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ABSTRACT

An experimental and theoretical study has been made of
the history of the pollutants carhon monoxide (CO), unburned
hydrocarbons (HC) and nitrogen oxides (NO_) in a turbojet
afterburner. Experimental traverses at s8veral axial stations
were performed in a simulated afterburner in which exhaust from
a8 J-47 combustor can, operated at medium power, was mixed with
fuel spray. Experiments were carried out both in a non-bypass
and in a bypass configuration (secondary air was mixed with
primary exhaust). The non-bypass tests were carried out at
high combustor efficiency, and yielded the following: CO =
300 ppm, HC less than 10 ppm, NO_ = 100 ppm, In the bypass
tests, fuel distribution was nonliniform and combustor efficiency
was low. The concentrations obtained were CO = 10,000 ppm, HC =
1000 ppm, NO_ = 100 ppm. The theoretical analysis consisted of
a conmputer pfogram for reacting flow with turbulent mixing.
The computer program was very slow and therefore of limited
usefulness in terms of cost and questionable results, since it
could not be checked against experiment Infrared measuremcnts of
NO in the combustiontunnel were attempted. Indications were
obtained of NO at the 5.3 micron band, but quantitative
measurements were not obtained.
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SECTION 1I

INTRODUCT ION

This users manual was prepared under contract number F33615-71-C-1125,
and represents Item Number 0001 Sequence Number A002 under require-
ments of that contract. The purpose of writing the computer pro-
gram was ‘to provide the Air Force with a means of estimating air
pollution concentrations in the exhaust gases from afterburning tur-
bojet engines,




SECTION 11

COMPUTER PROGRAM SYSTEM CAPABILITIES
2.1 PURPOSE

The purpose c¢f this computer program is to solve the partial
differential equations of change for momentum, species, and
enthalpy, to obtain radial and axiai profiles of velocity,
temperature, and species concentrations in a turbulent reacting
fluid. A finite difference approximation to the equations is
made.

The chemical species considered and chemical reactions involved
are those pertinent to burning of a liquid hydrocarbon fuel in

a hot exhaust gas from a primary combustor. By controlling the
input a calculation of the mixing and combustion in a bypass type
engine may also be made. While the primary purpose cf the re-
search has been to estimate levels of the pollutants NO, CO, and
unburned hydrocarbons, in exhaust gases, the levels of several
other species must be taken into account in order to caiculate
pollutant levels,

2 .2 GENERAL DESCRIPTION OF THE SYSTEM

A FORTRAN program has been written to achieve the purpose descri-
bed above. The differential equations, transformed frcm (length,
radius), to (length, stream function) coordinates, have been appro-
ximated by finite difference equations,

Initially, certain thermodynamic data for the chemical species are
read, followed by data necessary to calculate chemicai reaction
rates. Then, initial data of temperature, velocity, and species
concentrations as a function of radial position in an axisymmetric
flow are read in. The program does not read any more data.

From the initial profiles as a function of radius, a conversion to
the stream function variable is made, with appropriate interpolation.

An iteration scheme is used to solve for dependent variables
(velocity, enthalpy, species concentration) as a function of axial
distance. The program proceeds stepwise from the initial condition,
until a maximum axial distance is reached. The outer boundary con-
dition is an inviscid reacting flow. When the flow variabies at the
stream function location adjacent to the inviscid flow deviate from
the inviscid flow by 1 part in 104, the viscous flow region is ex-
panded by one step in stream function., The number of streamn function

3 Preceding page hiank




steps is allowed to increase to 50, if necessary. If more expan-
sion is needed, the stream function step size is doubled, and
number of steps is halved. This process repeats itself as necessary.

2.3 FUNCTIONS PERFORMED

There are 13 subdivisions of the program.

#AIN Program

Subroutine SPECIE (KK1, KK2, NU)
Subrcoutine THERMO (KRIS, JA, IT)
Subroutine INIT

Subroutine TRANSP (NLOW, NHIGH)
Subroutine INTEG (NLOW, NHIGH, IN)
Subroutine SETUP (RUP)

Subrcutine SETYP (RUP)

Subroutine SETHP (RUP)

10. Subroutine GAUSS

11. Subroutine CHANGE (RUP)

12. Subroutine PRINT (KUSK,KUN)

13. Subroutine CHEMIE (KRYS, KRAS, 1J)

WRJND > WM

The MAIN program controls the flow of information, causing THERMO,
CHEMIE, and INIT to read in initial data. It then proceeds with
the computation and prints out results at every 50th axial station,
until stopped by either reaching the maximum desired axial distance
(ZMAX feet) or exceeding the time limitation.

2.4 FUNCTION DESCRIPTIONS
2.4.1 Main Program
Summary of Operations performci by MAIN

The main program first sets certain parameters, namely ISP = 14,

IRE = 17, IMU = 11, which are in labelled common ZZZ, There are,
respectively, the number of species, the number of reactions, and
the number of the last reaction which invclves three bodies (seg3
CHEMIE), In addition, the variable TAU is set equal to .4 x 10 °,
which is the hydrocarbon burning time in seconds. TAU is in labeled
common XXX, Certain other parameters are also set, so as to cause
THERMO to read thermodynamic data, and CHEMIE to read chemical reac-
tion rate data. The main program then calls upon INIT to read in
velocity, temperature, and species concentrations as a function of
radius. The first item actuclly read is NNN, which defines the
number of radial locations considered. INIT converts the indepen-




dent variable from radius to stream function, and interpolates to
obtain initial dependent variables, velocity, temperature, and
species concentrations, at equal intervals of stream function.

The stream function interval is denoted by DPSI. DELX is the
interval in feet, and is defined to be .00001. RUP = DELX/DPSI**2
is defined. XMAX = 0,7 (feet) is defined as the maximum axial dis-
tance to be considered.

The main program calls upon SPECIE to calculate mole fractions,
molecular weights, and mass fluxes at all radial locations, and
calls upon THERMO to calculate static enthalpies of the species,
Total enthalpies are calculated. The TRANSP subprogram is called
upon to calculate a turbulent viscosity, and INTEG to calculate ra-
dius as a function of stream function, and also to calculate certain
coefficients (AP, APR) needed for subsequent finite difference cal-
culations,

The main program writes the data on initial profiles as a function
of stream function. It then proceeds in a stepwise fashion to cal-
culate the flow variables as a function of axial location.

After the writing of the initial data, there is very little necessity
or possibility for operator or programmer intervention in the main
program, The number of radial locations, NNN, is a major variable
which .s controlled initially and internally. The variables IK and
JA define the locations of the inner and outer bounds of the viscous
flow region. In the present application, the inner bound is taken

to be the center-line. The outer bound is always IA = NNN-1,

Species calculations run from 1 to ISP, which is defined previously.

A variable KUSK defines the number ofiterationswhich have been per-
formed at an axial location. The iterations stop after KUSK = 3.
Prior to the start of calculations, the axial position, Z, is incre-
mented. IA is checked to see if the maximum number of streamlines
permitted has been reached. If IA = NILS - 1, a doubling of stream
function step size is incurred, together with a reduction of the
number of steps considered. This is done through the subroutine
CHANGE, 1In the present program, NILS = 51 is defined as data.

NILS must be odd. The resulting profiles are written after CHANGE.

Whether or not a change occurs, the boundary values at NNN are cal-
culated at the incremented axial position. The boundary value for
velocity, UEO = U(NNN) never changes since the inviscid flow is con-
sidered to occur at constant pressure. The velocities at the other
radial locations are calculated through SETUP and GAUSS. 1If)(U(iA) -
UEO)/UEO| > TOL, an indicatcr, IAP is set up to tell the program to
increase the viscous region (this is not done until after all iter-
ations are complete). The species concentrations are calculated at
NNN, and then in the viscous region through SETUP and GAUSS., If

the relative difference in molecular weights at IA and NNN exceeds
TOL, the indicator IAP is set. The total enthalpy at NNN, HT(NNN)

= HEQO is constant in the inviscid flow., In the viscous region, new




total enthalpies, HT(I) are calculated through SETUP and GAUSS.
If the relative difference in total enthalpies at IA and NNN exceeds
TOL, the indicater IAP is set.

In the first 1nteration, species production terms at the previous lo-
cation are used. In the second and third iterations the species
production terms at the midpoint of the interval are approximated by
a Taylors series expansion. The same process of calculating bound-
ary values, then viscous flow.values, of the flow variables is fol-
lowed. In between iterations, TRANSP and INTEG are called upon to
obtain improved values of turbulent viscosity and the terms AP, APR
used in SETUP, SETYP, SETHP.

After the third iteration, IAP is checked to see if the flow field
should be expanded. If it should be it is expanded. If it should
not, previous values of the flow variables are identified, and the
program returns to increment another axial step. The resultsare
printed every 50 steps, as defined by the variable KYS. KYS is set
to 50 near the start of the main program. If this causes too much
printing, KYS could be set to a larger value.

Inputs to MAIN
There are no inputs read into MAIN by tape, cards, etc.
Expected Outputs

After INIT, the MAl | program writes initial profiles of selected
flow variables as a function of stream function.

After CHANGE, the MAIN program writes resultant profiles of selected
flow variables.

Other writing is done by other subroutines.
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2.4.2 SPECIE (KK1, KK2, NU)
Purpose and Uses of SPECIE
SPECIE is capable of calculating CM(I) (average molecular
weight), X(J,I) (mole fractions of ISP species) and ROU(I)
(mass flux), from axial location KKl to KK2
If NU = 0, CM(I) and X(J,I) are transmitted
If NU < 0, ROU(I) is also transmitted
If NU = 0, ouly ROU(I) is transmitted
Inputs
There are no system inputs on cards or tape to SPECIE
Expected output

There are no system outputs on cards or tape from SPECIE




2.4.3 THERMO (KRIS, JA, IT)

-

Summary of Operations Performed by THERMO

In the initial phases of the progrem, JA is set to be greater

than zero, which causes THERMO to read in coefficients for calcu-
lating species enthalpies. When JA is less than or equal to zero,
and KRIS equals 100, species enthalpies are calculated at T(IT)
(temperature allocation IT); if KRIS is different frcm 100, tempera-
ture is determined at a static enthalpy HST(IT), by means of a New-
ton-Raphscn process.

bystem Iiiputs

A total of ISP sets of coefficients A, followed by ISP coefficients
B. These are, respectively, the 300-1000°K and 1000-5000°K coeffi-
cients a, - a, from Table V of NASA SP-3001, for the appropriate
compounds. For fuel, a value of -23900R calories per gram mole of
Ci0 H22 has been estimaied to be the enthalpy of fuel at 477-F
(estimated boiling point) from the elements at 298°K, The progranm
also reads SENS, heats of formation at 298“K. These are not used
in the presept program.

System Qutputs

The coefficients B are printed after being read in.




2.4.4 INIT

Summary of Operations Performed by INIT

INIT is called only once. It reads in NNN, the number of
streamlines considered, then NNN cards containing UE(I)
(velocity) SE(I) (termperature) and R(I) (radius) with R(I)
starting at zero and increasing monotonically. Initial
profiles of species mass fractions (YE(J,I)) are then read
in at R(I). Stream functions are calculated for the initial
profile, and the data are interpolated to equal intervals of
stream function with the interval DPSI = PSI/(NNN-1), where
PSI(I) is the value of stream function at location I.

System Inputs
NNN is an integer less than or equal to NILS (main program).
UE(I) is in feet per second, SE(E) in degrees , Rankine,
R(I) in inches. Species mass fractions are introduced per
card up to ISP, for each R(I)

System Outputs

Nothing is written on card or tape from INIT,



2.4,5 TRANSP (NLCW, NHIGH)
Summary of Operations Performed by TRANSP

TRANSP calculates a turbulent viscosity, UM, according to Schetz's
displacement thickness model, as described in the report. A DATA
statement defines RJ, an inner jet radius, in feet,

System Inputs and Outputs

Nothing 1is read or written by TRANSP,

10



2.4.,6 INTEG (NLOW, NHIGH, IN)
Summary of Operations Performed by INTEG

INTEG calculates radial values (R1lI) as a functioﬁ of stream func-
tion, It also calculates AP(I) and APR(I) at locations NLOW to
NHIGH.

If IN = O, AP = APR = SP

If IN is not zero, AP = .5 (SP + APR)
where SP = UM * R(I) **2 * ROU(I)/PSI(I)
is a term which arises in the transformation of equations to
stream function coordinates.

System Inputs and Outputs.

No information is read to or written from INTEG.

11
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2.4.7 SETUP (RUP)
Summary of Operations Perforned by SETUP

SETUP calculates coefficients for solution of the finite difference
equations for velocity. These are transmitted to labelled COMMON
UPSET and used by GAUSS. The indicator KOR is set equal to -10.

System Inputs and OQutputs

There are no INPUT/OUTPUT Statements in SETUP.

12



2.4.8 SETYP (RUP) v
Summary of Operations Performed by SETYP

SETYP calculates coefficlents for solution of the finite difference
equations for species mass fractions, to be used by GAUSS. The
indicator KOR is set to 0. A DATA statement defines CN which is the
inverse of the turbulent Prandtl number. CN is taken to be 1 in the
present study.

System Inputs and Gutputs

There are no INPUT/OUTPUT Statements in SETYP.

13
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2.4.9 SETHP (RUP)

Sunmary of Operations Performed by SETHP

SETHP calculates coefficients for solution of the finite difference
equations for total enthalpy, to be used by GAUSS. The indicator
KCR is set to + 10. A DATA statement sets CN = 1 as in SETYP, in
the present program.

System Inputs and Outputs

There are no INPUT/OUTPUT statements in SETHP.

14




2.4.10 GAUSS
Summary of Operations Performed by GAUSS

Depending on whether KOR (see previous three subroutines) is nega-
tive, zero, or positive, GAUSS solves for velocity {U), species
mass fractions (Y(J,I)) or total enthalpy (HT) through the viscous
flow field. When KOR = 1), the mole fractions (X(J,I)) aud average
molecular weights (CM) a—e also determined. When KOR is positive,
static enthalpy (HST) is also determined. In addition, GAUSS de-
termines the outermost location at which the flow variables U, CM,
HT deviate significantly from the inviscid external flow. This is
defined to be IAP, as d. :cussed in MAIN,.

The highest location at wvhich significant deviation occurs in each
branch is defined to be NO(I), I =1, 2, 3. Quantities NE(I), de-
fining the innermost lcration at which the flow variables deviate
signiticantly from an jrviscid center flow, are also defined but
are not used in the pr« ient program. An inner, reacting, inviscid
flow could not be incliled in the program without some modification
(essentially everythin; done in the stepwise calculations at NNN
would have to be done it the inner boundary). An inner equilibrium
flow could be included with slight modification.

rhe "significant devi.:ion'" menticned above is defined in DATA as TOL,
and is taken to be 1. ¢ 10”4 in the present program,

System Inp * s and Outputs

There are no INPUT/O!'  PUT statements in GAUSS.

i e e



2.4.11 CHANGE (RUP)
Summary of Operations Yerformed by CHANGE

CHANGE 1is called upon when the viscous flow field has expanded to
its maximum size. The value of DPSI (stream function step size)

is doubled, and the number of intervals is halved. In the present
program, NNN is reduced from 51 to 26. Values of the flow variables
are also transferred so that the flow variables correspond to the
proper stream function values.

System Inputs and Outputs

There are no INPUT Statements in CHANGE. A printed output indicates
that the number of points has been halved, and gives values of cer-
tain variables which are the distance downstream from the start in
inches, and the distance interval in inches. The values are dup-
licated because at one time, DELX was changed when DPSI was changed.
This is no longer done.

16
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2.4,12 PRINT (KUSK, KUN)

Summary of Operations Performed by PRINT

PRINT 1ists pertinent variables when called upon by the
MAIN program,

System Output

The first data listed are

Z(feet), ZX(inches), DELX(feet;, DPSI, NEL, NEU, 1IA,
KUSK, KUN

Then at each of NNN locations, I(radial location), PSI, R,
S(Temperature in °R) AP, APR, HT in one line, followed by
Y(I,J) (2 1lines) W(I,J) (2 lines) E(I,J) (2 lines) and a
final 1line with YTOT, CM, ROU. This output represents the
fundamental output for the rrogram.

17
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2.4.13 CHEMIE (KRYS, KRAS, IT) 1

Purpose and Uses of CHEMIE 5

This subroutine calculates quantities necessary to calculate '
the species production terms for inclusion in the species ]
conservation equations., It alsc reads in the parameters

for calculating reaction rates. If (KRYS + KRAS) is not 1
less than zero, the parameters for the reactions rates are

read in and listed. If (KRYS + KRAS) is less than zero, the

reactionrates, species production, and linearization terms

are calculated. If KRAS is greater than zero, species pro-

duction terms (W) are calculated.

If KRAS is equal to zero, linearized terms are calculated.

The reactions considered are:

H +0, = 0 +OH (1)
H, +0 = OH + H (2)
Hy +OH = H + Hy0 (3)
OH + OH = H,0+0 (4)
Hz + M = H+H4+ M (5)
H20 + M = H+OH + M (6)
N, + M = N+ N+ M (7)
0, + M = 0+ 0+ M (8)
NO + M = N+ 0+ M (9)
N,O + M = Ny, +0+M (10)
No, + M = NO+0O0 + M (11)
CO +OH = CO,+H (12)
NO + O = N+ 0, (13)
NO + N = N2 + 0 (14)
NO +0, = NO,+0 (15)
NO + NO = N,0+0 (16)
CHy .ot g 0, — nCO + (n+1) H, (17)
18



System Inputs and Qutputs

When called upon near the start of the program, CHEMIE reads
data for calculating chemical reaction rates. These are, in
order,

CcwW (molecular weights)

AU (collision terms in forward rate constants)

Cu (collision terms in backward reaction rate
constants)

E (forward rate activation energy/R)

D (backward rate activation energy/R)

GNUF(I,J) (stoichiometric coefficients for species
I in forward reaction J)

GNUB(I,J) (stoichiometric cocfficients for speciles I
in backward reaction J)

AF, BF, AB,(respectively; temperature coefficient

EB density coefficient for forward reaction,
similarly for reverse)
EN (number of carbon atoms in fuel C, H2n+2)

Certain of the above are listed after being read in, namely,‘
Cw, AU, CU, E, D, GNUF, GNUB,

19




2,5 Usage Instructions
2.5.1 Preparation of Inputs

Titles and Description of Inputs
The basic inputs to the program, initial profiles, are read
by the subroutine INIT. The titles of the inputs, read in
INIT, are

NNN -~ Number of inputs, number of streamlines considered
initially.

UE, SE, R - One set per card.

UE is specified initial velocity, (ft/sec); specified
initial temperature (degrees Rankin); at R, radial position
in inches.

YE(J,I) A total of ISP species mass fractions, arranged

in the order, H, 0, H,0, OH, 0 H N, NO, N O NO co,
CO,, fuel at R, This requires two carés for the presen% value
of ISP = 14.

The Qata are read on cards,

The cards must be read in the sequency:
NNN Card

UE, SE, R - Total of NNN cards

YE ~ One set of cards for each R (2 NNN cards in the
present program),

Limitations
The first R is taken to be zero, R must increase from
card to card. Negative values for any variable would have no
physical meaning.

Formats

__READ(5,100) NNN T
TTREAD(S 101 (UEIL) 9SE(L) yR(L) oLLm1,NNN)
READ(S'IOZ)(‘YE‘J'])'J'l'lﬁ !"IONNN’

—100 FORMATIISY —————
TOT FORMATU3FIO. UV

102 FORMAT(7010,0)

P

2(




Relationship of Inputs to Outputs

These are the fundamental starting values for the differ-
entail equations. All ontput profiles are related to these.

In particular, selected flow variables are printed in MAIN
directly after INIT. These are dependent on PSI, rather than
R, as are all subsequent outputs of flow variables. Only values
at the end points should be the same.
2,5.2 Results of Operation

Description of Results

The major results are profiles of velocity, temperature,
and species mass fraction at specified axial locations. The
. output comes on the printer.
Format and Content

The output instruction and format are as follows
I=2x/12, _

WRITE (6430) Z,ZX,DELXsDPST yNELyNEU,IKS,KUSK,KUN
nO 20 f=lK,1A
) YTOT=0.0 B

SIS L1 Y Ll 0 e
10 YTOT=YTOT+Y(Jy1)

WRITE (6440) [,PSTTIIWRUTID $STIIyUIT)yAPTT),APRIT)ZHT(T)

WRTTE (64500 To(V(JsT1,Jo1, ISP)
WRITE (64500 T,(W(J,1)4du1aTSP)-
WRITE (6450) To(E(Jy])yJml,eISP)

WRITE (6,60) T14YTOT.CMI1)yROU(T)

20 'CONTINUE

WRITE(6,60) KQ,UM

RETURN

30  FORMAT ("10,///746(2X,F15410),5(3XsI5)yTH OUTPUT,///)

40 FORMAT (/42X9143T(2X4E1467))

50 FORMAT (2X T4y T(2XsE14aT)/96XsT(2XsF14sT))

50 FORMAT (2X41443(2XsE14.7))
Use of Outputs

The outputs contain information on the pollutant concentra-
tions, and other concentrations, Hence the use of output, at
the end of the afterburner, will be to predict pollutant con-
centrations. 1Intermediate results indicate the evolution of the
pollutants.

21
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A Sample input is presented in this and the following page

R4S N

286, 2145, U,
286, 2145, < 1B%.
2806, 2145, « 358
2—8-5. ZIL—OT OW

T T 2BZ. 7136, . 736
218, 2130, 92
270, 2170, 1.10%
267, 2110, T.288
258, 2100, T.472
254, 7088, 1.5656
250, 2076, 1.84
266, 2062, 2.024
242, 2050, 2,208 -
238, 2038, 24392
234, 2022, 2,576
232 2004 . 2,76
230, 1980, 2,944
228, 1950, 3,128
226, 1910, 3,312

- 224, 1872, 3,496
223, 1840, 3,68
223, 1830, 3,864
223, 1830, 4,048

— 223, 1830, be416
223, 1830,  4e6
223, 1830, 4,784

22




+00006G07¢9,000001000,029600000,00000100Q,167800000,000001600,707400000
+000000001.000030601.000000700,900000700, 000285000, 065800000,029000000
+000000700,000001000.,029600000.000001000,167800000,000001600,707400000
+000000001,000030601,000000700,000000700,000285000.065800000,029000000

«000000700,000001000,029600000,000001000,167800000,000001600,707400000

+000000001,.000030601.000000700,000000700,000285000,065800000,029000000 _

—_ +000000700.000001000.029600000,000001000,167800000,000001600, 707400000
~.000000001,.000030601,000000700,0000600700,000285000,065800000,029000000
+000000700.000001000,029600000,000001000,167800000,000001600, 707600000

——.000000001. 000030601 .000660700 . 000000700 . 000275000, 0658 00000, 02850656
+000001000.029600000, 060001

~_,000000700

——GWWWWWWTWO 065800000 028600000 B

— 000000700 + 000001000+ 123500000, 000001000 - 167800000+ 00000TE00 . T0430060
.000000001.000030801,.000000700,000000700, 600285000 065800000 028000000 -

mrm
WMOYOU.MOGHMWWWWU .000001500,709400000
" ,000000001.000030601, 000 000700,000000700. 0002850 0. 065800000 02'055356_—"

. ~.0600000700 00665 1605. GZ%GWIFWO 1600, 7100‘0_600

.000000001.000030601. 000000700 000000700, 000285000,065800000.026400000
, 000000 . 000

000000001, 000030601.0o066676676666657667666553666.063366600 0262060000
.000000700,000001000, 029600066‘666‘61000.167000000 000001600 710400000

.000000700.000001000.029600000 000001000, 167800000 000001600 710600000 -
.OOOOOODOI 000030601.000000700 000000700, 000285000 065800000,025800000 }

;‘666'0661 00063066T166666676676‘6660700 000285000, 065800000, 025600000 _ =
.000000700.000001000,0295600000,000001000.167800000,0000601600,710650000
—. 500000001 . 000030601 .000000700., 000000700 . 600285000, 065800000, 025800600
~  .000000700,000001000.029600000,000001000,167800000,000001600,710600000
000000001 .000030601.000000700,0000007006.000285000.065800000,025800000
— 300000700 000001000, 073600000, 060501000, 157500000, 000001600, 716600000

. 000000001 ,000030601,G00000700,000000700.000285000,085800000,025800000
——, 000000700 oooE“Tﬁ'6767636’666‘66666T666 167eooooo 005601600 7looooooo i

» 000000700 U'OUO"DTO‘OD"'UZqKO"O'UUU mmotrsmm .U
«000000001. Wmaommmmmnwm )

23



2.6 Operating Instructions
2.6.1 Operating Procedures

Initiation of Program

The program is on cards, together with data. For a par-
ticular computer, proper control cards must be introduced.
Input is on cards, output on printer.

Maintaining Computer Program Operation

The program will continue to operate, as long as too large
a step size is not used. If too large a step size is used, the
procedure is unstable, and is characterized by logs of negative
numbers, due to temperature going negative. The program must
be started with a smaller step size (DELX).

Terminaticn and Restart

Termination is achieved when Z > ZMAX. If interruption
of the program is necessary, some subroutine would have to be
written to identify the necessity for interruption at statement
40, MAIN, store program and all data, and restart at the same
point.

2.6.2 Opérator Inputs

Initial imputs, other than the basic initial profile men-
tioned previously, include the thermodynamic and chemical data
initially read in THERMO and CHEMIE,

The input statements and formats, and data used in the
present version, are shown below,

In THERMO

180 READ 15,2607 TTKTR T Ral 50, J=T,TSP)

T T TDOTIY0 JEIL ISP B -

READ 15,2507 (BIRyJTyK=1,86) T ) o

WRTITE (52807 (BIRZJTyK=14H)

T90  CONTINUE T
TTTTTTTREAD US5270) (SENSTIV U=, TSP) -

LU T 170

200 TWRITFE 1632107 MeRTMIZPSTTIMIZASTIMI S HTS FA,FB, TP T( W)

TGO TO 90

L
T T 210 FORMAT V777 2X s T4 BIZXHZELI3 STy IX AHTRER, 777
220 FORMAT (7,Z12X¢I5746(2ZXEI5.8)) o

250 FORMAT 12X, 15, 71{ZXWEIS5,HY) _
250 FORMAT (ZX IS5y TUZXEIS BT /) o

’
<30 FUOR 3 8- ’ LR R

T 2707 T FORMAT UTDIO0ONOY i T
20  FDRMAT 177777 IXy8E20B77777Y - -

760 FORMET (ANI5,82/Z200I5.87
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The Data used in the present version are as follows:

—-0.25000000€ 0} = __ e
_0,256470491€ Q5

— 0,30218894E 0]~ - =05~ 200F-08
0,90777547€=-12 0.2913;;99i,gg

0:41565016E 01~0,17264334E~02 0,569823]16E~05-0,45930044E~08
5

<05~ E=09

-0,525465%51E~13 0,35852787€ 04
0,37189946E 01-0,25167288€-02 0,85837353E~-05-0,82998716E~08
0,27082180E-11-0,10576T06€ 04
0.28460849€ 01 0,41932116E-02-0,96119332€6~-05 0,95122662E~-08

=0,33093421E-11~0,96725372¢ 03
0.36916148E 01-0,13332552E~02 0,26503100E~05-0.97688341E-09

<0,99772234E~-13-0,10628336E 04

T T ,25147937T00E 01-.1124379108~03,2964750800E~06~,324640490E~09

T A14694T600F 01~,411972370E-02.9692246T00E~05~,786336390E~08 B
2222951200E~11,9T44 789400 04 ”

.2382117100F 01.10350556006=01~,111676340E~04,6958316500E~08
-,187801920=-11,8722996400E 04

+3434456300E 01,22234297006~02.6714897500E~05-,974277190E~08
.37121252300E~11,28647685008 04

.3787133200F 01-.217095260E~02.5075733T00E~05-,347377280E-08 ) N
«7721684100E-12-,143635080€ 05 _ _ _
<2170100000€ 01,10378115006-01-,10733938GE=04,6345917500E~08
-+162807010F~11-.483526020€ 05

~0,25000000 01
0.25470497E 05
] 0.25372567€ 01-0,1B422190E~04-0,68017921E-08 0,59643621E~11
) ~0.55743608E~15 0,29230007€ 05
~—0.26707532E 01 0.303171156-02-0,85351570F=06 0,11790853E=09
T 0.61973568E~14-0,2988R994F 05
T T T 0.,28895544F 01 0.9983%5081E~03~0,21879904E-06 0,.19802785E~-10 T

 =0,38452940E-15 0.3B811792E "OT

:0.33csoznts Iz“v“rtvzverE—Ut‘ e
T T 0.304368BYTE O1 0.&1187110E-03-0, 73993%551E-08-0,20331907¢-10
0.2%593791E-14-0.85491002F 03
T o 285‘5,615 UI O IsqlsslsE" =Ve - .W - -
T S0, T5BYTOTOE-14-0.,890174%45E 03 —
02642226100E 01.12276187T00E~03~,84992T190E-07,2140083000E-10
-.125110580F~-14,5614082100E 05
+3152936000€ 01.,1405995500¢-02~,570784620E~06,1062820900E-09
<, 737207830E~14,9852204800E 04
654719 6 =.121560140€~-05,22685595200E-0
-.158497010F 13. 85356643065 04
+#613921900F 01.2638663900F~02-,109485410E-05,2081842500€E=09
= J48543910F-13 ,234037TR00E 04
w2951 151900 01.1552556700E-02-~.619114110E-06.1135033600E~09 o
“__—”_'"77§F77§I—F—14-.1423182705 05 T
<44 12926600F D1.31922R9600E~02-.129TA2Y0DE-05,2414T44600E-09
T = TBTA29BB0E-13-.489440430E 05

_ 3lank Card
_- _—.239000000E 05
52097.7  59556,6 =57197.9 §312.5
I13024.6 21600, 19490, ADO7.5  =26415,7 =94051.8 <59370
25
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In CHEMIE, the INPUT/OUTPUT STATEMENTS are

READTS , 600V (CWTJY 4 J=1,ISP)
WRITE(G,TOO)(CW{J),J=1,ISP)
READ(5 4601V TAUTKY ,K=T, IRE}
WRITE(G, TOINTAUTK) ,K=1, IRE)
READ{S 4601V (CUTKY K=1, IRE)
WRITE(G, 701 (CUTK) ,K=1, IRE)
READTUS y802)V(EIK) K=, IRE)
WRITE(E,T0Z2){EIK) (K=1,IRE)
READTS ,802V(U(RKY (R=1,IRE)
WRITETG,, 702V (DIK) 4K=1, IRE)
WRITE(6,703)
RERDTS 46057 ((GNUFUJK) 3 J=1 ISP T K=1, IRE]
WRITETS,70%) GNUF
READ(%5,605) ((GNUBTJK) o Jul ISP} K=, IRE)
WRITE(G,705) GNOB
605 FORMATU7FIO.0)
T05 FORMAT(2Z2X,TF1Z,.5)
DO 5 K=1,1IRE
S READ(5,606) AF(K)BF (K) ,AB(K),RB{K)
606 FORMAT(4F10.0)

) o _
A . A ———— ——— ar—— i PRSP SUS SN | S ——
o "READ(5,606) EN D s
Data are
" 1,008 16, 18,016 17,008 32. 2,018 28,016 " Cw

T 14,008 30,008 44,016 46,008 28,011 34,011 142,286 CW
T L T2000F 15.330006 13,6Z000F 14 TTO00F 13,31000F 16
9 . T 18
.54601)(: ?’2"‘7ﬁfb‘ﬂ 13 BWE“TU IS'BGGE 14,18000F 11
260006 13.,200006 09
.ssﬁboe 14,14000F 13,32000F 15.83000F 14.70000¢€ 18
) «15000F 17.61000F 15,10000€ 15.90000F 15.18200F 14
.2ooooe 17.47000F 15,13300F 11,70000F 14,58000€ 11
- 14200F 15,10000€ 10
8504, 4026, 3019, 503, 55353, 62196, 113171, 59378, 75841,
30696, 37237, 3875. 19675, O. 23651, 32105. 6914, -
503, 3019, 10618, 9108. 0., 0. 0. 0. 0.
—‘TGTFQ_. 0. 13712, 3563, 37992, O, 14090, O, L

CoEHEHOOOO> >> >
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1,

The GNUF

1,

1.

1le

Ze

1o

1,

S l.
. - 1. ~ o
) s
B 1. o -
1.

- = e _
o 1l

1.
- 1. 1% 7

s

L 1.

5.
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The GNUB are

le

l,

1,

1.

1,

le

Ve % B O B
2e T ) -
. le le o
o
2o B :r
le > - B
R P . S
1. le T
N 1. B B - -
1. 4'
——— B} e e I
. - I D
l.
le
I. B B
1. - 1, i
1. - - o
- . 1. - o
—
S — .l. S SR [E— —
= = == rra S I1. -

‘8




The AF, BF, AB, BB are
le 1
o . I. -
le 1. -
1.0 B 1,0 -
l,. -1, 2e -
lﬂ . 2.
=e5 e 2. -
o=l 1. § 2. . _
'105 ) lo - . 2
1, 2.
"'1. —lo o 2o
T 1. o o o l' -
1. 1. 1. |
- T, B Te
I T e T
1 1.

~ This card all zeros

EN is-
10,
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SECTION III
LISTING OF PROGRAM

put are presented in

A listing of the program and Aata in

this section

(114vieSTun) OwndHl 11V

I A |

0*0=Xx7

92 ¢

Ol==0OX

%S¢ @

Ol=-=3Sjuy

09=SAN

O=witn

Ql==NVX

O=3241

E£~-g2°=N1¥4

e 1=l

. . LI=3¥]

vi=dSj

€é 8

(00G0°1/NJ*/€/713Lx VIVQ
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12

/N2X$/Q0S/2N°/0°0/7 YiNQ
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0
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(18) 272 /9NN/ NOWWUD

vl /XXX/ NOWWOD

b e

(1S101 /789% / NOWWOD

(9T)O03AIYIDISA /aA/ NOWNOD

Preceding page blank
' .

NNI*381°dSI1/222/NUWNW0O)

C1SM0A /AAA/ NOWNWOD

V1 /SSS/ NUWWUOD

X3¥V /VS/ NUWWOD

3SIYN /N3ID/ NUWWO)D

321 /AAA/ NUWWOD

(1S°91)3 /11AS/ NOWWO3

(1S*9T)IN (91 )1d°(9T140T)VE /91S/ NOWWOD

X130 /NS/ NOWwWOD
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