
G=0

CS=C*C

NUO=NU

NU1=NUO+.141%C
NU2=NU1+.068%C
NUZ=NUO-. 427 %C
NU4=NUZ-.026%C
NUS=NU4-.0&8%C
DELTAZZ=NU-NUS
DELTAZZ2=NU-NU4
DELTAZ21=NU-NU3
DELTAZ4=NU~-NUO
DELTA3ZZ=NU-NU1
DELTAZ2=NU-NU2
TEMPO=293
TWALL=TEMFO
T1i=TWALL
A=5.434
R1=A%2.4/7.7*%CS
2=A*Z%,0/7.7%CS
AS=A*2.3/7.7%CS
A4=A%*5.0/7.7%CS
AS=A%2.2/7.7%*CS
ARL=A*0D.&/7.7%CS
FUGTEMF=80RT(T1/300.)
ALFHAM=1.B88E7#FUGTEMP
DEL.DOF=2.51E8*FUGTEMP
DELNU=DELDOFP+ALFHAM*P
SIGMAZ23=A1/ (PISNUS*DELNU) / (1+ (2. *DELTA2Z/DELNU) ##2) #5. /12,
SIGMAZ2Z2=AZ/ (FISNUS*DELNU) / (1+ (2. *DELTA22/DELNU) #%2) 5, /12.
SIGMAZ1=A%/ (FISNUS*DELNU) /7 (1+ (2. *DELTAZ1/DELNU) #%2) 5, /12.
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SIGMAZ4=A4/ (FISNUS*DELNU) / (1+ (2. #DELTAZ4/DELNU) #*2) %7, /12,
SIGMAZZ=AS/ (FISNUS*DELNU) / (1+ (2. #DELTAZZ/DELNU) #*2) %7, /12.
SIGMAZ2=A&L/ (FISNUS*DELNU) / (1+ (2. *DELTAZZ2/DELNU) *#2) 7. /12,
SIGMAT=5IGMAZI+SIGMAZZ2+5IGMAZ1+5IGMAZA+SIGMAZZ+5IGMAZ2
SIG=8IGMAT

RETURN

END

SUBROUTINE INTEG(IFRINT,H)
THIS SUBROUTINE INTEGRATES THE SYSTEM OF DIFFERENTIAL EQUATIONS
DEFINING THE CHEMICAL KINETICS OF N-CIF7I IODINE LASER

USING A VARIABLE STEF SIZE 7TH ORDER RUNGE KUTTA-FEHLBERG METHOD.
IMPLICIT REAL*8(A-H,k,l,0-2)

DIMENSION YO(7),X(7), Wk (84)

COMMON/BLEL/X7, FOWER
CCMMON/RBLEZ/B,E2, BT, C, A0, BOO, EFSNU, OMEGA, C4
COMMON/EIE4/CHSI10, CHSI20, ARARGC, Z1RAR, LC, XKO
CGMMON/EBLE7 /AEC, COO, CO, OMEGL,F, K1, R2, TM, XNRHO
COMMON/BLES/Z0L, ZE, NG, TO,RAD, &, FIN, W
COMMON/ELE22/AD, V1, V3, GG

COMMON/BLEZT/WO,ETAQ, FTO, FRAC
COMMON/BLKZ%/22Z,T22,FZ2,ETAZZ, WZZ
COMMON/BLETO/DATA (50,50) , NDMAX , FLRATE (8) , FDFTDAT (50, 40)

EXTERNAL FUN,CHSI1,CHSIZ

REAL LC

INTEGRATE SYSTEM FROM S=0 TO S=1.0 USING RUNGE-KUTTA METHOD

X{(1)=RI
X(2)=R
X(3)=R2
X(4)=12
X(S)=I*
X(&6)=1

X (7)=RHO+
X8=RHO-
XO=I#%-,5%]

INITIALIZE CONSTANTS FOR FLOW EQUATIONS
SEE COMMON EBLK10 FOR THESE CONSTANTS--NEEDED FOR SUB FLOW
CALL FFLOW
ND=0
TEST FOR PRINT CONDITIONS
IF(IPRINT.EGQ. O) GO TO 229
NG=NG+1
NG IS THE NUMBER OF GRAFHS TO EE SAVED
MAXIMUM NG=8
FLOWRATE (NG) IS LAREL FOR DATA SAVED
SEE ALSO FROGRAM PLOTD--WHICH CAN FLOT THE SAVED DATA

[

o

On00O00n

FLRATE (NG) =0OMEGA

WRITE(B,331) LC
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- 331 FORMAT (1X,11H LC = LF10.2)

229 CONTINUE
55 CONTINUE
_ N=7
TOL=1.0E-5
) PD=1.0
MTH=1
- WZZ=WO
C H IS STEF SIZE IN SCALED UNITS EETWEEN FRINT OUTS
- C IFRINT=0 OFF, IPRINT=1 ON
- HMIN=1.0E-9

HMAX=H/ 100,

HUSE=HMIN*1000,

== TERR=0

- INITIAL CONDITIONS
Z20=0,0

. YO(1)=1.0

— Z21=0.0

. DG 9 I=2,6
9 S(IY=0.0

@

- C INITIALIZE FLOW,DENSITY,FRESSURE AND TEMFERATURE AT Z=0
=~ CALL FLOW(ZO,TEMF,FRESS,FLOWR,DENSITY,DWDZ)

C SUESS AT INITIAL CONDITIONS FOR X(8)
i X7O=FIN*W/ (EFSNU*C)
- c X70 IS RHO+(O) WHICH IS GIVEN

C INITIAL CONDITION FDR RHO-{0) IS UNENOWN--ASSUME COO VALUE
B XEO=XT70%#C0O0 .

X8=XK0Q/X70

YO (7)=X70/E
IF(IFRINT .E@. ©) GO TO 300
CALL FUN(N,Z0,Y0,F)
s TEMP=TZZ+273.
IF(Z0.EQ.0.0)CALL PRINT(Z0O, TEMP)
WRITE (&, 191)
= 191 FORMAT(///,T7,1HZ,T20,4HIRI], T32,4HI[R1, T45,5HIR21,TS7,4HCI2],
1 T&69,4HCI*1,TBO,4HLI] ,T91,6HIRHO+1, T103, 6HIRHD-1,T112,
2 YHINVERSION )
I00  CONTINUE
DO 10 I1=1,7
10 X CI)=B*YO(D)

e
14l |

X8=XKOQ/X(7)
X=X (5)—.S*X (&)
X7STAR=X(7)+X8
Cc USE SUBROUTINE SIGMA TO CALCULATE CROSS SECTION SIGMA
CALL SIGMA(SIG2)
IF(IFRINT JEQ. 0) GO TO 222
WRITE (6,199 20, (X(I),I=1,7),X8,X?
WRITE(6,303)222,T22,P2ZZ,ETAZZ,WZZ
CALL FUN(N,ZO0O,YO,F)
TEMF=TZIZ+273.
IF(ZO.EQ.1.0)CALL PRINT(ZO, TEMP)
22 CONTINUE
SAVE THE DATA FOR FUTURE PLOT ROUTINES
DATA ARRAYS ARE DATA(S50,50) AND FDFTDAT (50,4Q0)

=
E:
=

i
i

Ca

aonaooN
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IF(IPRINT .EQ. O) GO TO 227
ICOL=(NG-1) *&
ND=ND+1
DATA (ND, ICOL+2) =X (2)
DATA (ND, ICOL+1) =20
DATA(ND, ICOL+T) =X (4)
DATA (ND, ICOL+4) =X (5)
DATA (ND, ICOL+5) =X (&)
CATA (ND, ICOL+6&) =X9
NNN= (NG-1) %5
FOFTDAT (ND, NNN+1) =20
FOFTDAT (ND, NNN+Z) =WZZ
SDFTDAT (ND, NNN+3)=ETAZZ
FOFTDAT (ND, NNN+4) =FZZ
FOFTDAT (ND, NNN+5) =TZ2
WEITE Z,R,I2,I%,1,INV
WRITE(B,677T) Z0,X(2),X(4),X(5),X (&), X7
WRITE(8,6773) 20, WZZ,ETAZZ,FZZ,T2Z
FORMAT (1X,F&.3,2X, 5(2X,E15.6)
CONT INUE
IF{ZO.LE.0.0) GO TO 35467
IF(IFRINT .E@. O) GO TO 223
WRITE(b6,30T)222,T22,FZZ,ETAZZ, WZZ
CONT INUE
FORMAT(1X, T2, IHZI= ,F10.3,2X,T15,3HT= ,F7.3,2X,T70,
7HFTORR= ,F9.4,2X,
TS5, FHDENSITY = ,F9.6,2X,T80,IHW= ,E14.7 )
CONT INUE
FORMAT(1X,E12.5,8E12.5,E12.5 ,E12.5 )

USE 7TH ORDER RUNGE KUTTA INTEGRATION SCHEME WITH VARIAEBLE STEP
STEF SIZE CAN VARY FROM HMIN TO HMAX

Z0 IS8 STARTING VALUE FOR Z

Z1 IS NEXT STOPFING FOINT IN INTEGRATION SCHEME

TOL IS TOLERENCE

IERR IS ERROR CODE TO DETERMINE IF INTEGRATION WAS SUCCESSFUL

CONTINUE
Z1=7Z1+H
IF(Z1 .GT. 1.00) GO TO 111
CALL RKF7(N,Z0,Z1,Y0, TOL,FUN,PD,MTH,HMIN, HMAX, HUSE, WK, IERR)
IF(IERR .NE. ©) WRITE(4,444) I1ERR,Z0,Z1,(YO(D),I=1,7)
IF(IERR .NE. 0O) STOF 1717
FORMAT(1X, 18HIERR IS5 NOT ZERO s 1S5, (4E146.7,/) )
CONTINUE
X{(7)=B+Y0O(7)
X8=XEQ/X(7)
FORMAT (1X,5(2X,E14.6))
GO TO 300
CONTINUE
pO 110 I=1,7
X(I)=E#YO(I)
X8=XK0/X(7)
X=X (S)—, S%X (&)
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i1l CONTINUE

XX7L=X(7)
c X{7) IS5 CALCULATED RHD+ (L) VALUE
XKCAL=R2#X (7) *X (7)
> XKCAL 15 CALCULATED VALUE FOR XEO
c ARC IS5 DIFFERENCE BETWEEN CALCULATED AND INITIAL VALUE
DIF=((XEO-XECAL) /XKCAL) %100,
ABC=DIF

IF (IFRINT .EQ. O) GO TO 224
WRITE (6, 202)DIF, XKCAL, XEO, COO

224 CONTINUE

202 FORMAT(1X, 1ZHDIFFERENCE = ,E18.9,2X, 1 ZHXKCAL = »EL18B.92,
1 ZX,10HXKD = 2EL18.9,2X,6HCO0 = LELB.9 )

257 CONTINUE

C

c RHOMIN=RHO-~ (3) =XEO/RHO+ () =XkEO,/X70

RHOMIN=XEO /X7

FOUT=RHOMIN*W*EFSNU*C

EAINDE=10. ¥ALOG10 (FOUT/FIN)

G&4IN=FOUT/FIN

IF(IFRINT .EQ. O) GO TO 226

WRITE (6, 197)R1,R2,F,FIN,FOUT, GAINDE, GAIN
226 CONTINUE
193 FORMAT(1X,5HR1 = ,F10.7,2X,5HR2 = ,F10.7, X,
BHFRESS = ,F10.7,2X,&HFIN = ,E14,7,3X,7HPOUT = ,E14.7,/,
1X,9HGAINDE = LE14.7,3X,7HGAIN = ,E14.7 )
501 CONTINUE

NDMAX=ND
C NDMAX IS THE MAXIMUM NUMERER OF DATA FOINTS

RETURN

END

kY -
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I

I

INPUT PARAMETERS

PTO

OMEG1

CON

Ccoo

R1l

R2

1LC

Z0L

XNRHO

TO

OUTPUT

.01

15.0

3000

1689
2,13398E8
0.00
0.9584792
1000

500

1.0

300.0

out

128.4570

124 .9000

122.2330

119.9611

116.9325

111.3596

105.7950

80.3968

Gain

12.

24.

61.

119.

233.

556.

1057.

8039.

8457

9801

1166

9611

8649

798

954

678

11.

13.

17.

20.

23.

27.

30.

39.

Gain db

0875

97595

8616

7904

6895

4570

2446

0524
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Figure 7.
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Figure 8.
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Figure 9.



