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i. INTRODUCTION

Volume 1 of this report carries a full description of the complete
program but omits mathematical detaiis of the medel develsped to
predict the nitric oxide (NOx) emissions from aircraft gas turbine
combustors and alse the details of two computer programs devetoped
as part of thz study for obtsining predictions from the model. it
is the purpose of Volumes 2 and R of the report to present Full
descriptions of both the model and the computer programs.

It is conveaient to consider the model in two parts, one part
being concerned with the NOx formation proress and the other with
modeling the flow behavior within gas turbine combustors. The
convenience arises not only due to the basic difference i the studies
of these two parts, but also duz to the farni that a separate compu-
ter grogtem has been developed for esch parr. This approsch has been
adopted in the interests of eccaomy of computation a5 cailcuiation of
the .ocessary data for the determination of the HOx formation orocess
requires appreciable computer time but the data once collected can,
of course, be applied to any ccabustion calculation with the same
reference conditions {in this case, combustor inlet conditions) of
pressure and tewmperature. The caomputer program deve~loped for this
t.ask has the name HOXKRAT, and i1ts fupction is to compute the rate
terms of the NOx formation process snd all relevant thermocdynzmic data
:or a8 series of fuel-to-3ir ratios with @ common reference state.

VYolume 2 of this report is sclely concerned with the nitric
oxide formation process. It praseants & mathematical descriptics of
the program NOXRAT and alsc inciudes : section which is essentially
&z user's manual for the program. Volume 3 produces the same details
for the fluw nowdel developed to describe the flow conditions in 2
gas turbine combustor. The correspording Computer program is named
GLSu0X and it is so arranged thet the rate terms and a1l relevant
ihermadynamic data compuzed in NOXRAT are punched onto a deck of zom-
puter cards which serves as inpuc data o the main program GASNOX.

The objective of this volume of the report, therefore, iz o
present the theary behind the Flow wudel and details of the computer

progran developed for its apglication.




2.

2.1

THE FLOW MODEL . )

Calculations based upon the reacticon scheme describad in Voiume
2 clearly show that for significant concentrations of nitric oxide
to be formed during the short time it takes the gases tc psss through.
ax aircraft gas turbine engine, the temcerature must exceed 200G deg
K. Such high temperatures only ex<ist within the combustor, and only
thu. for & limited time, so clearly, nitric oxide concentrations in
the exhausts of aircraft engines are solely dependent upsn the Flow
behavior and ts chemical processes occurriig within the combustion
chamber and it i< these features that must be adequately represented
in the model.

The first task, tnerefore, is to select ¢ method of modeltng the
flow processes in the gas turbine combustor. Such combustors are
conventionally divided into three zones as shown in Figure la. The
distinction between these zones is discussed qualitatively in Jolume

1, Section 3, but in the next section these distinctions are cuaatified.
Firstly, the basic conservation egquations are derived for the general-
ized case of an inhomogeneous, reacting gas mixture oF the type ths+
occurs in @ gas turbine combustor. These equations are then reduced

ts conditions applicabie o the three combustors zones, the primzry,

intermediate and cilution zones, which are of interest to this study,

ey

and finally, they are used to demonstrate how the nitric oxide levels

may be celculated for cach zone.

THE GENERALIZED CONSERVATIGN EQU.."IONS

A control volume will b2 considerec to contain prowucts of con-
stant fuel-to-total mass ratio, F . which will be termed the mixture
ratio. ({The constancy of iz taken as it has partic.iar utility in
this study insofar as that it minimizes the number of calculation< for
the equilibrium conditions necessary to determine local nitric oride

reaction rates.) The volume is as snown below:
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The corservation equations Zecoms,

. . i 5 i 4
9 (gmbil)- £8A + 85 B} - S5 B3

for NA,

burned fuel,

unbiraed fuei,

in the limit asay tends 20 zero,

;é.. (&m} 3.‘%‘} -

d (§m) -
F & (6m) -
d fﬁgm\; =

dx v 4

ol

thn — oM

.,,. ’F 8

R

¥~ d(eBm

AX /

el Ll

mE' = 4 (e5)

~ specified

P od g 9 -y’ db
3\‘.__‘ an'! _ d edm
aF | df c‘f\

these equations take zhe form,

A-la

k=22
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4 7 dm ) ,agﬂl it d dm

F dx (dF Fae ~F @& — d*’) e
d im N R’
d’* & cé-; aA-La

THE DISTRIBUTION FUNCTION

The control volume considered above is only concerned with an

eles:nt of mass Smwith a mixture ratio S§F abcut F . 1t was proposed to

represent the distribution of mass abcut mixture ratio by a normal distri-
bution function of the Form,

o =\
M _ -1 ( E=E
The parametes § . ia statistical terms, is called the standard deviation and

represents the degree of distribution of ¥ about the mean value F .

P4
kg

is termed the normalizing factor and tcr the purpose of this study
is defined by the expréssion that,

5”&%&?‘ = m(i - € A-6

- s oF

The vaiuz of F is the ratic of the total fuel burned to the total mass flow.

Cleariy both € and F will be a function of the axial position in the combustor

as they are computed from Equations A-2 and A-3.

5 normal distribution has been selected as it is known to fit tne

sbray charvacteristics of the type of fuel injectors used in gas turbine com-

bustors and it provides a coavenient way of describing the mixing process, by

specification of the relationship& = T (x). The value of Sm;, the mass fliow

in interval SF about F, can also be evaluated functionally by the equation f om,
- PRS2

omy = §fe dF A-7
‘)Fi" /2 8¢




5

and so the whole flow field can be-readi\y represented by-a series of discrete

elements of constant, but different, mixture ratios.

APPLICATION TO THE °PRIMARY ZONE

The model of the flow behavior described previously assumes that
‘ no mixing takes place in the primary zone after :he snecified distribution

of mass mixtures ratios is attained. Thus, referring to the control volume

L

S/~ s o

and furthe:, it is also assumed that only a certain fraction ﬁ of thz total

above,

fuel entering the zone is burned a-d that this fraction burns instantaneously.
.d_. = Sm) =
clx ( o

so equation (A-1) reduces to,

d% (&ADO}; = P'xSA A-8

or, [NOI’(: ‘:g% dx A-Q
Q
or alternatively. ch{!t:_}-gt ’._dt A-10
]

where P is the density of the element and ¥ is the time it takes to pass
through the primasy zone. It is taken that F = P, the mean density it -2
A}

primary zcae where, oF

B = #JOP"%%C!F A-11

*

The nature ov the normal distribution Junction is that f(F)dF oniy tends
to zero as F tends toXod . Negative F$ have no physical _significance
s0 & constraint is imposed upon the function tha~ OX ¥ <L 2F thus pre-
serving the useful feature of symmetry about F. i fact, if 6 is less
than %4, this constraint modifies the function to ualy a very small
extent as it can be shown that the integral is greater than 99.7 per -
cent of ‘hat over the rangeXo® . Practically, a range of § from O toF/3
wil} represent a wile range in distribution characteristics. It should
also be noted that C andmare simply related by the equation C={ZHi€m ,
if the limits are exprzssed from. 2ao .
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but the value of £ cannot be so simpiy expressed for the case of a
completeily-stirred resctor. Theoretical considerations dictate
(see Ref 1) that various fractions of the mass flow ®m have differ-
ent residance times according to the function,

— 1 - “/‘-

F\b) = —= QXE’( v/er

(&) ~ ) A-12
where T is the mean residence time and is equal to the ratio of
(V??/fh) and where V% is the volume of the primary zcne. The
relationship,
ronship it

-
P
<

o
-1
&
Q.
oF
L]
..zg( -
\»/‘\
P
g
T
ds
K
L
o
d\

A-13
thdt

then defines a fraction %y of &M which has a residence time
within the range dt about & . It is therefore necessary to solve
Equations A-i0 and A-13 to <ompute a series of ¥; values corre-
sponding to the {NO], concentrations over the range of £ from
zero to infinity. The mean nritric oxide concentration 2t the exit
of the zone for an element of mixturs ratic F | d&ﬂF , is then

calculated from,
&0

['To];: = Z ¥-&.x END]{._

ez A-14

and the process repeated for all elements over the mixture range of
interest.

Finally, an over-all mass .nean average nitric oxide concentra-
tion for all products leavino the primary zone can then be computed
by summing all products EﬁﬂF"Snx and dividing by the total mass

fiow rate through the primary 2one.

APPLICATION TO THE INTERMEDIATE ZONE

In the intermediate zone, mixing is assumed to occur over the
length of the zone |_ , such that at the exit it is uniformly mixed.

We postulate that mixing is characterized by the expression,




& = G‘é{l- Q“/L)A'} A-15

where 7 is the prescribed deviaticn for the primary zone, A] is a
model constant and xl is the axial distance from the primary zone
exit. The distribution of the mixture ratio F is therefore known
at every point, i.e., omM= S:(F, X) X is prescribed by
Equations A-5, A-6, and A-15. The problem therefore reduces to
determining S}ﬁ’, &3”, and F from Equations A-2 and A-4 and to
making certain assumpt.ons about the mixing process, as [ﬁ@]l and
[ #0]” must be determined in order that Equation A-1 can be

solved for {NO] as a function of F and X .

We will postulate that ai! mixing occurs at conditions corre-

sponding to entry conditions into the control volume so,
&
Ino]” = [Ng
1
[‘-] = ¥

and also that, Smh”

KSm A-16

which is to say that the flow out of the elemental! contro! volume,
due to mixing, is proportional to the amount flowing into the control
volume. Clearly K must have units of 1/length and the physical
interpretation of K can best be thought of in terms of the ratio,
Cy sof the mass flow rate leaving the element over the length of
the intermediate zone to the mass fiow rate within the element. If

this latter mass flow rate is constant, then clearly

S"’ = CNSm
or, K = C;N/XL

it will be assumed that the value of K is known. Equatior. A-2 then
yields,

S = %—i(%fﬁ) +R+Kem A1y

where it is to be noted that the restrictions,




K>O ‘
R 7§ (60 + R)]

A-18

must be satisfied for the model to be valid.
The gases flowing into the control volume as a result of mixing,

%};’1’, will originate from two sovrces: firstly, from the mixing of

gases already within the combustor liner, which we will denote as

i, and secondly by the mixing action of the diluent air with
previously mixed gases, which we will call 83\1 . Clearly,
- S/ = Sy ~ Sha A1
and we will postulate that,
S

A-20

that is, that the ancunt of diluent air entering the control volume

is in proportion tc the total mass flow rate in the volume. The

R T Ty,
il 8 A (s

i

problem is then defined in terms of 555\’ s S{i\" , and F' as,

T

ek i

~

aMy = %(Sﬂ\) + KSm — %ﬁ%ﬁth A-21

|
m

from Equations A-17, A-19, and A-20, and also as a consequence of

Equation A-3. F_, _ _E__I( S‘\”:- %-)—(-(Sm)) +§:—I
! SH Sm A-22
The value of [NO] must now be calculated. Clearly, the total
nitric oxide mass which leaves all the elements by mixing must also
return via the mixing process to preserve conservation of tha specie.
The following relationship is assumed to apply, therefore, that

o] SH = Z{(Sh' i)
fo) 0

A-23
The value of R , the rate of burning of the unburned fuel which
leaves the primary zone {see Equation A-4), is now all that is neces-

sary to calculate NO concentrations throughout the intermediate zone.
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£
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£
=g

:t
gjig
=
=
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7

3

=
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It is postulated thac this rate of burning is controlled by the
mixing process, so in keeping with the Equation A-15, the following

is assumed,

£ 2 (1 = A /L)) Azl

where A2 and A, are model constants, €o 1is the fractional mass of

3

unburned fuel entering the intermediate zone and is given by*,
. 2\
€= (1-9 M/ m A-25

K may therefore be computed, as by definition {see Equation A-4),
it is equal to _A__(E‘,Sm) . Thus the problem is defined as,
o is kn%wxn from Equations A~19 and A-21
SN is known fram Equation A-16
[Nd]” is known from Equation A-23
fio]"is equal o [N0]
and em = ¥<F,’\)SF, is given by the specified distribution
function.
If these values are subsiituted into the conservation equation

for nitric oxide {Equation A-2} then it can be shown that,
z+dX pe

> +dx
X P

&THQ‘STH £+d4S A-26
+ (\( [axgl+ < N ]) % + g [wolde -
S €

where Vv is the velocity and,

s
fang = I\ENQ?} -[Nojx) A-27
This equation has to be evaluated in a stepwise manier in order to
calculate the relationship {NO] = ?(F,X)SX in the intermediate
zone. It Is then a simple matier to compule an over-all mass average

nitric oxide concentration at each axial station from,

* Anotner way to zxpress these rzlationships is as:
m - {\~ -
oy = (A~ 8) g
Mgy = Wy, (1— Aslxs/ L)A":}
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10

F=2F

~ -~ } -
[wol, — 2 [NG;,Sm -

and so complete the computation.

APPLICATION TO THE DILUTION ZORE

In the dilution zone &sll gases are assumed to perfectly mix to
a mean mixture ratio. All fuel is assumed to have been burned
previously in the combustor and only diluent air enters thes zone.
For this case therefore, one cannot consider a control volume of
constant mixture ratio ¥ , as was done at the introduction to this
sectjon, ast must change with axial distance due to the added air
flow. For the special case of the assumptions made above, this
change may be accouated for by modifying only Equation A=3 of the
conservation equations so that this dependency of F with X is
properly accounted for.

The conservation Equations A-1 through A-4, can be shown to be

given by, 4 .
%i?,(g“ﬂ) = SSéZL
e 3 = O
EN )
d (¢§0) = O
5 (£8m)
as the above assumptions imply that, “
; S’ = Bmg
and,

ol =7 =R = Sn’=0
The conservation equation for nitric _oxide can be reduced to the form,
%rdx dF

~ 3 - (O
[NGQlkean - Nk = %-Q?Ax )
X F
which predicts directly, the mean average nitric oxide concentration

:t.
Vit
+

14 A-29

at the new axial position. This process can be repeated in a step~
wise manner tc the end of the combustion chamber and hence the nitric

oxide concentration at the exit plane may be predicted.
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2.6 COMPUTATIONAL PROCEDURE

A summary is presented below of the computational procedure
necessary to combine the flow mode! and the chemical reaction scheme

presented in Volume 2 in order to predict nitric oxiJe emissions from

aircraft turbine engines.

2.6.1 Reguired Input
The following input is required in order for the computation

to proceed:
a- Chemicai Reaction Scheme
"1. A means of evaluating the adiabatic flame temperature,
density and composition of the equilibrium products for
the combustion of hydrocarbons ir air. Program NOXRAT

described in Volume 2 serves the purpose.
2. Values of the rate conuiant’ i,f,‘ %0 k& .
. Fuel properties in terms of (tH ratio.

b. Combustor Dimensions
These should be expressed in such a way as to allow calculation

-~

of,

1. Volume of the primary zone.

2., Area of the intermediate and dilution zones as a
function of distanceX.

¢ Combustor Operating Conditions

The following should be expressed as a function of aircraft

operating mode,

1. Combustor inlet temperature and pressure.

2. Totai fuel flow rate.

3. Air-flow conditions in terms of the fraction entering
the primary zone and the rate of addition at the walls as
3s it varies with axisl position along the combustor.

d. ther inputs to be Specified
1+ The functions,
5= O'(X) {(see Equation # 15)
and, &= €{X) (cee Equation A-24)
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2. The vaiue ofyﬁ, or (:N , which defines the fraction
of gases that leave an element of constant mixture

ratio | due to mixing (see Equation A~18)

2.6.2 Preliminary Calculations

Two preliminary calculations must be performed before the compu~-
tation of NO concentration levels can be undertaken.

These involve,

3. The determination of 31 vaiue for Q , the fraction of total
fuel entering the primary zone that is burned in the zone.

b. A consideration of the mixing characteristics of the cool~
ing air that encers the combustor liner from the walls of
the intermediate and dilution zones. The bulk of such flow
normally enters perpendicular to the direction of the main-
stream product flow and has then to be deflected and en-
trained before it can enter the fully developed mixing
processes. This action must require a finite time (i.e.,
distance) to occur, and its effect upon the nitric oxide

formation process !.as to be considered.

Combustion Efficiency

A correlation does exist to relate primary zone combustor effi-

ciency to the fuel loading parameter ﬁf/VpPz. The correlation is
given in Reference 2 and is reproduced in Figure 2. There is sig~
nificant scatter in the data points used to obtain the correlation
and the .values of the primary Zone efficiency determined using the
correlation can be expected to have error limits of approximately

+ 20 per cent of the indicated value.

Air Distribution Characteristics

In the calculation of the rate of diluent air addition to the
intermediate and dilution zones, sowme provision must be made for the
time (hence distance) necessary for the dilution gases to mix iato

the mainstream flow. This mixing lag could conceivably affect NO
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emissions significantly under certair circumstances as it controls
the rate of temperature change at positions downstream of the primary
zone exit. A simple method was developed to take some account of this
effect and is described fully in Appendix XVI. The method is con-
sistent with the mixing assumptions used to deavelop the model for the
intermediate zone of the combustor and at the same time, it determines

the fraction of the air that enters the primary zone.

2.6.3 Prediction Procedure

FHl
.

In the interests of economy of use of Program NOXRAT which de-

ersel

Mttt

termines the flame temperatures and concentrations of the {-=H=0-j

»', mwfﬁWW’ﬁW» W

species at equilibrium conditions, hence the NO formation rates, the
distribution function of mixture ratio F , versus mass fraction
(Equation A-5), is considered as a series of elements of differing
SF. The “irst task in each step is to calculate the mass fraction

in each element from the equation,

h ME R L
L b

Fr &4
: dm= S%’"/’g; dF
;| F-SE
%

for the prescribed conditicns and thus relate SQD to F .

The SF increments are selected, then the adiabatic flame tem-
peratures | , the density Q and the corresponding equilibrium con-
centrations of the species N, NZO’ NO, 02’ 0, OB, and N9 are determinnd
from Program NOXRAT for each F . These specie concentrations are then
used to determine the vaiues of R], RS’ K], and K2 (for each ¥ ) which

are needed to compute the raie of nitric oxide formed by chemical

reaction and the calculation then proceeds as follows.

Primary Zone

a. The specified value of § , the fraction of fuel burned in
the primary zone, is used to compute F—‘.‘,. Sm can then
be determined for all | values cver the range of interest

(0 <F=<2F,).




b. The value of the wmesn recidence time Y is determined

from Equation A-12,

U P e AR B RS (o %ﬁ?
Y

c. Miirie oxide concentration: at the primary 2zone exit <an
) then Ye computed for each ¥ 2nd for the prescribec resi=
dence time disiribution by solving in an iterative manner

; the relationship,
- T S
{?JO]F = ?:o L«N th‘. ?t

Finally the mass average nitric oxide concentration is com=

G
.

puted for all gases leaving the primary zone from the re~

lationship, Fo2f
o] = < [Nal.*%m
£ E=o

intermediate Zone

The calculation procedure for this zone, for each incremental
step in the axial direction, is essentially identical to that 7or the
primary, except for the necessity to compute a change in MD concen~

traticn due to the mixing process. The procedure is as follows:

R R G S

a. For X <X+dX , new values of Gm are computed at each F

from Equaticn A-5.

b. The value of Q«ﬂ’ , the concentration of nitric oxide in the
gases entering the control volume by mixing over the step
is computed according to Equation A-23.

c. The nitric oxids concentration at position X*1§x is then
computad for each mixture ratio ¥ bv integration of Equa-
tion A-26.

d. Finally tFe new mass average nitric oxide concentration is
cosnputed as for Step d above.

==
=
=
=T
=
3
|
2
=
=
=3

These steps are repeated to the end of the intermediste zone.

i

The results of the intermediate fon2 caiculation serve as input

to the dilution zone. At this szage ali elements in the combustor are
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of equal composition ani temperature, and dilution proceeds by the

addition of pure air and so .-n2 ca2n use the relationship {see Equation

| Fedy
Wl ge
F

A-29) thsae, {yu}x
-~ ) — r ci' +
NOl,, o= e, =) 55 X
LS A c
This can be integrated in a stepwise manner with respect toX by
interpoiation of the nitric oxide rate data at each step to determine
the nitric oxide concentration conditions at the corresponding F value.
The nitric oxide formation rate quickly reduces in this zone as

the temperature decreases rapidly.

EWW‘EWF}W’IM T T
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- PROGRAM GASNOX

iNTROBUCTION

3.1.1 Program Ffunction and Capabilities

Progrem GASNOX is a digital computer program written in Fortran
1V language for use with ine CDC 6600 computing system. The program
has been developed for the purpose of predicring the nitric oxide
emission level from am aircraft gas turbine combustor. Based on a
given set of zombustor dimensions, operating conditions, kinetic rate
constants, thermodynamic properties, equilibrium compositions, and a
primary zone mixing parameter, thz program will compute nitric oxide
concentrations as & function of axial position in annular and cananrular

combustors.
The analytical procedures on which the computer program is based

have been discussed in Section 2 of this volume and in Reference 3.
Briefly the model considers a combustor to consist of three zones:
primar intermediate, anu dijution. The primary zone is modeled as

a partially stirred reactor with the variation of gas composition,
temperature, and residence time occurring within the zone taken into -
sccount statistically. The program predicts oniy the gross features
of the flow st the zone exit. The intermediate zone represents 2
transition between the primary and dilution zones. Here mixing occurs
between the hetercgeneous products from the orimary zone and the
entering cooling air. The program predicts the gross features of the
flow as a function of axial positior in this zone. In the dilution
zone, the flow is uni-dimensional w.th the gases uniformly mixed
across each cross section. Oniy the mean mixture ratio is considered,
and this only changes as the remairing compressor air is mixed into
the combustor. The procedures incorporated into the program have bcen
found tc be quite acceptable in terms of accuracy and caiculation

efficiency.
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3.1.7 Report Arrangement’

oTre main body of - ihe report begins with a section in which the
input data necessary for the solution of any =ds¢ are described in
detail; this inciudes instructcions for preparing and supplying these
The

data o the program and & sample case in the appropriate format.

next section contzins a discussion of the various types ot output

data obtained.from the program and also of the output date from the
saﬁple case. A dascription of the error meésages prinied by the
program is also included. Following that is 3 section containing
miscellaneous information regarding ‘the operation of the program with
the CDC 6690 computing system. ’

The first aypend?x consists of,a_geneéal discussion of the over-
all logic st;ucture of the program. Tha next appendix gives the
Fortran nomenclature for the vériab!es in the COMMON blocks of the
program. The remaining appendices except the last provide detailed
descripticns of the various components (main routine and subroutines)

which make up the over-all program, one apperdix for each component.

The appendix for each new subrfoutine contains 4 presentation of the

input and output variables, an internal Fortran nomenclature, a de-
scription of the step-by-step caiculation procedure, and a Fortran
listing of the subroutine. The last appendix contains 3 discussion of

the metho§ of calcuiation of the air distribution characteristics.

3.2 INPUT DATA

3.2.1 Genere! Description

Program GASNOX requires tne following input data in orde- to
determine tha nitric oxide emission level from an aircraft gas
turbine engine,

a. Combustor Dimensions

i. GP - Volumé of tte primary zbdne
2. X - length of the intermediate zone (from the

“exit of the primary)

A i o SR DSOS SN ‘:ﬁ'ﬁﬁ‘M
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3. XENG - Distance from the primary zone exit to
the exit from the ccmbustor liner

&, Rx -~ Radius of liner at position X for canannular
contiguration

5. Rx,'Rx - lnner and outer radii of liner at position

X for annular conf.guration

b, Combustor Operating Conditions

. T - inlet temperature
2. P - Operating pressure
3. & - Mass mean equivalence ratio in the primary

zone {before fuel burns)
4, ¢ - Fraction of fuel entering the primary zone
) which burns in the zone
54 Erat - Variable for altering p parametrically
yet maintaining constant the over-ail
air-to-fuel ratio in the combustor

6. (Ha ) - Total mass per cent of air mixed with the

X% product stream at position X in the liner
7. My - Totai mass of air fed into the combustor
liner
. 8. ;%, - Mean primary zone residence time .{(applies

only if vV, is set equai to zero)
c. Mixing Parameter for the Primary Zone
1. So - Dcgree of mixedness in the primary zone
{where = in the distribution function
is given by s, = So ¢§)
d. Kinetiz Constants Tor each Mixture Ratio Element

1, R! - Forward reacticn rate constant fTor the
first reaction {see Section 2, Volume 2
or Ref 3)

2. R6 - Forward reaction rate constant for the

sixth reaction {see Section 2,. Volume 2
or Ref 3)




19

3. K] - Ratio of forward reaction rate constants
(see Section 2, Volume Z or Ref 3)
4, Kz - Ratio of forward reaction rate constan:s

(see Section 2, Volume 2 or Ref 3)

e. Thermodynamic Properties for each Mixture Ratio Element

1. Q. ~ Density of the combustion products
2. Tf - Adiabatic flame temperature of the com-

bustior products.
f. Equilibrium Compcsitions for each Mixture Ratio Element
1. (NO)e - Nitric oxide equilibrium mole fraction
2. (c0} - Carbon monoxide equilibrium mole fracticn
3. (C(S;)e- Solid carbon equilibrium mole fraction

L, (CHZ)e - Unburned hydrocarbons (exclusive of CO

and C(s‘) equilibrium mole fraction.
7

A3

; tur et

The input data is read in three categcries: 1) the kinetic,

e thermodynamic, and equilibrium data and the combuster inlet temperature
= . - . . . . .

B and pressure; 2) the combustor airflow distribution and radius versus
= . . - N . .

ég axial position; and 3) the remaining combustor dimensions, operating

= P : o .
Eg conditions, and the primary zone mixing parameter. With this structure
g% there may be several sets of data in a given computer run. Figure 3

%§ is a8 schematic representatior of the data input structure.

ek

3.2.2 Detailed Description of lnput Data

The information required to prepare the input data for a case

is furnished in the table given below. This information contains

a description of each input item as well as a description of the
form .n which these items are written on input data sheets. The
descriptions of the input items refer frequently to seversl points,
relevant to the selection of input vaiues, which are discuzced in
the following subsection. The discussions of these points
provide additional detailed information useful in preparing the input
data for any case.

The first input item read by Program GASNOX :5 the integer variable
IDATA which identifies the number of sets of data in category 1. This

input is then followed by the first set of category 1 data (see point a).
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Input Type of Fortran

Line Location | tem Number Symbol Description
1 1-6 Int IDATA Number of szts of data in
category |
2 1-72 A SET (1) Descriptive data identifying

atomic composition of fuel and
the turbine inlet tempersture

. 3 i-14 A SET(1) Descriptive data of units of

i " combustor inlet pressure

i

? 3 15-29 P Fp PPP Combustor inlet pressure (atm)
% 3 30-51 A SET(1) Descriptive data of set of

kinetic constants used in
! calculation (see Volume 1,
! Table 2; descriptive data of

; k
§ S
: 3 52-66  k_ FP EKS Fuel-to-air mass ratio at
stoichiometric conditions
L 1-12 F. FP FF(1) Mixture ratio of an element
3 L 13-24 & FP PHI(1) Equivalence ratio of an element
4 25-36  { ; Fe RHO(1) Density of combustion.products
for an element (gm/cm”)
A 37-L8 T FP ATT(1) Adiabatic flame temperature
for an element (deg K)
4 49-60 (NO.) FP BCON6(1) Equilibrium mole fraction of
e NO for an element
L 61-72 (co.), FP BCON2(!) Equilibrium mole fraction of
CO for an element
5 1-12 (c(s).)e FP BCONI(1) Equilibrium mole fraction of
' C(S) for an element
5 13-24 (cH, ) FP cH2(1) Equilibrium mole fraction of
ie unburned hydrocarbons exclusive
of C and CO for an element
(s)
5 25-36 (Rl)i FP RI1(1) Forward reaction rate for the

first kinetic reaction (see
Section 2, Volume 2 or Ref 3)
(gm-mole/cm3-sec) for an element
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Input Type of Fortran
Location Item Number Symbol Description
37-48 (R6). FP R6 (1) Forward reaction rate for the
1 - - - .
sixth kinetic reaction (see
Section 2 ,_Volume 2 or Ref 3)
(gm-mole/cm’~sec) for an element
49-60 (Kl)' FP EK1 (1) Ratio of forward reaction rate
! constants (see Section 2, Volume
2 or Ref 3) for an element
61-72 (Kz)i FP Ek2(1) Ratio of forward reaction rate

constants (see Section 2, Volume
2 or Ref 3) for an element

Lines 4-5 are repeated for each of the 35 discrete mixture ratio
elements specified in the distribution function. At the conclusion
of this daté, the integer variable KASE is read. KASE identifies the
number of sets of data in category 2 that follow for the given set

of data in category 1.

TR T A R

Input Type of Fortran
Line Location item Number Symbol Description
74 i-6 int KASE Number of sets of data in
category 2
75 1-12 X FP AXX (J)  Axial position in the com-
bustor (in)
75 13-24 *_ ) FP APR (J) Per cent of total mass of air-
X% flow in combustor liner at
position X (cumuiative)
75 25-36 R, FP ARR ()  Racius of liner at position
) X; applies only for canannular
. configuration {in) (see pointb)
75 37-48 Rx FP ANR(J) Inner radius of liner at
| position X; applies only for
- annular configuration (in)
(see pointb)
75 4g-60 R, FP ANNR (J)  Outer radius of liner ot
0 position X; applies only for

annular configuration (in)
{see pointb}
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Line 75 is repeated for each of 11 axial positions in the

combustor.

The first axial position must be taken as X = 0; that

is, at the exit of the combistor primary zone.

There may be as many sets of data in category 3 for each set

of data in category 2 as the user desires. The number of these data

sets is read as the variable IN, on line 86.

Type of Fortran
Number-  Symbol
int iN

Description

Number of sets of data in
category 3

Following the data on line 86 is the data of category 3.

Input
Llipe Llocation [ltem
= 86 1-6
Input
Line Location |tem
87 1-12 VP
= 87 13-24 X,
87 25-36 XEND
87 37-48 q)P
é?
87 h9-60 0
61-72 MA
1-12 S
o
13-24 gat
25-36  O%;

Type of Fortran
Number ~ Symbol
FP VP
FP XL
FP XEND

FP "EQUIV

FP BETA
Fp TGTAR
FpP S

FP ERAT
FP TAUBAR

Description

Volume of primary zone {in
(see pointc )

3

Length of intermediate zone

(in)

Lengthof intermediate zone
and dilution zone (combined)

(in)

Mass mean equivalence ratio
in the primary zone (before
fuel burns)

Combustion efficiency in the
primary zone

Total mass of air ed into the
combustor liner (ib/sec)

Degree of mixedness in the
primary zone

Variable for varying
parametrically yet maiataining
constant air-to-fuel ratio in
the combustor

Mean primary zZone residence time
(applies only if V_ is set egual
to zero) (see poingc )
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Lines 37-88 are repeated for each set of data in category 3 that
the user wishes to specify.

3.2.3 Discussion of input Dats

Some important aspects 1o be considered in appropristely specifying
the input data are discussed below. Keference to these

discussions has bean made in the preceding subsection in which the in-
put format was described. The points referred to are as follows:
a. Data in category 1 {lines 2-73) are generated by Program
NOXRAT described in Volume 2.
b. If a canannular configuration is tested, the variabies Rx
and Rxo are set equal to zero. If an annular configura- ;
tion is tested, the variable R, is set equal to zero.

X
c. |If the user chooses to specify the volume of the primary

N Dt b ‘

zone, vp, then the mean primary zone residence time (5 )
is set equal to zero in the input. =¥; is then calculated
by the program. If, on the cther hand, the user chooses to

specify %;, he must set Vp equal to zero in the input.

3.2.4 Description of Sample Case !nput

Completed inpui data sheets are shown on pages 32 and 33. in
this table lines 1-73 comprise the data and controls for category i
(note: lines 6-73 are ¢ itted for brevity); lines 74-85 comprise the
data ané controls for category 2; and lines 86-88 comprise the data
and controls ror cztegory 3.

In this case, the fictitious combustor examined has an inlet
temnerature of 700 deg K and an operating pressure of 5.78 atm. The
combustor is 10 inches in iength f;om the exit of the primary zone,

: has a primary zone volume of 55 in”, and is being operated with a

mean primary zone equivalence ratio (before the fuel burns) of 0.9.
The over-all air-to-fuel ratioc is 92.

3.3 OUTPUT DATA

The output of Program GASNOX comsists entirely of printed data.

The printed data falls into two main categories: normal output, and
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error messages with aaditional output. The normal output which is

illustrated by the sample case included in the report, will be

R ot VTN L A o v

desaribed first.

3.3.1 Normal Qutput

The .nformation included in the normal output can be rFivided into
the following categories:
1. General input data and miscellaneous calculated input data.
2. Elemental primary zone exit conditions from the converged
solution.
3. Over-all primary zone exit conditions from the converged
solution.
4. Ovér-all intermediate zone conditions at various axial posi-
tions in the zone from the converged solution.
5. Over-all dilution zone conditions at various axial positons
in the zone from the converged solution.
A description of the items in each category is given below.
The normal outpu: of a typical case begins with the items in category

1-- general input data and miscellaneous calculated input data. This
data consists of:

a+ Axial position in the combustor (where the origin is taken as
the primary zone exit) (in}.

b. Total mass per cent of air mixed with the product stream at

position X.

c. Radius of liner at position X for canannular configuration or
inner and outer radii of liner at position X for annular

) configuration (in).

é d. The case number; this number corresponds to the set of com-

H

bustor dimensions, operating conditions, and the primary zone

] mixing parameter for the given combustor airflow characteristics.
e+ The cumulative normal distribution data.

f. The atomic formula of the fuel.

g- 71ae combustor air inlet temperature (deg K).

h. The combustor operating pressur~ (atm)-
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i. A code number identifying the set of kinetic constants
employed in the reaction scheme.

j. The value of the fuel-to-air mass ratio at stoichiometric
conditions.

k » For each eiement in the distribution function: the mixture
ratio (mass fuel to mass fuel and air); the equivalence ratio;
the density of the combdstion products in gm/cm3; the adiabatic
flame temperature of the combustion products in deg K; the
equilibrium mole fraction of NO, CO, C(s), and CH, (unburned
hydrocarbons); and the kinetic parameters R], R6 (in gm-moles/
cm3-sec), Ky and K, (dimensionless) defined in Section 2 of
Volume 2.

1. The volume of the primary zone (in3).

m . The length of the intermediate zone (in).

n . The length of the intermediate and dilution zone (combined)
(in).

o'. The mean primary zone equivalence ratio (before the fuel
burns).

p. The combustion efficiency in the primary zone.

q. The total mass of air fed into the combustor liner {1b/sec).

r . The degree of mixedness in the primary zone.

s.. The variable used for altering the mean primary zone equiva-
lence ratio parametrically without changing the over-all air-
to-fuel ratio in the combustor.

t-. The total mass of fuel fed into the combustor (ib/hr .

u-. The over-all air-to-fuel ratio in the combustor.

The norm.! output of a typical case continues with the items in
category 2-- elemental primary zone conditions for the converged solu-
tion. These items, which begin after a statement describing them,
consist of:

a. The mass fraction in the element.

b. The NO concentration in the element {ppm) (vol).

c+ The cunulative sum of the NO formed up to and including the
element (1b/sec).

d. The element number.
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Only those elements with a finite rate of formation of NO are
included in this output table.

The normal output of a typical case continues, after a statement
describing the data, with the items in category 3-- over-all primary
zone exit conditions from the converged solution. This data consists

of :

A R RS A i

3. The axial position in the combustor (in).

b. The mass mean primary zone equivalence ratio, accounting for
the inefficiency of the primary zone combustion.

c. The mass mean exit temperature of the primary zone (deg F).

d. The mass mean density of the primary zone combustion products
(1b/Fe3).

e. The mass mesn primary zone residence time (msec).

f. The mass mean concentration of NO in the primary zone (ppm) (vol).

g- The mass mean concentration of NO in the primary zone, expressed

“as NC, (1b/1000 1b fuel burned).

h. The mass mean equilibrium concentration of C(S) in the primary

zone (ppm) (vol).

h
|

o
o

R TS

i« The mass mean equilibrium concentration of C(S) in the primary
zone (1b/1000 1b fuel burned).

jo The mass mean equilibrium concentration of CO in the primary
zone (ppm) (vol).

ke The mass mean equilib-ium concentration of CO in the primary
zone (1571000 1b fuel burned).

The mass mean equilibrium concentration of unburned hydro-
carbons (exclusive of CO and C(S)) in the primary zone {ppm)
(vol).

me. The mass mean equilibrium concentration of unburned hydro-

o

carbons {(exclusive of €0 and C(S))in the primary zone (1b/
1000 1b fuel burned).
n. The fuel loading (]b/sec-ftB-atmz).

The normal output of a typical case continues, after a statesent
describing the data, with the items in category L-- over-all intermediate
zone conditions at axial positions in the zone corresponding to the

converged solution. This data consists of:
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The axial position in the combustor (in).

The mass mean equivalence ratio, at the given axial station
in the intermediate zone, accounting for the inefficiency
of the primary zone combustion.

The mass mean exit temprature at the given axial station in

the intermediate zone, {deg F).

The mass mean density of the combustion products at the given
axial station in the intermediate zone (]b/ftB).

The mass mean residence time of the combustion products from

the combustor entrance to the given axial station in the
intermediate zone (msec).

The mass mean concentration of NO at the given axial station

in" the intermediate zone (ppm) (vol).

The mass mean concentration of NO, expressed as NPZ, at the
given axial station in the intermediate zone (1b/1000 1b

fuel burned).

The mass mean equilibrium concentration of C(s) at the given
axial station in the intermediate zone (ppm) (voi).

The mass mean equilibrium concentration of C(S) at the given
axial station in the intermediate zone {(1b/1000 1b fuel burned).
The mass mean equilibrium concentration of CO at the gi* n

axial station in the intermediatc zone (ppm) (vol).

The mass mean equilibrium concentracion of CO at the given

axial station in the intermediate zone (1b/1000 b fuel burned).
The mass mean equilibrium concentration of unburned hydrocarbons
(exclusive of CO and C(s} at the given axial station in the
intermediate zone (ppm) (vol).

The mass mean equilibrium concentration of unburned hydro-
carbons (exclusive of CO and 6(59 at the given axial station

in the intermediate zone (1b/1000 1b fuel burned).

If the chemical rate of production of NO is frozen at any axial
station in the intermediate zone, the program prints a2 message to that
effect and proceeds with the dilution zone calculations and output.

The normal output of a typical case concludes, after a statement

describing the data, with the items in category 5-- over-all dilution




bt

=

AT

zone conditions at axial positions in the zone corresponding to the
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converged solution. 1If the chemical rate of formation cf KG wes
frozen at any axial station in the intermediate zone, only the diluticn

zone exit conditions are printed. The data in this category consists
of:

. The axial position in the combustor (in).

b. The mass mear equivalence ratio, at the given axial station
in the dilution zone, accounting for the ineificiency of the
primary zone combustion.

c. The mass mean exit temperature at the given axi>l station 'n
the dilution zone (deg F).

d. The mass mean density of the combustion products at the jiven
axial station in the dilution zone (lb/ftB).

e. The mass mean residence time of the combustion products from
the combustor entrance to the given axial station in the
dilution zone (msec).

f. The mass mean concentration of NO at the given axial station

in the dilution zone (ppm) (vol).

T A O A2

il

‘g. The mass mean concentration of NO, expressed as NOZ at the

given axial station in the diiution zone (1b/1000 1b fuel burned).
The mass mean equilibrium concentration of C(s) at the given

axial station in the dilution zone {ppm) (vol).

4

1 i. The mass mean equilibrium concentration of C(S) at the given

axial station in the dilution zone (1b/1000 1b fuel burned).

TR

i
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.

The mass mean equilibrium concentration of C(s) at the given

: axial station in the dilution zone (ppm) (vol).

il

The mass mean equilibrium concentration of CO at the given

axial station in the dilution zone (1b/1000 1b fuel burned).

LY MWWM
x

The mass mean equilibrium conceatration of unburned hydro-
carbons (exclusive of CO and C(S)) at the given axial station
in the dilution zone (ppm} (vol).

m. The mass mean equilibrium concentration of unburned hydro-
carbons (exclusive of CO and € s)) at the given axial station
in the dilution zone (1b/1000 1b fuel burned).

If the chemical rate of prediction of NO is froien at any axial

station in the dilution zone, the program prints a message to thst




|

= effect after completing the dilution zone calculations and grinting
the output at the axial position that corresponds to the combustor exit.

3.3.2 Error Messages and Additional Qutpuu

in 2ddition to the normal output, various messages may appear in

the output of & case. These messages either indicate that difficulty i

has been encountered during execution of the case or that the usar

e has specified the printing of intermediate output to examine progress

in the iterat’ons. The messages are considered below in the order of

' their appearance in the piogram.

as If intermedizte cutput is requested by the user, the program
will print the value of the total mass contained in each
mixture ratio element and the value of the parameters that
define the range of the mass distribution function. These
values are printed in Subroutine ZMASS; they are printed
for each converged axial position in the combustor.

pe If, in calculating the values of (°u7)i' the number of
iterotions on a given element equal ten, the program prints
‘the number qf iterations and the last value of (ol )i'
This is a nonfatal error as the prugram assumes the value
of (oLc»r)3 to be the last value calculated. The error
message is printed in Subroutine PRCALC. This error is
caused by limiting the number of iterations to ten; it
can be relieved by increasing the limit.

c. POTENTIAL ERROR DUE TO LACK OF CONVERGENCE, SUMTNO(1) =
+X XXXXXXXXE+XX PRIOR VALUE OF SUMTNG (1) = X XKXXXXXXZ+
XX 1 =XXX -~
This message i5 printed in Subroutine PRCALC for a primary
zone elenent that Tails to satisfy convergence criteria after
five iterations. This is a nonfatal error as the program
assumes that the value of SUMTNO(1) is the last value cal-
culated. The error is caused by limiting the number of
iterations to five;_it can be remedied by increasing the

limit.
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. i
If intermediate output is requisted by the user, the program
will print the value of the nitric oxide content of each
mixture ratio element for each converged axial position in

the combustor. These values are printed in Subroutine PRINTS.

If the number of iterations attempting to safisfy the aixing
criteria equal 49 for any mixture ratio element at any axial !
station in the intermediate zone, Subroutine ZINTER will

print the most recent value of Ei’ and the.number of iterations.
This is a fatal condition to the program causing immediate
termination of the calculations. This procedure is.a safety
control to keep tt * program from continuing into an indefinite
loop; it is likely caused by some trouble in the calculation®
of- element masses and can only be remedied by deteiled exami~-
nation of the flow rates into and out of each mass e!emeﬁt.
X(CM) = +XIXXXXXE+XX J = XX '
AVE. RHO(GM/CC) = +X.XXXXXE+XX

AVE. NO(GM/GM) = +X.XXXXXE+XX -

This message is printed from Subroutine ZINTER at the end of
each iteration loop in the intermediate zone if intermediate
output is reguested by the user. The meaning of the message
is quite clear; both the density and nitric oxide concentrations
are mass averages. b is the number of iterations.

RUNGE-KUTTA ITERATION FAILED TO CONVERGE TO SPECIFIED LIMIT,
DIFNO = +X.XXXXXE+XX N = XXXX X = CM8

This ncnfatal message is printed by Subroutine ZINTER at each
axial pusition in the intermediate zone where éonvergence
criteria on the NO iterationé are not satisfied. N here is

the number of steps each major step is divided into for the last

Py

iteration; DIFNO identifies the difference in the ‘calculated
nitric oxide levels at the end of the major step down the
combustor t> position X. There are two possible reasons for
the appearance of the message: )

1. e number of steps allowed in the Runge-Kutta integration

are inadequate.
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2. The‘convergence-limit’is o0 narrow.

Relaxation of either of these control criteria will eiiminate
the iteration difficulty.

X(CH) = +X.XXXKXESXXK = XX AVE.RHO

GM/CC) ‘= +X.XXXXXE#XX . AVE.NO = +X.XXXXXE+XX

AXXXXXKESXX  +X XXXXXEHXX

This nlessage is printed from Subroutine DILUTE at the end
of each iteration in the.dilution zone if intermediate

output is requestéd by the user. The-meaning of the message

. is quite clear except for the last two variables printed;

these variables are rate of cﬁange of nitric oxide mass
fraction with position due to chemical reaction and, dilution,
respectively. Both the density and nitric oxide concentrations
are mass aberages.J is the number of iterations.
If intermediate output is requested by the user, Subroutine
DILUTE prints.the differenceé between the calculated nitric
oxide levels for the last two iterations at the end of each
major step down the combustor. in addition, DILUTE also prints
the number of integration steps each major step is divided

into for the last iteration.

RUNGE-KUTTA ITERATION FAILED TO CONVERGE TO SPECIFIED LIMIT.
DIFNT = +X. XXXXXE+XX N = XXXX X = +X. XXXXXE+XX

This nonfatal message is printed by Subroutine DILUTE at
.each axial posigion in the-dilution zone where convergence
criteria on the NO iterations are not satisfied. N here is
the number of steps each major step is divided into for the
last iteration; DIFNO iden;ifies the difference in the
calculated nitric oxide;levels at the end of the major step
down the combustor to position X. There are two possible
reasons for the appearance of the message:

1. The number of steps allowed in the Runge-Kutta integration
' are inaéequate.
2. The convergence limit is too narrow.

Relaxation of either of these control criteria will eliminate

the iteration difficulty.
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3.3.3 Description of Sample Case Qutput

The output from the fictiticus sample case described on pages
33 and 34 is presented on pages 35-42. The data on pages 35-38
represents the input data for this fictitious cese while calculated
results are shown on pages 39-42. From the data it is seen that the
mean primary zone residence time for the combustor is 2 msec; and,
in that time, a mass average concentration of 300 ppm (vol) of nitric
oxide has been formed. Within a distance of 1.5 inches down the
combustor intermediate zone, the chemical rate of formation of nitric
oxide is negligible in comparison with the amount of nitric oxide
previously formed. Consequently, only the dilution of the total
nitric oxide formed to that point is important to the final emission

figurs of 73 ppm (vol).

MISCELLANEQUS OPERATIONAL INFORMATION

Program GASNOX occupies approximately 20,000 core locations during
loading and approximately 12,000 core locations during execution on
the CDC 6600 computer. Actual program length is approximately 7100 core
locations. Hence, the total storage requirement for this program is
comfortably witirin the CDC 6600 core capacity of 131,000 locations.

The execution time for Program GASNOX depends upon the characteris-
tics of the particular combustor being analyzezd. 1t has been found,
however, that a typical case will require approximately 10 to 15 seconds
of central processor time on the CDC 6690 with another 1 to 2 systems
seconds necessary to satisfy input/output requirements, Approximately
12 systems seconds are required to load and compile the program.

There are no known sources of convergence diffic.. - in the program
save the limits imposed on the number and accuracy of the Runge-Kutta
integrations. These requirements are adequate for most applications of
the program; they are neither too restrictive to cause convergence diff.-
culties nor too loose to permit an abundance of interations and

excessive comsuter costs.




NORTHERN RESEARCH AND ENGINEERING CORPORATION

3.5 DATA INPUT SHEET ”
NOx from Gas
ENGINEER: RDS PROJECT: Turbjne Combustors PROJECT NO 11562
TiTLE:+ Sample to 1llustrate the Use of Program RASKGH SHEETs _1 _OF 2_
LOCATION
L 6}' £ 4: 3 84{38 e 8137 4243 skies “{I‘ sol8d {87 73‘
-1 i 3 3 2 ; N
2 |FUEL=, C 1.0{00000GF+00H) *. §42,30000E}+00 INLET. A#R T7.(K,)= 7.l00000Q00E+02
3 | PRESS;. (ATM}= 5.7800000{0E+CoL COE= | 2. PHL SIOIHl.= 6.79522849E-02
L | 8487E-OH] 1.2b9 gE-02| 2.78 E-03] 7.324 ,066+02 6.546,6-07{ 0.
s Lo, 3.36429E-06] 0. 0. 1. 00G,00E435] 1.0000(E+35
. j N . . | 1 1
: A 1 1 i j . 1
; Line 74 1, : ] 2 2 .
Line 75 . . 0.0 L2090 , 30 . 0.0 0.0 L,
‘; Line 76 , 1.0 , 30.0 , 30 ~, 0.0 ~, 0.0 .
» Line 77 2.0 L 35.0 L 3.0 , 0.0 , 0.0 .
Line 78 , 3.0 , Lo . 30 , 0.0 . 0.0 N
Line 79 L b0 , L5 430 , 0.4 ., 0.0 ,
Line 80 5.0 L5020 30 L 00 , 0.0 ,
Line 81 , 6.0 , 60.0 L 39 ;0.0 ., 0.0 N
Line 82 . 7.0 , _70.0 L 3.0 , 00 . 0.0f .
. Line 83 1.8:0 1 80.C 3 30 3 0.0 .00 L
Line 84 . ..9:0 L od . 3d . 00 ,_o0.d
Line 85 ,_10.0 . 100.0 .30 . 00 . 0.0 .
Line 86 L1 — , - _— .




NORTHERN RESEARCH AND ENGIMEERING CORPORATION

3.5 DATA INPUT SHEET *
NGx from Gas
e . ENGINEER: RDS PROJECT Turbipe Combusiors PROJECT NO» 1152
g TITLE+ Sample to Illustrate ghe Use of Program GASNOX SHEET: 2 _OF 2
LOCATION
' sfr azjn  wls  sefss ol sy @i e i soja sujsr 7

o Do S e i T JELHOD I ’ s

; Line 87 ;. B3, 3 7.0 3 0. ¢ 1 (18 ;. 0.¢ ;5.0

Line 88 1 0.5 < 1.0 1 0.0 2 1 1

-

3 \ :
é:,g" Y i 1 1 L
% i A 3 1 1 1
= It 3 1 L e 3
= N
= H
=
o=
% 1 - d 1 1 )
= 1 1 3 1 3 1
=
= 1 2 N z 1 )

-
i
:
s
'
8

B 1 3 1 1 1 1
1 L] 1 A 1 1
1 -l 3 1 1
1 1 1 1 1 1
H
T
A 3 1 1 A i '
—
1 b 1 i 1
) - ;] 3 b b3 o
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6. NOMENCLATURE

Description

. r

Preexponential factor in Arthenus equation

Total cross-sectiona! area of combustor liner
Model constant in equation A-15

Model constant in equation A-24

Model constant in equation A-24

Coefficient in combustor efficiency parameter
Normalizing factor in distribution function
Activation energy

Fraction of mass &m

Mixture ratio, (fuel mass/total mass)

Reaction rate constant

Fraction of mass §mleaving control value over 33X
Length of intermediate zone

Total mass flow rate in combustor liner

Mass flow rate of diluent air per unit length
Moleculer weight of nitric oxide

Mass fraction of nitric oxide, (Mass NO/total mass)
f;t”°3"" Do) ¢

Pressure

Rate of .formation of nitric oxide per -unit volume
Gas constant

Equilibrium rate of reaction
d{:b( (E SM)

Time

Temperature

Velocity

Characteristic combustor velocity

Volume of primary zone

Axial distance

Cross~sactional area of element with mixture ratio F
Mass rate of element with mixture ratio F

Range of F about F in element with mass

Nitric oxide concentration as fraction of equilibrium




Symbols

¢ -~ O o

Subscvigts
a

¥
$o
; F

T

T

i
du

fi

S8
L
P
&
u
o

Sugerscrigts

7/
)

\0
7

(
C
( )
()

Descrigtion

Fractional mass flow of unburned fuel, e /m
Fraction of fuel burned ir primary zone
Standard deviation

Density

Residence time

Combustion efficiency parameter

Descrigtion
Diluticn air
Total fu=l
Unburned fuel
With characteristic mixture ratio T

1
L element in series

State below that indicated by
Condition in primary zone

With characteristic residence time &
State above that indicated by *

Condition at entrance to intermediate zone

Description

Condition at entry to control volume

Condition at exit from controi volume

Condition of combustor products entrained into

control volume

Mass average value

50
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APPENDIX | - OVER-ALL PROGRAM LOGIC

Program GASNOX consists of a main routine and twelve subroutines.
The subroutines are PRIMRY, ZINTER, DILUTE,.PRCALC, PRRAT, CHECKK,
CALCBC, RUNKUT, DERIV, MINT, ZMASS, and PRINTS. Information is trans-
mitted within the computer program through blocks of COMMON and as
arguments of certain subroutines. The over-all control of the pro-
grammed calculation procedure is maintained by the main routine.

The logic flow begins at the start of the main routine where the
input data is read and then printed. Subroutine PRIMRY, which con~
trols the combustor primary zone calculations, is then called.

The primary zone is modeled as a partially stirred .eactor, with
the varia:ions in gas composition, temperature, and residence time
taken into account statistically. Thus, PRIMRY first calls Subrou-

Ca:bo
SHT

tine ZFMASS to calculate element masses, ZMASS, in turn. calls Sut

(A ]

routines MINT and CALCBC. MINT provides interpolated values of tabu-
lated functions of one variable assuming a linear relationship be-
tween the adjacent tabular entries. CALCBC calculates values of the
mass flow coefficient at each axial station of the combustor primary
and intermediate zones. CALCBC also calls Subroutine MINT. After
calling ZMASS, Subroutine PRIMRY calls Subroutines PRCALC and PRINTS.
PRCALC controls and calculates the average nitric oxide level in

the primary zone for each specified mixture ratio element in the mass
distribution function. PRCALC calls Svbroutines PRRAT and MINT to
conduct its calculations; PRRAT solves the analytical expression re-
lating the elemental nitric oxide concantration to the elapsed time
in the primary zone. PRINTS provides the written output of the cal-
culated results of the program.

Having completed the primary zone calculations, GASNOX calls
Subroutine ZINTER to perform and control the intermediate zone analy=-
sis if the primary zone mixing parameter is other than zero. |If the
mixing parameter is set at zero, GASKNOX skips over the intermediate
zone calculations and proceeds with dilution zone calculatians via

Subroutine DILUTE.
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The intermediate zone of the combustor is divided into a series
of finite length axial elements in which the heterogeneous products
from the primary zone mix with one another and with the entering
cooling air. By the end of the zone the distribution is collapsed
to & uni~dimensional profile. To accomplish this mixing process
ZINTER calls on Subroutines ZMASS, CHECKK, RUNKUT, MINT, and PRINTS.
The function of Subroutines ZMASS and MINT are as before; PRINTS
writes the calculated mass mean conditions at the end of each fi~
nite length axial combustor segment. Subroutine CHECKK calculates
the proportionality constant between the mass flow rate out of an
element due to mixing and the total mass flowing into it at a given
axial position in the combustor. RUNKUT is employed to obtain the
solution to the first order ordinary differential equation between
nitric oxide concentration and axial position in the combustors by
the Gill variation of the Runge~Kutta numerical integration scheme.
In doing so, RUNKUT calls Subroutine DER!V which calculates the rate
of nitric oxide formation with respect to axial distance in the com=
bustor intermediate or dilution Zone.

In the dilution zone, the flow is uni-dimensional with the gases
uniformly mixed across each cross section. To perform and control
these calculations GASNOX calls on Subroutine DILUTE. DIWTE in
turn calls cn Subroutines ZMASS, MINT, RUNKUT, and PRINTS for calcu-
lations and printout at specified axial stations in the zone. The
only deviation of these subroutines from their previously described
functions occurs in ZMASS: since the mixture ratio distribution is
collapsed to a flat profile, it omits reference to Subroutine CALCBC.

This concludes the description of the over-all logic structure
of Program GASNOX. A modular diagram of GASNOX is provided as Fig~

ure L,




Fortran
Symsol

AIR(J)

ATT(1)

Al

A2

A3

BCONI1 (1)

BCoN2(1)

8CONG (1)

BETA

cu2(1)

54

APPERD1X'«1] - COMMON FORTRAN NOMENCLATURE

The following tables zontain the COMMON Fortrap nomenclature
for Program GASNCX. COMMON consists of seven labeled blocks; the
nomen<lature is arranged in alphabetic order for each block. Singly
subscripted arrays are indicated by their respective indices.

| = Element index

J = Incrementsl station index for the X direction

K - Distribution index

Nomenc lature for COMMON/DATAl/

Symbol Description Units
MA} Combustor airflow at axial station X gm/sec
X
T Adiabatic flame temperature for an
element i deg K
Aq Exponent in relationship governing
collapse of mixture ratio distribution
function
Ay Factor in relstionship defining the rate

at which unburned fuel is burned in the
intermediate zone

A3 Exponent in relationship defining the rate
at which unburned “uel is burned in the
intermediate zone

(C(sy.)e Equilibrium mole fraction of carbon for
' an element i

(C0j)e Equilibrium mole fraction of carbon monoxide
for an element i

(NO;)e Equilibrium mole fraction of nitric oxide for
an element i

Combustion efficiency in the primary zone

(CHZi)e Equilibrium mole fraction of unburned hydro-
carbons exclusive of C(S) and CO for an element i
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Fortran
Symbol

N
cuMpiIs(K)

EnS
EK1(1)
EK2{1)

FF(1)
FNOXP

PHIP

PPP

RHO

éR(J)

RI(1)

R6(1)

VP

XEND

XL

XX (J)

Description
Mixing characteristic
value of cumulative normal distribution

fuel-to=-air mass ratio at stoichiometric
conditions

Raiio of fcrward reaction rate constants
{see Volume 2, Section 2 or Ref3 )

Ratio of forward reaction rate constants
{see Volume 2, Section 2 or Ref3 )

Mixture ratio

NO formed in the flame front

Mean primary zone equivalence ratio
accounting for the inefficiency of the
primary zone combustion

Operating pressure

Density of combustion products for an
element

Radius of combustor liner if canannular
configuration; equivalent radius of
combustor liner if annular conriguration
Forward reaction rate for the first
kinetic reaction {see Volume 2, Section
2 or Ref 3)

forward reaction rate for the sixth
kinetic reaction (see Volume 2, Section
2 or Ref 3)

Degree of mixedness in the primary zone

Volume of the primary zone

Length of intermediste zone and dilute
zone (combined)

Length of intermediate zone

Axial position in the combisior

55

Units

ppm

atm

gm/cm

in; cm

gm—mo]e/cmB-sec

3

gn-mole/cm’~-sec

RTITLT]



fortren
Svmbol Symbol
zr(K) z,
Fertran
Symbol Symbol
AVCH20 (Ch2 L
AvCHZF tszj e
AVCH26 [cHz]e
AVCH2P fcn i,
AVECOD (o,
AVECOF ico]
R -
AVECOG fco]
AVECOP fco
' —~ —
AVECSD C sde
AVECSF Ic g
¥ S\
AVECSG tcd,
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Description Units

Limit of integration of cumulative normal
distribution

Nomenclature for COM/4ON/JUTY/

Description Units

Average equilibrium concentration of

unburned hydrocer>ons exclusive of C(s) and
CO at & given axi.l station in the com-
bustor gm/cc

Average equilibrium concentrs~'r o
unburned hydrocarbons exclus ve ..f

£

“fs)
and CO 3t a given axial station in tég gm/ 1009 gm
combustor fuel burped

-,
i

Average equilibrium concentration of
unburned hydrocsrbons exclusive of C(S)
and CO at a given axial station in

the combustrr

Average equilibrium concentration of unburned
hydrocarbons exclusive of €,y 8nd T0 at &

given axial station in the &ombustor © ppmivol;
Average egquilibrium concentration of CJ at
8 given &xial station in the combustor gw/ce

Average equilibrium concentration of £0 at gwm/ 1000 gm
a8 given axial station in the combustor fuel burned

rt

Average equilibrium concentration of CO
at & given axial station in the combustor

Average equilibrium concentration of {0
at a given axial ctstion in the combustor ppu{vol)

tion of C-S
he combuséo) gn/cc

Average equiiiorium concenirat’on of C{g) o/
at 3 given axial station in the combustor fue
110N OI: C,_)
he combusidf

(a4

Average egui

ium concen
at a‘given a i i

ra
T

MK o
-




Syabol

AVECSP

Symbol

AVENFU

. AVENOD

AVENOF

AVENOG

AVENCP

HLAST

RRO

fortran
Sy=bol
AVET

F3ARD

I RAX

Fortran

fortran

Symbol

[l
[v0’]
[
(]
i}

|

e e o

Description

Average equilibrium concentration of € s)
at a given 3xial station in the combuséor

Nomenclature for COMMON/OUT2/

Description

Average nitric oxide concentration at
prior axial station in the combustor

Average nitric oxide concentration at
a given axial station in the combustor

Average nitric oxide concentration a*
a given axial station in the combustor

Average nitric oxide concentration at
a given axial station in the combustor

Average nitric oxide concentraticn at a
given axial station in the combustor

Indicator
ILAST = © if the nitric oxide chemical
reaction is not frozen at a3 given axial
position in the combustor
ILAST = 1 if the nitric oxide chemical
reaction is frozen at 3 given axial
position in the combustor

Mean dencity of combustion products at a
given axial sta*"on in the combuszi~-

Nom=nclature for COMMON/OUT3/

Description

Average temperature of combustion products
at a given axial station in the combustor

¥ean mixture rctio at a given axial station

in the combustor

Subscript of mass element with highest
eguivalence ratio

57

Units

ppa{vol)

ynits

$a/1000 gm
fuel burned

ga/cc

5/ 1000 e
fuel burned

ppa(vol)

ga/cc

Units

aeg K
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; g Fortran .
% | Symboll Symbo! Bescribtion Units
=
= INDIC indicator
E%i INOIC = 1| for primsry zone
3 INDIC = 2 Tor intermediate zone type
= calculation .
= INDIC = 3 for dilution zone type calcula-~
E% tion
£
= LEN indicator _
E% LEN = 0 if intermediate zone calculations
= end at X;
= LEN = 1 if intermediste zone calculations end
= at X
E END
% Ne(1) Q\XO;] Nitric oxide concentrstion for an element i of
é the distribution function
Eé PHIBAR 4’ M=3n equivalence ratic at a given axial station
= in the combustor
= RHCBAR ﬁi Mcza density of combustion, products ¢t a
: given axial station in the combustor gm/cc
=1
§§ TAUBAR it Mean residence time in the combustor at
= a given axisl station : ‘ sec
§§ ~ .
= TAUDIL DL Mean residence time in the combustor
E ) dilution zone sec
H < Monn —ec L : .
S TAUINT Nt Mean residence time in the combustor
5 intermediate zone sac
éf VELOC ') .Ve!ocity of combustion products at a
2 given axial station in the combustor cm/sec
= X X; Axial position (downstream) in the )
Z combustor ) cm
XU XU fxial positicn {upstream) in the combustor cm
Nowmerclasture for COMMON/QUTL/
Fortrén .
Svmbol Symbol Description Units
AIRD MAzX Airflow at a given axial station in the
D

combus tor gm/sec




Fortran
Symbol
ARO

AQQ

AREAD

ASLOPE

consNo (i)

pOM(1)
DELMD(1)

piFNO(1)
oMDDA(1)
DMDDM{1)

: DMDDP (1)
.DMDDPP (1)

DMFFED

Al
. XD

'3“&)
\:SS('XD

Ivo* 1,

(% H;)D

(am;)y

(my)

55

Description Units

Average nitric oxide concentration st
a given axial staticn 'in the combustor

Measure of the round-off error in the
Runge-Kutta integration routine at a
given axial statjon in the czombustor

Cross-sectional area of combustor at a 2
given axial station in the combustor cm

Rate of change of airflow rate in the
combustor’ linar with axial position at
a given axial station in the combustor gm/sec-cm

Average molecular weight of reaction
products at a given axial station in
the combustor gm/ gm-mo1l

Nitric oxide eqdilibrium concentration
for an element i of the distribution
function

Elemental mass flow rate st the down-
stream limit of integration gm/sec

Elemental mass flow rete at the down-
stream limit of integration gm/sec

Difference in NO czoncentrations for
successive iteradtions for an element i
of the distribution function

Elemental mass flow of gases into control
volume due tc mixing of the cilution air
with previously mixed gases gm/sec-cm

Elemental mass flow of gases into control
volume due to mixing action of gases already
within the combustion liner gm/sec~cm

Total elémental mass flow of -gases into
13 - - -
contro! volume due to mixing gn/sec-ca

Total elemental mass {low of gases out of
control volume due to mixing o/ sec~cm

Total mass flow of fuel fed to the com-
bustor gm/sec

é
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Fortran

Symbol
DMFT
DMFUD

DMFUO

E(1)

EKKD

Fa(1)

FPRIME(1)

NOEQXD

NOP(1)

NOZERO(1)

RDOT(1)

RSUBX

SIG

SIGZER

Symbol
(Mg)y

(Fy)

.
i

(F),

[No;]xo
[wod,

X e

-
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Description Units
Total mass flow of ccmbusted fuel at a
given axial station in the combustor gm/sec
Total mass flow of unburned fuel at a
given axial station in the combustor gm/sec
Total mass flow of unburned fuel at the
primary zone exit gm/sec

Proportionality factor between mass flow
rate out of an element i due to mixing and -1
the total mass flowing into it cm

Proportionality Tactor between mass flow
rate out of an e!=ment due to mixing and
the total mass flowing into it cm

Boundaries between whicii each mixture ratio
value applies

Mixture ratio at entrance to elemental control
volume i

Mass average nitric oxide equilibrium concentra~
tion at a given axial station in the combustor

Nitric oxide concentration of the mass flowing
into an elemental control volume due to mixing
at a given axial station in the combustor

Indicator
NOZERO = O if chemical rate of production of
NO in an element i is finite
NOZERO = 1 if chemical rate of product of NO
in an element is zero

Elemental rate of change of unburned fuel with
axial station in the combustor gm/sec-cm

Combustor radius at a given axial station
in the combustor cm

Standard deviation of the distribution
function st 8 given axial station in
the combustor

Standard deviation of the distribution function
in the primary zone of the combustor
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Fortran
Symbol Symbol Lescription Units
Sl
SLOPE(1) é%;gil X Rate of change of elemental mass flow rate
with axial position at a given axial station
in the combustor gm/sec~cm
SUEA(1) Difference in NO concentrations for suc~
cessive iterations for an element i of the
distribution function
Eé - ] .
TSLOPE Rate of change of total mass flow rate with
X Ax; axial position at a given axial station in
the combustor gm/sec-cm
ubM(1) (Shi) Elemental mass flow rate at the upstream
u limit of integration gm/sec
Nomenclature for COMMON /0QUTS/
Fortran
Symbol Symbol Description Units
*
MSTARD M b Total mass flow at downstream ‘imit of
integration’ gm/sec
HMSTARY " U Total mass Tlow at upstream limit of
integration gm/sec
DILL (r) Rate of change of NO concentration with
DIL - . <, X .
axial position in ‘he combustor dilution -1
zone due to air dilution cm
REAT {r )react Rate of change of elemental NO concentra-

tion with axial position in the combustor
due to chemical reaction
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APPENDIX 111 - MAIN ROUTINE GASNOX

The principal function of the main routine is to control the

logic of the calculation procedure for the.prediction of the nitric
oxide emissions from gas turbine combustors. In addition, the main
routine reads and writes the input data, sets certain values, and
performs many related minor calculations.

The main routine calls Subroutines PRIMRY, ZINTER, and DILUTE.

The external'input required by the main routine consists of:

il B e e e et e

ANNR ANR APR ARR ATT
AXX BCON1 BCON2 BCONG BETA
CH2 EKS EK1 EK2 EQUIV
ERAT FF 1DATA N KASE
PH1 PHIP PPP RHO Rl
R6 S SET TAUBAR TOTAIR
VP XEND XL
The external output provided by the main routine consists of:
ANNR ANR APR ARR ATT
AXX BCONI BCON2 BCON6 BETA
CH2 CuMDIS EKS EK1 EK2
EQUIV ERAT FF NOZERO Phl
PH1? PPP RHO Ri R6
s SET TAUBAR TOTAIR XEND
XL vp zp

Additiona]l Fortran Nomenclature

The following tabie gives the Fortiran nomenclature for those
symbols in the main routine whizh are not part of COMMON. Singly

and doubly subscripted arrays are indicated by their respective

indices:
1 -~ General index of descriptive data

1J - Incremental axial station index for combustor air

} « Element index

[~




Fortran
Symbol

AAR(1J)

ANNR (1J)

AWR(1J)

APR{1J)

ARR(1J)

AYX
DELAIR
DEX

EQUIV

ERAT

1DATA

IN

KASE

Pl (J)

SET(1)

TOTAIR

AMAIR

AX

rat

2

M
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Description Units
Units
Total mass of airflos into combustor
liner at positionX (cumulative) Ib/sec
Outer radius of liner at position X ;
applies only for annular configuration in
Inner radius of liner at position X.;
applies only for annular configuration in
Per cent of total mass of airflow into
combustor liner at position X (cumulative)
Radius of iiner at position X ; applies
only for canannular configquration in
Axial position in the combustor in
Combustor air scaling factor 1b/sec
Combustor length in

Mass mean equivalence ratio in the
primarv zone (before fuel burns)

Variable for varying égp parametrically
yet maintaining constant air-to-fuel
ratio in the cnmbustor

Number of sets of kinetic, thermcdynamic,
and equilibrium data and combustor inlet
conditions

Number of sets of combustor dimensions,
operating conditions, and primary 2one
mixedness parameter

Number of sets of airflow distribution data
tquivalence ratio of an element j

Combustor descriptive data

Total mass of air fed into the combustor
liner 1b/sec

e P
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Analysis Procedure

The step~by-step procedure of the main routine is given below.
The Fortran listing of the rouvtine is presented at the conclusion
of the step-by~step procedure.

1. Read the input kinetic, thermodynamic. and equilibrium

data and the combustor inlet conditions for the case.

2. Set the values of certain parameters.

3. Read the input airflow distribution data.

Step 4 is performed only if the combustor is an annular con-

figuration.

L. Calculate the equivalent can radii as:

Ry = [(RXO)Z - (Rx".‘Z] z

5. Read the inpit combustor dimensions, operating conditions,
and primary zZine mixing parameter.
6. Convert the percentage airflow data to mass flow for each
specified axial station by the relationship:
= * P ]00.
(HA)X ( )% MA/_ 0

Ax

7. Caiculate @_as
659 = @p+8
8. Calculate@_ as:
5,’ = @—;,ﬁ Ecat
9, Set the values of certain parameters and constants.

i0. Write the heading for the airflow distribution data for the

case.

11. Calculate the total mass of airflow into the combustor liner
for each specified axial station correcting for the effect
of Erat'

12. Convert the units of the airflow distribution data to the
metric system.

13. VWrite the input data.

1. Convert the units of the combustor dimensions to the metric
systen. )

15. Using Subroutine PRIMRY, calcuiate the primary zZone exit

conditions.




16. Set certain indicators.

ity

Step 17 is performed only if XEND = 0,
17. Go to step 2k.

it

Ster 18 is performed only if So = 0.
18. Go to step 23.
19. If XEN§<:XL; reset certain indicators.

20. Using Subroutine ZINTER, perform the intermediate zone

calculations.

UL o G S E A

Step 21 is performed only if the chemical rate of formation of
nitric oxide is frozen in the intermediate zone.
2l. Go to step 23.

LT s ]

Step 22 is performed only if XEND<.XL
22. Go to step 2h.
= 23. Using Subroutine DILUTE, perform the dilution zone

calculations.

= 2, If this is the last set of combustor dimensions, operating
§§ conditions, and primary zone mixing parameter for the given
;2 airflow distribution, continue to step 25. If not, return
%% " to step 5.

§§ 25. If this is the last set of combustor airflow distribition
%% data for the given kinetic, thermodynamic, and eguilibrium
%% data and combustor inlet conditions, continue to step 26.
?é If nct, return to step 3.

%% 26. if this is the last set of kinetic, thermodynamic, and

equilibrium data and combustor inlet conditions, continue

1
L)

to step 27. If not, return to step I.
. 27. Stop.
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PROGRAM GASNOX {INPUT«QUTPUT TAPES=TINPUT » TAPES6=0UTPUT) 54520000
DIMENSION SET(25) ¢+PHI(50) o AAR(S() 2 AXX (50} +APR(50) »ARR(50) s ANR(50) #345%n010
1ANNR(50) 34590020

COMMON/DATAL/ATR(S0) ¢RR(50) +XX(50) 4FF(50) +BCON]1 (50) yBCON2 {50) s CH2 (34540030
150) sZP(70) +CUMDIS (T0) » VPsRHO (50) s BCONG6 (50) s ATT (50) ¢ POP9FNOAPsR1 (5054590040

= 2) 1R6(50) 9EK] (50) sEK2{50) 2A29A3¢XLsCNeBETAsSs PHIPHERS+ XEND AL S5aS*0050
= COMMUN/QUT1/AVECSG 1 AVECOGs AVCH2Gs AVECSP y AVECOP s AVCH2P ¢ AVECSD ¢ AVECOGAS®0060
e 1D, AVCN2D s AVECSF + AVE COF s AVCH2F §aS®0070
=3 COMMON/QUT2/AVENOG s AVENOD s AVENOP s AVENOF s AVENFUSRROs ILAST GaS¢0080
= COMMON/QUT3/INDICINO(50) »AVET TAUBARsRHOBARsPHIBARs IMAXXD) 5aS#0090
= 1FBARDIXUsLENs TAUINT s TAUDIL o VELOC 54820100
2 COMMON/QUT4/ONGNO (50) 9 DELMD (50) v AREAD s ASLOPE s JMFUD» SLOPE (50) » TSLOGAS®0110
= 1PEINUP (50) s EKKD ¢ DMFToUDM(50) 4 DDM(50) » FP(50) yDMFUDIAIRDDMFFEDGAS®0120
= 2.RSUBX¢SIGySIGZERAVEMW DMODA (50) s OMDDM (50) + DMDDP (50) s DMDDPP (S50) »F 54520130
= 3PRIME(S0) ¢NOEQXDsANOsAQODIFNO ¢50) ¢+ NCZERD(50) s+ RDOT (50)1E(50) GAS®9140
= COMMON/QUTS/MSTARD s MSTARU 5AS°0150

= DATACZP(L) sL.=1+70)7040900055041090¢15+0420902590030903510+40104454S5%0160
= 15904509005510,6090:65004709047590,8090485+049090,9511,05105¢1,1095A5%0179
= 21415914209142591¢300103591040114459105091¢5511460911265+147001475,154520180
EE 34809519859149011095+2¢0092.059261092¢1592¢20922512¢3092435124012432393150
46592¢5092.5592,6092¢6512,7032:¢75+2,80902¢8592:905249593.40093.0593,1543°0200
5093e1593020934259303093e3593e40936657 54590210
DATA(CUMDIS1,)sL=1470)/0.500090.5199+0.5398104559640,5793+3.5987+0GaS%022¢
1.6173900636800.655‘*'006736’0.6915' 0.7088!007257'0'7422’GQ?SBQSQO778“5*0'30
2341027881904802390¢815910¢8289400861390¢553110854390¢8769+0.884995A5%24¢
30089“'"’0.903200sgllst009192’0'9265'0.0332'00939¢'0.9‘5290.9505!0.9GASQOZSG
4554900959990 ,9641906967890e971390¢5744900977244979850.9821+049842254529260
5.,986190,987890,989390¢95064049918¢04992990:923390.99469069953+0.99545%0270
660¢00996590,957090.997440,997850.9981+0,998490.998710.9989,0.9990+545°0280

7099924099934 009996909995v06999690+9997305997/ GaS®9270

Coeac 5as®p300

Cewae READ IN AND WRITE OUT THE REQUIRED DATA SaSep330

cesas GAS*0320
READ(5450) IDATA 54520330

DO 525 11K =1,IDATA GAS®p340

READ(51400) (SET(I)sI=1915) +PPP+SET(16)+SET(17) +SET{18)sSET({19) +EXSEAS®935¢

400 FORMAT (12A6/2A69AZ1E154803464R4+E15.8) 54590360

DO 600 J = 1435 8ASeg370

= READ(51450)FF{JY sPAI(J) +RHO () o ATT (J) 9 BCONG (J) 9BCON2 (J) 9 BCONY (J) 9 CSAS®p380
= 142 (J) sR1 {J) sR6 (I3 +EKL (J) s EX2 () "545°03%0
B NOZERO (J)=0 5aS®0400
P IF(RO(J)oEQo0.0tﬁNDQRl(J) oEQede0) NOZERO(J) =1 GaS®p410
= 600 CONTINUE BAS® 42D
= 450 FORMAT(6E12.5) GAS®0430
i READ(BOSO) KASE GA‘ASQD"QC
= 50 FORMAT(16) GAS®G456
75 D0 90U IJ = ],KASE SASené60
D0 300 IJ =1+11 SAS®0470

READ(59250) AXX{IJ) sAPR(IJI 1ARR(IJ) s ANR{IJ) »ANNR(I D) BAS®§450

XX{IJ) = AXX{ID 54525490

RR(IJ) = ARRI(IJ) 3A5€0500

IF(RR{IU} 4EQe0.0) RR{IJ) = SQRTIANNR({IJ) P22,0~AKR(TJ)*#%2,0) 5a5°0510

300 CONTINUE 54520520

250 FORMAT({5E£12.5) SaS¥ 530

XEAD(542G0) IN S.3°a546

200 FORHAT(16) 3a5®0550

DO 325 K =1+IN 5AS5°0560

READ(D:410) VP XL XEND9EQUIVIBETA+TOTAIRsS+ERATs TAUBAR 31599570

D0 425 1J=1+11 3A5°0580

AAR{IJY = APR(TJISTOTAIR/100.0 Sa5%¢530
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425 CONTINUE GAS®0600
PHIP = EGUIVeBETA 6aS®0610
PHIP=PHIPoERAT GAS®(520
FNUXP = 0,0 84520630

Cn = 5.0 5AS®0640

A1 = 0.5 GaS®0650

A2 = U.5 GaS®#0660

43 = 1,0 GAS®0670

410 FORMAT(6E12.5/6E1245) B54AS®068p
DELAIR=AAR(1)4(140~1.0/ERAT) 5aS®0690
DEX=XA(11)=~XX{1) 34540700
wRITE (69100} 6aS®0710
WRITE(64775) 5aS#0720

775 FORMAT (///769X+34HCOMBUSTOR AIR FLOW CHARACTERISTICS///) BAS®0730
wRITE(64780) B5AS®0740

780 FORMAT (64X93HCANS21Xs THANNULAR) 5A526750
WRITE (6+785) GAS®0T760

785 FORMAT (28X 98HDISTANCE 98X9 1 OHPERCENTAGE 99X+ 6HRADIUS¢8X ¢ 12HINNER RADGAS®0T70
1JUS,5X,12HOUTER RADIUS) 5aS®0780
786 FORMAT{45X¢8HAIR FLOW) SAS®0790
SRITE(6+786) 5AS#0B00
=RITEL6«TO0) GAS®0810

790 FORMAT(29Xs6HINCHES28X96HINCHES911X:6HINCHES»11X96HINCHES// /) GaS®g82p
DO 350 1J=111 . GAS®0B30
AIR(1IJ)=AAR(1IJ)=DELAIR® (XX (11)=XX{1J))/DEX GAS%#gB4p

- WRITE(6+4825) AXX(IJ)2APRITJ) sARRI{TIJ) ¢ ANRIIJ) v ANNRI(IU) BGAS*®0850
825 FORMAT(26X+5(E12+595X)) 5AS®0860
AIR(IJ) = AIR(IJ)®454« 5AS®0B70
IF(KeGT4l) GO TO 350 5AS®0BR0
XX(1J) = XX(IJ)®*2.54 5A5%089¢0
RR(IJ) = RR{IJ)#2.54% GASTQ900

350 CONTIMUE GAS®0910
NRITE(6+500) K 54S8%0920

500 FORMAT(///58Xs11HCASE NOe. = 916/7/7/) 54599930
#RITE(6+550) 5AS®0540

550 FORMAT(///748Xe35HCUMULATIVE NORMAL DISTRIBUTION DATA////) 5AS©0950
wRITE(6+115) GaS®Rg960

115 FORMAT {14X+2HZP¢3X +6HCUMDISISX 1 2HZP 92X+ SHCUMDIS +SXe2HZP 23X 6HCUMDIGAS®pI70
1545X92HZP 23X 6HCUNMNDIS ¢ SXe2HZP ¢ 3X 9 SHCUMDIS»1SXe21ZP s 3Xy 6KCUMDIS 15X+ 234595980
2HZP «3X,6HCUMDIS// /) SAS®0990

DO 120 {=1410 5a5°1000
WRITE(6+4110) ZP(L)+CUMDIS(L) 4ZP({L+10)sCUMDIS(L+10)+ZP(L+20) sCUMDISGASS1010
1(L*20) 9 ZP (L +30) sCUMDIS(L*30) 9ZP (L*40) yCUMDIS{L*40) +2P(L¢50) sCUMDIS3AS®1029)

2(L*50) 9y ZP (1. ¢60) +CUMDIS(L 460} BAS®1I030
110 FORMAT (12X s T{F4+293XeF544,3X)) 04591049
120 CONTINUE 5AS®105¢0

WRITE (64100} GAS®1050
ARITEL6+650) 5AS°i070
650 FORMAT(///58X+16HEQUILIBRIJM DATA///: GAS®108R0

ARITE(S467S) (SET{I) 9I1=1515) 1PPP+SET(18) ¢ STT{1TI+SET(18) «SET(19) +EK3A5°10350
13 54521100
675 FORMATI1X4184A64A2+E15e8/33X13A6v444E15.87///) 5AS®1110
WRITE{(6+680) 3AS®11246
680 FOnMAl {1X,123HTHE FOLLOSING DATA TABLE CONTAINS THE THEIRMODY™NAMIT SaS=31130
IPROGPERTIES«XINETIC RATE CONSTANTSHARD EQJILIBRIUY COMPOSITIONS FO3I53aS°1140
2 EACH/1X43]124HPRESCRIBED £QUIVALEINCE RATIO. FOR EACH ELEMENT THESESAS®1150
3 PROPIRTIES ARE+IN ORDER OF PRINTING.«MIXTURE RaTIOEQUIVALENCE R3aS®1160
42TIDY/1Xe119HDENSITYSADIARATIC FLAUE TEMPERATURE;ND«CO+C (S} s AND CHBAS®1170
S2 {UNSURNED HYDROCARBONS)Y £QUILISRIUM MOLE FRACTION.AND THE KINETICSaS*)18p
671X 2THPARAMETERS R19RBsK1¢AND X247/) 5aS®1190
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"RITE(6+690)
FORMAT (24X s THELEMENT/)
D0 750 4 =1935

GaS®1200
GAS®1210
GAS®#1220

WRITE(6,700) JoFF (J)oPRI(JI sRHO(J) 2ATT(J)} +BCONS (J) »BCON2(J) +BCON] (GAS®#1230

JY +CH2 L) 4RI (.15 s RE6 L) sEXKL (J) +EKZLN)
FORMAT (26X412+3X96E12e5/31X96E1245)
CONTINUE

¥RITE (64100}

WRITE(64850)

FORMAT (///51X+31HTHE REST OF THE INPUT VARIABLES///)

WRITE(6+85)) VP

5AS%1240
Gase1250
5GaS®1260
6aS®*1270
54591280
GAS®1290
SAS®1300

FORMA] (10X934HTHE VOLUME OF THE PRIMARY ZONE IS E12.597H CUJINe//545%1319
1}

SRITEL6+852) XL

5aS<1320
34521330

852 FORMAT(10X939HTHE LENGTH OF THE INTERMEDIATE ZINE IS 4Ei2+S+6H InNeGAS*1340
177)

nRITE(6+4853) XEND

GaSe®1350
GAS®1360

853 FORMAT(10X+67THTHE LENGTH OF THE INTERMEDIATE ZONE AND DILUTION ZONGAS®#1370
1E(COMBINED) IS +E124594H INe//)

¥RITE(6+854) EQUIV

5AS5¢1380
GAS®1390

854 FORMAT(10Xs43HTHE MEAN PRIMARY ZONE EQUIVALENCE: RATIO IS ,E£1245//)6GAS@1400

WRITE(geB55) BETA

SAS%16410

855 FORMAT(10X,49HTHE COMBUSTION EFFICIENCY IN THE PRIMARY ZONE IS ,E16aSe1420
12577}

WRITE(6+856) TOTAIR

6aS®1430
GaS®1440

. 856 FORMAT(10X,48HTHE TOTAL MASS OF AIR FED INTO THE COMBUSTOR IS ,E}126AS®145p
1¢539H LBe/SEC.//)

857 FORMAT{10X+27HTHE DEGREE OF MIXEONESS IS #E1245//)

858

¥RITE(6+857) S

"RITE(6,858) ERAT
FORMAT (10X 9 THERAT = 4E22+577)
¥RITE(6+4859) TAUBAR

5aS%1450
5881470
5a5*31480
GAS®145%0
8aS®1500
5AST151¢0

859 FORMAT(10Xs10SHTHE MEAN PRIMARY ZONE RESIDENCE TIME(ONLY APPLIES 16aS®1520
1F THE VOLUME OF THE PRIMARY ZONE IS ZERO IN INPUT) IS 4E12.595H SEGAS®153p

100
ceoan

Coeeoa
(a4 22 -3

ol 2 2--3
[od-2-2-23
Caaos

2C) .
VP = VPe2,5482,54#2,54
XL = XLe2,5%

XEND = XEND®#2,54
FORMAT (1H))

PERFORM PRIMARY ZONE CALGULATIONS
catL PRIMRY
PERFORM IMTERMEDIATE ZONE CALCULATIONS

LEN = 0
IF(XENDEQ.040) GO TO 1060
IF(S.£0.0,0) 60 TO 950
IF(XENDWLTXL) LEN = 1
CALL ZINTER

(3222
Coece PERFORM DILUTION ZONE CALCULATIONS
Cadoo

IF(ILAST«EQ.1) GO TO 950
IF{LEN,EQ.1) GO TO 1000

858 Caill DILUTE
1000 CONTINUE
325 CONTINUE
900 CONVINUE

Gas®*1540
GAS#®#1559
GAS®1560
SAS®1570
5a5%1589
5AS%1590
5aS®1600
GAS41610
GAS®1620
5aS®*1630
5aS#1640
345916350
54521660
34891570
GAS®1630
GaS®1699
6asS®1700
GasS=1710
348231720
54521730
SAS®1740
GaAS®2175¢%
54521780
GAS™YITT7C
0AS®1780
SAS®1799




GasS®i800
GAS®1810
GAS#1820
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END

925 CONTINUE
ST0P
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APPENDiX IV - SUBROUTINE PRIMRY

The function of Subroutine PRIMRY is to calculate the nitric

oxide emissions at the primary zone exit of a gas turbine combustor.
Subroutine PRIMRY is called by the main routine (GASNOX); it,
in turn, caiis Subroutines PRCALC, ZMASS, and PRINTS. The subroutine

does not requiie external input but does provide external output.

Internal ingut and output are transmitted through COMMON. The internal

input consists of:

ATT 3CON1 BCON2 BCONG €d2
FNOXP PHIP PPP RHO S
TAUBAR vpP

The internal output consists of:

ANO AVCEZD AVCHZF AVCH2G AVCH2P
AVECOD AVECOF AVECOG AVECOP AVECSD
AVECSF AVECSG AVECS? AVEMW AVENQOD
AVENOF AVENOG AVENOP AVET CONGNO
FNOXG INDIC PHIBAR RHOBAR TAUBAR
VELOC Xb Xu

The external outpuf consists of:

FELD i 0QNO QSUMNO

Additional Fortran Nomenclature

The following table gives the Fortran nomenclature for those

symbols used in Subroutine PRIMRY which are not included in COMMON.

Symaboi
(TH,)
e

(Ea)e

ey,

Description Units

Averzge equilibrium mole fraction of un-
burned hydrocarbons exclusive of C(S)end
CO0 in the primary zone

Averace equilibrium mole fraction of €O
in the primary zone

Average equilibrium mole fraction of € )
in the primary zone (s
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Fortran
Symbol Symbol Description Units
DELX SX Increment of the combustor length across
which the solution is generated cm
FELD(1) (M°rac) Element i mass fraction
i
FNUXG [ﬂoo] NO formed in the flame front (mass fraction)
| i index of the element
’ NPRINT Indicator
NPRINT = 0 if irtermediate output is not
requested by ite user
* NPRINT = 1 if intermediate output is
requested by the user
QenNo(1) o d Nitric oxide concentration in the element
i ppm(vol)
QSUMNO (1) O-m The cumuiative sum of the NO formed up to
& and including the element i 1b/sec
i SUMCHI £CH-m Sum of the elemental mass fTlow rates times
= their respective unburned hydrocarbon
e (exclusive of €O and C,_,) equilibrium
- . (s)
e mole fractions gm/sec
f%’ SUHCOI ZCo-m Sum of the elemental mass flow rates :imes
= their respective CO equilibrium mole frac-
= tions ga/sec
;i SUMESI ECsm Sum of the elemental mass flow rates times
# their respective C(s) eaquilib, ium mole
fractions gm/sec
SUMNOI Z.8D-m Sum of the elemental mass Tlow rates times
their respective HO mass fractions gn/sec
SUMTI =T-m Sum of the elementsl mass flow rates times
their respective adiabatic Tlame tempera-
) tures gw-deg K/sec
Arclysis Procedure
The step-by-step procedure of Subroutine PRIMRY is given below
The Foriran listing of the subroutine is presenied a2t the conclusion of

the step-by~step procecure.
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1. Convert (NO ) to [NOT by
o -6_° o.o
[No;] (NO )*10 Ox

2. Set the va‘ues of X XD’ and AX as:

XU = 0.0

XD = 0.0
ax = 0.0
3. Using Subroutine ZMASS, calculate the mass in each element,

the mean mixture ratio, the airflow, and the total mass

flow.
4, Calculate Q «...u\
Q = ?. ‘@‘“c)b/r\p = o)
Q = Qi’ﬂh‘ %: (@]

Step 5 is performed if V # 0.0
5. Go to step 8.
6.

Calculate \.!p as:
V? = S‘:a-ft\;

—

R

7.  Go to step S.
8. Calculate  as:

7 - R

My
9. Calcuiate [NO] as.
AR (NOL)o*30. D
AT, T £0O
LNOJe é ‘; ~T, = QZOQ‘(/P o

- - NG, \, » 30.0
] NU':L' = CLAX -
= < 2051 /fp X°°

10. Using Subroutine PRCALC, calculate the NO concentration in

"MA‘ "l' HAX

each element in the distribution.
Step 11 is performed only if intermediate output is requested
by the user.
11. VWrite the heading idenu.ymg the primary zone- elemental

exit conditions.
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12. For each element in which m; is non-zero, calculate

z Nij__) z Cb) =M, Z2C0o-m ) EChm,
: *’2‘1"-%‘:\- ; ~and UY\ 2 rac){, as:

£ NO-m = _é“mo;}mu)b

L]

Z -m = %X(C@;}e(m'«)ﬁ
2" (@ (A,

2 (Gte (ML),

. )
by

2% T (aM),

=1

i-‘rac}(_: - LAML)D / M’;

260wm

N

"

: < CH-m

N

‘z‘_‘r‘_»m

Steps 13-4 are performed only if irtermediate vutput is
requested by the user.
13. Convert the units of ZNO-m from gm/s2c to lb/sec.

4. Convert the units of [N8.] from mass fraction to

ppm{vol) = 3’%?;’-(&%

15. Calculate fﬁf}] , T, and MW as:

[No] = <nNo-a/m%
T = =7mn/a%
. MW = §«-*Tm<e2.os‘7/P

Steps 16-17 are pe'rformed only if intermediate output is
rfequested by the user. m-mole

16. Convert the units of ‘{_NO;] from ppm(vol) ~ gm to

ppm{vot}.
17. For each element in the distribution, write the element

mass fraction, the nitric oxide concentration {ppm~vol),

S — e maey
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18.

19.

20.

21.

22.
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the cumulative sum of the NO formed up.to and including
the element, and the element number.

Calcuiate @ as

—

¢ = éf
Calculate V as
V = m; /.Q- *Al)(g
Calculate ZN—(-JS, U«To*] ,Cﬁaias:
§NO] = INol* 106+ AW /20.0
[No] - [No]*R
[No] = [¥o]* M5 » 1oco/ (s,
Calculate (E(s))e’ (Eb‘)e, and (ﬁz)e as:
(Gs))e_ = éC,(s)"m /W\;
(Code Zco-m [ mh

R = Scusm [nk

o

Calculate [T:'(s)]e, [T:Ti]e, and 1TH,] _ ..
TCol. > (Co)eriz /Mw
(D],
Lerde

Calculate YE(S)E o i'ﬁ} g and {fﬁzze as:

[{]

(CD)er2® /MW

(&L)t‘ < / M-R’

]

—(S)}e, = [CT:-,)‘L * xo"w MW /l?_

5 T R o MW /29
<

|

e I e W e
&

3
$e
%z. [C.—H::ju * }OC, s AW /14‘

C

"

¢




24,

25.

26.

27.

Calculate [E(s)*} o’ 'i;ﬁ'*]e, andf_.{:gz

Calculate QC(S)] e’

Using Subroutine PRINTS, write the cutput for the primary

zone.

Return.

t ELs)l .
£ c-:-ola
[ crale
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-

A, st
E_C.‘c.sﬂc * ?\
}:_C‘,_Ojea §
EC——'fJe. % §

tc"é]e, and t’c‘ﬁ?_]e as:
- [Caer #5~1000/ e,
= [&&]e = &, » 1000/ Uhg),\p

= [l » Mp = 1000/ Ui,
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SUBROUTINE PRIMRY PRI®0000
REAL NO PRI%p010
REAL MSTARDsMSTARU PRI®0020
DIMENSICON QQNO (50) « ASUMNO {50) +FELD (50) PRI®0030
COMMON/DATAL/ATR(SN)}sRR(S0) 1XX(S0) +FF (50) yBCONL(50) +BCON2(50) sCH2 (PRI®0040
150) 9 ZP (70} 9 CUMZTIS(T70) 9 VPsRHO(50) s 3CONG (50) yATT(50) s PPP+FNOXP4RY (SOPRI®0050
2)sR6(50) +EK1(50)IEK2(S0) 1A29A3¢XLyCNsBETAsSePHIPSSKSHXEND AL PRI®0060
COMMON/QUT1/AVECSG+AVECOG+AVCH2G s AVECSP s AVECOP y AVCH2P y AVECSD s AVECOPRI®0070
10, AVCH2D s AVECSF s AVECOF g AVCH2F PRI®0080
COMMON/OUT2/AVENOGs AVENON s AVEROP Y AVENOF ¢ AVENFUsRRO» ILAST PRI®0N090
COMMON/OQUT3/ZINDICoNO(S0) s AVET s TAUBARsRHOBARyPHIBARs IMAX XD PR1®0100
1FBARDI XU LENs TAUINTSTAUDILsVELOC PRI®O120
COMKON/QUTSL/CONGNO (S0) +DELMD (S0) s AREAD v ASLOPE s DMFUDSLOPE (S50) s TSLOPRI®*0120
1PE«NOP (509 sEKKD 4 DMF T4 UDM(S0) +DDM(S0) FB(50) yDUFUDAIRDsDMFFEDPRI®D136
29RSUBXRGSIGeSIGZERyAVEMW 4 DMDDA(50) s DMUDM(50) sDMIDP (5)) ¢+ DMDDPP {S0) sFPRI% D140
3PRIME{50) yNOEQXDsANO2AQQIDIFNO(S0) s NOZERO(50) s RDOT (50) +E{50) PRI®0150
COMMUON/QUTS/MSTARD 4 MSTARU PRI®0160
NPRINT=1 PRI%0170
INDIC = 1 PRI®0180
Cecan PRI®0190
coeeed CONVERT FLAME NO UNITS (NOTE.+oMEAN MW TAKEN AS 2B8+9) PR1%0200
Conae PRI®0210
FNOXG=FNOXP#]1,0E=QE#(30.0/2840) PRI®0220
Caonpa PRI®#0230
Ceaae CALCULATE MASS IN EACH ELEMENT PRI®0240
Cooas PRI®#0250
Xy = 0,0 PRI®0260
XD = 0,0 PRI®0270
DELX = 00 PRI®*0280
CaLl ZMASS(DELX) PRI®0290
WRITE(6+100) PRI®0300
Coeac PRI®0310
Ceose CALCULATE AVERAGE RHC AND TAU PRI®0320
Cooae PRI®0330
RHUBAR = 0,0 PRI®0340
DO 1000 I = 1,IMAX PRI®0350
IF(SeEQe0o0eANDeILToIMAX) GO TO 1900 PRI¥0360
RHOBAR = RHOBAR®RHO(I)®DELMD(I)/MSTARD PRI®0370
1000 CONTINUE PRI®0380
IF(VPeNELps0) GO TO 1025 PRI®0390
Yp=TAUBAR®MSTARD/RHOBAR PRI®0400
G0 10 1050 PRI®0410
1025 TAUBAR= (VP#RHOBAR/MSTARD) PRI®0420
1050 CONTINUE PRI®0&30
Coead PRI®044Q
c#ee® DO NO CALCULATIONS PRIT0450
Ceone PRI®0450
SUMNOI = 0,0 PRI®GGTO
SUMTI = 0.0 PRI¥0480
SUMCST = 0.0 PRI®NGNO
SUMCOI = g,0 PRI®OSu0
SUMCHL = 0,0 PRI®0S10
DO 2000 I = 14IMAX PRITQS?2?
IF(SeE0eD0eANDe I LT« IMAX) GO TO 2000 PRI®0530
COMGNU(I) = BCONS(I}®30,0/(RHO(II®ATY(I)®B2.057/PPP) PRI®p5L0
2000 CONTINUE PRIFH55%
Cabll. PRCALC{FNOXG) PRI%0560
IF (NPRINT.EQ,0) GO TO 2500 PRI®NSTO
NRITE{(6+9987) PRI®0580

9287 FORMART(///452X+2BHPRIMARY ZONE EXIT CONDITIONS) PRI®0590
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ks WRITE(64+9988) PRI®0600
£ 9988 FORMAI (///946X¢4EMASSOX92HNDy8XsBHTOTAL NO»7Xs THELEMENT) PRI®0610
E WRITE{6.9989) PR1®0620
S 9989 FORMAT (44X98HFRACTIONSSX+8HPPM(VOL) +SX96HLB/SEC10Xs3HNC /) PRI®0630
% 2500 CONTINUE PRI®0640
£ D0 3000 I =1sI4AX PRI®0650
5 IF(NELMD(I) «ERL0.0) GO TO 3000 PR1%0660
§ SUMNOI = SUMNOTNO {I)%DELMD (1) PRI®0570
g SUMCSI = SUMCSI+BCONI(I)eDELMD(I) PRI®H680
8 SUMCOL = SUMCOT + BCON2(T)#DELMD(I) PRI%0690
SuMcHI = SUMCHI+CH2(I}®DELMD(I) PRI®QT00
SUMTI = SUMTI+ATT(1)®DELMD(I) PRI%0710
FELD(I) = DELMD(I)/MSTARD PRI®#0720
. IF (NPRINT,EQ.0) GG TO 3000 PRI®0730
QSUMNO(I) = 3SUMNDOI/45440 PRI®0740
QANO(I) = %0{I)®1,0E+06/30.0 PRI®QT7S0
E . 3000 CGNTINJE PRI®0750
AVENOG = SUMNOI/MSTARD PRI®QT70
& ANO = AVENOG PRI®0780
AVET = SUMTI/MSTARD PRI®#(0750
AVEMW = RHOBAR®AVET#32.057/PPP PRI®0800
IF (NPRINTL.EQ.0) GO TO 3200 PRI®0810
DO 3160 I =1,IMAX PRI% 2326
BANO(1) = QQNO(I)®AVEMN PRI®0830
WRITE(699990) FELD(I)+QANO(I)+QSUMNO(E)s] PRI®0L40O
FORMAT (42X93E12+59TX913) PRI®08%0
CONTINUE PRI®56550
CONT INUE PRI=20870
PRI%0880
CALCULATE VELOCITY AND PHIBAR PRI®p890
PRI®0900
PHIRAR = PHIP PRI®0910
VELOC = MSTARD/ (RHOBAR®AREAD) PRI®g929
AVENOP=AVENDOG®1 4 0E+06%AVEMN/30.0 PRI®0930
AVENOD = AVENOG®RHOBAR PRI®g94D
AVENOF = AVENOG®MSTARD®1000e¢/DMFT PRI®*0950
CSAV = SUMCSI/MSTARD PRI®0960
Co0AV = SUMCOI/MSTARD PRI®QS70
CH2AV = SUMCHI/MSTARD PRI®0980
AVECSG = (CSAV#12.0/AVEME PRI®0990
AVECOG = COAV®#2B.0/AVEMW PRI21000
AVCH2G = (CH2AVO14,0/AVEMK PRI®1010
AVECSP=AVECSG#]1,0E+062AVEMN/ 12,0 PRI®1020
AVECOP=AVECOG®],GE+06FAVEMA/28.0 PRI®1039
AVCH2P=AVCH2G%1.0E+06%AVEMN/ 1440 PRI®1040
AVECSD = AVECSGERHOBAR PRI®1050
AVEQOD = AVECOG*RHNBAR PRI®1060
AVCH2D = AVCH2GTRHOBAR PRI®IGTO
AVECSF=AVECSG&#MSTARD®1000.0/DMFT PRI®1089)
AVECOF = AVECOGSMSTARDO1000e/DMFT PRI=1090
AVCHZ2F = AVCH2GeMSTARDS1000¢/DYFT PRI®1100
CALL PRINTS PRI°1110
FORMAT (1H}) PRI®1120
RETURN PRI®1130
END PR1%1140

SRR e AN R
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avNO(J)
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APPENDIY V - SUBROUTINE ZINTER

The function of Subroutine ZINTER is to calcuiate the concentration
of nitric oxide at specified axial stations, and at the exit, of the
intermediate zone of a gas turbine combustor.

Subroutine ZINTER is called by the main routine (GASNGCZY: it, in
turn, calls Subroutines MINT, CHECKK, RUNKUT, ZMASS, and PRINTS. The
subrcutine does not require external input but does provide external
output. Internal input and output are transmitted through COMMON.

The internal input consists of:

ATT SCONI B8CON2 BCON6 CH2

CN CONGNO EKS EK1 EK2

FF LEN NO NOZERO pepP
RHO RSUBX R] R6 TAUBAR
X0 XEND XL

The internal output consists of:

ANO AQQ AVCH2D AVCH2F AVCH26
AVCH2P AVECOD AVECOF AVECOG AVECOP
AVECSD AVECSF &VECSG AVECSP AVEMW
AVENFU AVENOD AVENOF AVENOG AVENOP
AVET CONGNO DMDDA DMDDH DMDDP
DMDDPP EKKD [LAST INDIC LEN

NO NOP PHIBAR RHOBAR RRO
TAUBAR TAUINT VELOC XD Xy
The external ovtput consists of:

AVNO AVRHO DDFNO E P1E

J N X

Additional Fortran Nomenclature

The following table gives the Fortran nomenciature Tor those

symbols used in Subroutine ZINTER which are not included in COMMON:

Svmbol Descrintion Units

Mass average niiric oxide councentration
for @ given iteration j st tne end of each
major step in the combustor




Fortran
Symbol Symbol
AVRHO(J .
€)) \ 3
AVUNG rat]
AVVNOG NO
23y
CH2AV \L'Z)e
CNOLST No] K
COAV (CO)e
CSAV (c, )e
DDFNO Tang
DELTAX aX
DELX X
DIFND {ang]
DUMMY YT N
EK~ K
EKILST (K1 ) LST
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Description Units

Mass average density of the combustion
products for a given iteration j at the
end of each major step in the combustor gm/cc

3atio of total nitric oxide mixing out of
the elements to the total mass mixing into
the elements

Mass average nitric oxide concentration for
a given iteration at a given axial step in
the combustor

Mass average equilibrium mole fraction of
unburred hydrocarbons (exclusive of C < and
C0) at a qiven axiai station in the cémgustor

Nitric oxide equilibrium concentration for
the last incremental step in the intermediate
zone

Mass average equilibrium mole fraction of
carbon monoxide at a given axial station in
the combustor

Mass average equilibrium mole fracti  »f C( )
at a given axial station in the combustor

Measure of difference in the calculated NO
levels after successive iterations at a given
axial station in the combustor

Integration step size (major) in the inter=
mediate zone cm

increment of the combustor length across
which the solution is generated cm

Measure of
NO levels a
a given axi

difference in the calculated
fter successive iterations at
al station in the combustor
Dummy variable

Constant -~ equal to 0.05

Patio of forward reaction rate constants
for the last step in the intermediate zone

a3t the mear mixture ratic (see Volume 2, Section 2

or Ref 3)

“Variable initialized but not useZ in subroutine

vt TN B e B

s

VR w2 e W Lt e B a
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Fortran
Symbol Symbol Description Units
( . : .
EX2LST ‘KZ)LST Ratio of forward reaction rate constants
for the last step in the intermediate
zone at the mean mixture ratio (see Volume
2, Section 2 or Ref 3)
EN N Proportionality constant between &X and X
: FFF F Mean mixture ratio for the last step in thz
; intermediate zone
§ FURAT ESNCﬂAx Meusure of change in NO concentration for
f successive steps in the combustor
§ GNOMI {no] Nitric oxide content of an element i at s
i gn given axial station in the combustor gm
i
! 1ENDZ indicator
i IENDZ = 0 for all except the last major
: integration step in the intermediate zone
§ 1ENDZ = 1 for the last major integration
{ step in the intermediate zone
H
! 11 Il Integration increment index
HE 'ie Counter of number of iterations attempting
to satisfy Ei criteria
J J Number of iterations for each major axial
step in the combustor
K K Number of iterations for each major axial
step in the combustor
KON(1) * index
KON(I) = 0 if integrac.on for the element
has not converged
KON{i) = 1 if integration for the element
has converged
LSGN Indicator

LSGN = 1 if intermediate zone and not the
last s.ep in the zone

LSGN = 2 if intermediate zone and the last
step in the zone

LSGN = 3 if dilution zone

“Variable initialized but not used in subroutine
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Fortran
Symbol Symbol Description Urits
N N Proportiona :(y constant between aAX and $X
v . .
NOAVGS [Ndls ec Nitric oxide concentration of the last
P element in the array
NONO(1) [NOE]NO Dummy variable
alamts ale
NOSTAR [NO ] Nitric oxide concentration of the combus-
tion products before air addition at a
. given axial station in the combustor
NPRINT Indicator
. NPRINT = 0 if intermediate output is
nct requested by the user
NPRINT = 1 if intermediate output is
requested by the user
0UTNO ol _, Total nitric oxide mixing out of the
elements at a given axial station in
the combusto. intermediate zone gm/sac~-cm
QUTHNO2 Lﬂd]o_z Jotal nitric oxide at a given upstream
axial station in the combustor inter-
mediate zone gm/sec
PINO Hin Total mass mixing into the elements at
a given axial station in the combustor gm/sec-cm
(1) q. Measure of the round-off error for the
! element | at a given axial station in
the combustor
QQ(1) qq; Measure of the round-off error for the
element i at a given axial station in
the combustor
RHOLST Qust Density of combustion product: for the
A last step in the intermediate zone at
the mean mixture ratio gn/cm
. 2
. RHOMI {)Q Dummy varisble gm /cm3
N
RILST (R])'ST Forward reaction rate for the first kinetic
. - reaction for the iast step in the inter-
mediate zone at the mean nixture ratio {see 3
Volume 2, Section 2 of Ref 3) m-mole/cm ~sec
* yariable set real but not used in subroutine.
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Fortran
Symbol
R6LST

STEPS

STORE]
STORE2
STORE3
STOREY
STORES
STORES
STORE7

SIIMNOI

sun1(J)

SuM2(J)

TAU

TTLAST

X1
XXX

XXXX

YNOLST

Symbol

nstep

*X

XXX

(N0}, o1

Description

Forward reaction rate for the sixth
kinetic reaction for the last step

in the intermediate zone at the mean
mixture ratio {see Volume 2, Section 2 or
Ref 3)

Number of remaining integration steps
before end of intermediate zone

Dummy variable
Dummy variable
Dummy variable
Durmy variable
Dummy variabie
Dummy variable
Dummy variable

Summation of the total nitric oxide present

gm-mole/cm3-sec

gm-moie/cm3~sec

gm-mole/cmS-sec

. deg K

gm/cm3

at a given axial location in the intermediate

zone
Dummy variable

Summation of the total nitric oxide present

gm

ng/cm3

at a given axial location in the intermediate

zone at the jth iteration at that point
Incremental residence time

Adiabatic flame temparature for the last
step in the intermediate zone at the mean
mixture ratic

integrated length of intermediate zone

Axial position in the combustor

Distance between upstream end of integra-
tton :nterval and end of intermedistie zone

Equilibrium mole fraction of NO Tor the
last step in the intermediate zone at the
mean mixture ratio

2151

-

sec

deg K
cm

[s1]

cm
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Analysis Procedure

The step-by~step procedure of Subroutine ZINTER is given below.
The Fortran listing of the subroutine is presenied at the conclusion
of the step-by-step procedure.

1. initialize indicators.

2. lnitialize t;&bﬁ as:

Su?P

il -0

3. Set k_ as
k = 0.05
e
L, cCalculate Xe as
Y =
u= % _

S. lInitialize Ty 3S:
;\r:NT =0

Step 6 is performed for each potential array element satisfying

the criteria 1= i =50,

= 6. initialize q, as:
5 ‘.15
q; = 1.0 x i0

7. Calculate aX as:

A\( s O.“Rgb

8. Calculate X' &s:
X‘ = XL-XU if intermediate zone calculations end at XL

X;{ = Xa %y

Step 9 is performed only if 8%

if intermediate zone calculations end at XE“D
n

= ¥Xgp

9. Go to step 12.
10. Recalculate BnX as:
Ax =X
11. Reset the indicator tc indicate that this is the last major
integration step in the intarmeuiate zone.
Steps 12 and 13 are performad for each potential array element

satisfying the criteria: i =c= 50

W N

b




12, Calculate [NO;]NO and qq, as
E{\:OL]NO = E}JOJ
B = e

13. initialize convergence indicators.
Step 14 is performed for each potential integratinn iteration
satisfying the criteria l=7T <6

W, Initialize (21)3 and @233 as:

G = ©

&2, =0
15. Set xXX equal to XD.
16, Set J and N as:
Jd=1
N=35

Step 17 is performed only if J = 1.
17. Go to step 21.
18. Calculate X, and X, as:
TR
XD = XU
19, Using Subroutine ZMASS, calculate the elemental and over-all
mass flow rates, the mean mixture ratio, and the airflow rate
at XD'
Step 20 is performed for each element in the array satisfying the
criteria i=c< L,mx
20, Calculate [Zabi and q, as:
nvod = Duo s
B > TR
21, Calculate =X as:

%X‘ = A‘X/s\l

22. Calculate K, and WO as:

Kp = Cu/Xo
NO = CNtd

23, Set 1! =1,

==




e
=
B
R
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3
2
3
g
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) s

W

4

o ey

Al g

24, tnitialize [(NOlpoy )fNQ]o.-z_ and WQlp.. as:
N2 =o
CnNolp-2. =0
CNDpaw = O

25. Calculate XD as:

Xy = Xy + [X

tep 26 is performed only if Il = N aad if this is the last

major integration step in the intermediate zone.

26. Go to step 100.

Lym——.

i,

"27. Using Subroutine ZMASS, calculate the eiemental and over-all

mass flow rates, the mean mixture ratio, and the airflow rate

at XD'

28. Using Subroutine CHECKK, calculate the proportionality constant

between the mass flow rate out of an element due to mixing

and the total mass flowing into .t.

25, Set i = 1.
30. initialize |, as:
ie

I. =0 _
ie Q@m;)} <o
x>

Step 31 is performed only if [ = _ Y
. JX
and if  SM), =o.

31, Calculate CNdo-z. as:-

Codon, = (8O, , +&m), = vod
Step 32 is performed only if @ﬂ’\})_b = Q.
32. Go to step 44,
33. Calculate @‘:“A\L as:
S5 = ©ndor B, Jw,

34, Calculate Q{;’\I\;_ ; b\\.,‘\) 3nd @,” “ o as:
Lg}.“{\l\){ - XL%B‘\I)] T+ E (()ﬂ\) -R

Séhn), = &%A’w",& - B

I
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Step 35 is performed only if LS#‘.M)Q 7GC
35. Go to step 43.
36. Calculate E, as:
EZi = ZEI
Step 37 is performed only if Ei =0,
37. Calculate E, as:

Ei = 0,02
38. Calculate lie as:
I, = . +1
1€ ie

Step 39 is performed only if lie < L.
39. Go to step 34,

LOo. Write lie and Ei‘
L41. Reset the appropriate inuicator to indicate that inter-

mediate zone calculations end at XEND'

42. Go to step 125.
=
% 43. Calculate Cnole.,, and Mpy  as:
=
g
B

TNGlgy ~ [NGloe + (&m0

o ) .
= Mew v MU TRy

: Mm =
?é
=
4 L, If this is not the last element in the array satisfying
B the criteria | = L =Ulupy increment i as i = i + |
{
Y and go to step 30. If this is the last element, go to step
e 4s,
= k5. Caleul :
~ 5. Calculate [NClpy as:

TS
|

CnGlos = Cooloy = T80 /8X

46, Calculate rat, as:
Pat, = LNOlp— /“‘xzw

L7. Initialize ﬁﬂ’:,’:, as:
2wl =0

48, Set i ~ 1,

Step 45 is performed only if

rate of cproduction of N0 in the element is zero.

\
&“’Ub = 0 or if the chemical




L.
50,

51.

Step
52.

53.

54,

5.

57.
58.

. 59.
60.

61.

62.
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Go to step 55.
Catculate fj\iog as:
_ CNOIT = raby
Using Subroutine RUNKUT, calculate the values of o] and

qi at XD.
‘52 is performed only if fNOJ]l = ©
Ccalculate Cwno as:

ENO;J = (‘ati

Lalculate, éi\_)O/i. as:
Zrofi = Engfi t Do *(amy),

Recaléulate xU as:

= xD - /X
If this is not-the last element. in the array satisfying the
criteria | =L < Cpax increment i as i =i + 1 and gc
to step 49. |If this is the last element, go to step 56.

Calculate NO as

NO = é.mqlb /m,

Set XU equal to XD.

If 11 <N, increment Il as [l = [I + 1 and go to step 24 to

continue the integration. If not, go to step 59.

Set i = 1.
Caiculate D< and D\’O]S‘“ as:
u’ = Re* (amg);
0:{“ \:Cji(bﬁﬁéb
Y P
Calculate Q_,)_\ and “"”)I : a8s:
(=, ) = (' .‘)‘ + D
- =i}y - Q
&“-’-2_) = ¢ 2)y T 5\;0353—1) ..
If this is not the last elém ment in Tne array satisfying

the criteria 1

e = ‘—n,\.x increment 1 as i =i + 1
and go to itep 60, {f this is the iast element, go to stcp

.63.

A A A

T

oo

1

Al har 1 0 Ay

R, i e 0
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63. Calculate the mass average density, §3 , and the
mass averace nitric oxide concentration ﬁ?)j for the
jth iteration es:

Wy = &) [

Step 3k is performed only if intermediate output Is requested
by the user,

64, Write ¥y, 4, Ry  and ﬁbj.

Steps 65-66 are performed only if J = 1.

65. Calculate NGieyw as:

—

NOlpow = NO

66. Go to step 69.
Steps &7-71 are perforned only if 1 < J «= &5,
67. Calculate [pNC] as:
Canal = NO T Dol
NO

Scep 68 is performed caly if [ANG] = ©.01
€8. Go to step 74.
9. Reset ¢ and N as:
Jd=J+1
N = 2N
70. Set  LNOTI,,= NO.
71. Go to step 17.
Steps 72-73 are performed enly if 5< J< 6.
72. (alculate Canol as:

Ca NO] = f-\-)b -—YNO]bu‘b\ ]

———

NO
73. Write [Cano] , N, and XD with the error message indicating
that the Runge-Kutta iteration failed to converge to the
specified limit.
Step 74 is performed cnly if !l = N and this is the last major

integration step in the interrediate zone.

A e mdl e L N S S i a—
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74. Go to step 119,
75. Calculate CN_TD]) §) ?) (C‘L%Qe) 60)?_ and @1113

ass

—~ LoAn )
Lol = =" oo« (am), /e
0

b
T = 277 «(ou)), [m5)

20 Qe » (o), Jud
=t

u

(& ]
(Gok = £ Capdex(om), /43

Lax

(COYe = Z (Code= (au), [#3

=1
(C.;:lz_L - %’i“ (C. H.‘,_'_-_)e " (t.i”i_)p / M;
=1
76. Calculate MW as:

!E‘, :. é‘bf(s '82:05'] /P

77. Calculate [(__Ls)]e] [63]&} and [C_HZL_ as:

[Col. = (&ae*2/mw
[col. = (CO)ex29/mw

e = CH)er 19 /W

- —
78. Calculate iN—Oz , [ ol , and ENOJ as:
§E§ = E_\L‘)]*]O" X—jrw/'%o'o
[r\-:.o"] = -17)1 "E\

fz&b} = [Nol+» m.;;’ *IDOC:/ @&‘)xb
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79. Calculate {(Is&’, {EOL; and {C"-H%e_ as:

{C:s)ze' = [Clale * 1cP » AW /12

o Q ,
ic.o}e C_co]e s |C° * MW [es

fcwd

80. Caiculate [E(;ﬂe.) [C:_Cﬂe and [64;3& as:
]
EC—-ZS; . = Lé.ts)]e,* Q
Ceod, = [Eedr R

Cha], # 162 = AW /14

]

81. Calculate [ é;s)] C'o]e, CCH»] as:

o - [l M0/ i,

ICTO] = {_6016‘ f»‘t:) * 10Co /G:‘F\)xb

(G, - (Gl i, * 1000 / (W),
e

82. Calculate E\&-O}Ax as:

p, Q—— —
-_— - NO\“ t 010?
LBNC)]M =
P
83. Calculate nstep as:

Ostep = Kand -Xo)/ ax
Step 84 is performed only if ( EAN(_‘:{M - nste‘,-) < 0.GS
8i, Set the appropriate indicator to indicate that the nitric

oxi’2 reaction is frozen &t this point in the combustor.
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85. cCalculste i ne as:

86. cCalculate . _and °7 as:

87. Calculate V as:
ve /R*Al
88. cCalculate @ as:

3 = F/(ke(1-7))

89. Using Subroutine PRINTS, write the output for this axial
station in the intermediate zone.

Step 90 is performed only if the nitric oxide reaction is

frozen at this point in the combustor.

90. Write a message indicating frozen conditions exist in the
combustor.

Step 91 is performed only if the appropriate indicator has been

previously set to indicate that the nitric oxide reaction is

frozen.

91. Go to step 124,

92. Set ) Lgo] as:
T

-

\_ ey
l o] = ?
v L

93. Calculate (§>“ as:

@ =R

Step 94 is performed only for the last major integration step

{

in the intermediate zone.
Shk. Go to step 125.




T

-~ e e T e T T T

95.

a2
Calculate AXXX as:
XXXX = )(L - )(‘j if intermediate zone calculations end at XL'
=X e . .. . s
XXXX END - xu if intermediate zone caiculations end at X

END®

Step 96 is performed only if AX <& Xxxx

g6.
97.

98.

99.
100.

101.

:02.

103.

104.

105.
106.
107.
108.
109.
110,
1.
ji2.

6o to step 12.

Calculate AY as:

AX = Xy
Set the appropriate indicator to indicate that this is the
last major integration step in the intermediate zone.
Go to step 12.
Set the appropriate inlicetor to indicate 3 dilution zone
type calculation is to be applied to the last element in
the intermediate zone.
Using Subroutine ZMASS, calculate the over-all mass flow
rate, the mean mixture ratio, and the airflow rate at XD.
Using Subroutine CHECKK, calculate the mass flow rate out
of an element due to mixing and the tot3l mass flowing
into it.
feset the appropriate indicator to indicate intermediate
zone caiculations.
Calculate Q and ;:Néﬁﬁﬁ as:

Q= g; que (omi), /s,

\

ol = 25w « (ando /b,

Using Subroutine MINT, calculate GﬁDLST-

Using Subroutine MINT, calculate (Rb)LsT
Using Subroutine MINT, calculate (1.} s+
Lzing Subroutine MINT, calculate (}fide;r
Usina Subroutine MINT, calculate 'Q\"Qg)‘_gr
Using Subroutine MINT, caiculate ?L;;—

Using Subroutine MINT, calculate T+

Calculate [pol,.  as:

Gual, = {Noder 30.6/ Qusr * Tisy= 52,051 /P
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118.
119.

120.
121.
122.
123.
124,

125.
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Set the aporopriate indicatcr to indicate that this is
the last step of the intermadiate zone calculations.

Using Subroutine RUNKUT, compute the values of ‘C}:(SAN and
Q at XD'

Recaiculate Xu as:

= - B

Xy = Xg X

Reset the appropriate indicator to signify intermedi”te
zone calculations.

Calculate §3 and @j as:

Qj = et
NOy= DGy

Ge. to step 65.

— — e —

Compute T , § and(NQlas:
= Teut
- Q{Ls:r

o] = EN—O]AN

~v) ~l|

Using Subroutine MINT, compute (E(S))e.
Using Subroutine MINT, compute (C-f))e.
Using Subroutine .H!NT, compute (5&2)8.
Go to step 76.

Calculate [NOl,, as:

LGy = Lro]

Return.




SUSROUTINE ZINTER
REAL NONO(S03 s MSTARUsMSTARDINOsNOAVGS+NOPsNOSTAR

ZIN®N000
ZIN2pD10
DIMENSION AVRHO(10) sAVNO(10) sKON(103+Q(50)+QR(350)+SUMI{10)»SUK2(10£IN20R20
1 LINS(630
COMMON/DATALZATRISD) sRR{S0} XX (50) +FF (503 sBCON]1 (50) s BCON2{S50) + CH2(ZIN®0050
1503 9ZP(70) sCUMDIS(T0) o VP +RHO{50) s BCONS(50) s ATT{50) 4 PPPsFNOXPIR1(50ZIN20050

2) 9R6(503 +EKI (50) sEK2(50) 1 A29A3 ¢ XL CNyBETA9SoPHIPSEKS XENDy Al ZINeg050
COMMON/OUT1/AVECSG2AVECOG+AVCH2GAVECSP2AVECOPs AVCH2P s AVECSDsAVECOZIN®0070

10, 4VCH2D 4 AVECSF 4 AVECOF ¢ AVCH2F ZIN@QgORO
COMMON/QUT2/AVENDGs AVENDD s AVENOP» AVENOF 9 AVENFUsRRO« ILAST ZIN®9D30
COMMON/QUT3/ZINDICINO(50) s AVET s TAUBARyRHOBARPHIBAR IMAX 9 XDy ZIN20100

1FBARDs XUs LENs TAUINT, TAUDIL s VELOC ZIN®0110

COMMON/QUT4/CONGNO(50) +DEL¥D {50) v AREAD s ASLOPE 4 JMFUOQ« SLOPE (50) + TSLOZIN®0120
1PE*NOP(50) + EXKDyDHFT2UDM (501 sDDM(50) FB(50) s DMFUD+ATRD+DOMFFEDLIN®0130
2+RSUBX-SIGsSIGZERyAVEMN 4 DMDDA (50) s DMDDM(5C) 9 DMODP (50) 4 DMDDPP (50) +FZIN®0140

3PRIME(50) yNOEQXD:AND«AGQISUEA(S50) yNOZERO (50) +RDDT(50)+E(50? ZIN®0150
COMMON/OUTS/MSTARD s HMSTARU ZIN®p180
COMMON/QUTE/REATRILL ZINepl70

Coaso ZIN®0180
Ceeass SET INITIAL INDICATORSCALCULATE DELTAX,CHECK X ZIN2alG0
Ceend ZIN®0200
NPRINT =0 Z21nN®20210
ILAST=9 LIN®9220

LSGN = ] 2IN®0230

INDIC = ZIN®D240
IENDZ=D ZIN®0250
AVENTU=0.0 LIN®0260
K=5+05 ZINe3270

XU = XD ZIN®(280

= TAUINT = 0.0 LIN®GZ230
= DO 100 I =1.50 ZINep300
2 Q(I) = l+0E=15 LIN®D310
100 COWNTINUE ZIN®9320
DELTRX = g,1®#RSUBX ZIN®9330
IF(LENGEQ,D) XI=XL-XU LIN®Q340
IF(LENLEQ,1) XI = XEND=XU ZIN®(350
IF{DELTAX,LE.X]) GO TO 200 ZINTp350
DELTAX = XI L2IN®0370

IENDZ = ) ZIN09329

2006 CONTINUE ZIN®0350
Ceoca LIN®D&DD
ceeae STORE INITIAL VALUES FOR BEGINNING OF EACH MAJOR STEP ZIN°3461D
Coces ZIN®D420
250 CONTINUE ZIN®0L3D
D0 300 I = 1,450 ZINTDSES
NONO(I) = NOL(I) ZIN=045D

0g(1) = O(D) ZINS5460
KON(I} = LINO5&7Q

300 CONTINUE ZIN®0483
DO 356 X =146 ZIN®D430
SUMI{K) = 0.0 ZINeD5045
SUM2{K) = 0.0 ZINep518

350 CONTINUE ZIN®0529
XX TR0 Z1NegS32

J=1 ZIN®3S4)

N=3 £LINCD53D

cowes ZIN®p559
Ce%ed SET INITIAL VALUES EQUAL TO STORED VALUES FACH TIME N CHNANSE LIN®p570
Coeao ZIN°0350
360 CONTINUE 2IN®0532




Coexs
e

Caeae

400
590

Lrees
faovew
te 2224

[on-2-2-2 3
fot 2-2-2 3
[oi-2-2 24
Casas
ceoae
Caseve

600

gecce
Coeon
gesne

760

20093

1IF(JrEQel) GO TO 5¢2
Xy = XXX

R_5FT UDM({I) FOR CALCULATION OF

6y L (3]

Call. £MASSIDELX)
U =66 1 = 1+IMAX
NO({I} = NONO(I)
G{I; = 20:1)
CONTING

EN = N

DELX = DELYAR/ER
Er0=LnsXL
AVYNOG> LYENSS

S5TART I4E ®AJOR STEPS DO¥N

DO 30U0 i1 =1sN
DUTNO=0.0
dUTNOZ2=0e0
PINO=040

AD = XUeDELX

81.0P¢

IF{II2EQNeANDL IENDZEQel) GO TC 8600

CALL Z£#ASSIDELX?
CALL CHECKK(DELX!

TEST EacH ELEMEMT FOR CONVERGENCE

IF NOZERD=1 BYPASS THE »9 Cal

DO 2000 I=14IMaX
112=0

IF(SLOPELT) oL T ol oG+ ANDoDDM{TI cEQe T8} QUTKRD230UTNOZSUDKEIZIUND (TS

IF(DDMIT) ,EQ.8,0) GO TO 24080
pMDDA{IY = UDM{1Y<ASLOPE/NSTARRU
DuDDP (1) =SLOPE{II+ELTI SUDMIL:
DMDDM LI =DMDDP (1) -DMDDA{T)
DMDDPP{I) = E(1)%UDMI(I)
IF(OMUDPMITI} «GT.040) GO TO 706
EL1)S2.0% 1)

CNeHENCE E(1)00ANNDT ZQuUaL IERD

IFIE]} EQ.B,0) E{I)=0.+02
11E=IIEs]

IF(IIE«LT.40) GO TO 600
SRITE(£:56099) JIELE(I)

L En=1

G0 10 o0

CONTIRUE
DUTNC=OUTNO+DMDDFP (T} ®N0DI{T?
FINCEYINDSDMDDP { 1) «ROOT{I)
CONYINUE
SUTRO=O0JTNO+OUTNOZ2/DELX
AVYNC=QUTHO/PIND
SUSHUI=3.p

L0 S0U0 2J0=1s1uAX
IF{ODM{IJIEQD:D) GO TO 4000

«~RDOT (I}

L1nen660
LINTD216
ZIN®R620
LIN®ab30
2{Nep64D
ZIN9065D
£14%0660
L{NOQETD
LIN®0530
Z2INPP630
21820700
LIN=GTYIO
2iN=gi2n
LIN®QT730
LINT0TeG
Z3n25739
LIn°g760
ZINTGITG
2inNegT720
LINSQGTIQ
ZIN®QBOO
ZIN®§Bi0
ZIN®gB20
21570339
ZIN?p840
LINRQB5Q
ZINTOESD
ZIN®QBR 1D
ZIN®p880
ZIN®0BS
£IX%8500
LIN®8915
LINSGE G
ZINT 2939
ZIN®699¢6
ZIN"093
LI 2820
ZINPQO3TY
ZiN®G980
ZIN?(93D
ZIN®1000
ZIN®1010
ZINCI02D
ZIN®1036
ZIN®1040
LIN%*1055
ZIN®31I565

ZIN9Y:iz2d
ZIN®1130
ZINZ1i40
£IN®1150
AR LARE S
ZiN®1170
ZIN®118)
LIN®1199
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! IFINDIERG(14) 4EGe)) GO TO 4000 ZINe1206
! NOP LI TAVYRG ZIN®3Z1H
j TALL HUMKUT{XUDELXaNO{IO) 2 3{1) sL889:14) ZIN®{229
i IFINOUIL) (LT.0,0) RKO(ILI=AYVNO ' LIN®1230
! SUANOI ~ SUMNOTeNG(IJIeDEL¥DLIM) LIN®32ay
! XUSXU=DELX Z£iN=1250
i 4000 CONTINUE LIN91256
{ AVVYNDOS=SUMNOT/MSTARD ZIN°®1270
H XU=X0 ZiN®1230
: 32000 TONTINGE £3%%1299
: D0 3500 1 z1.lmaX ZIN%1300
i RHUNT = Rud{1iedSimpil} 1IN®31310
; GNORI = ND{I,°DELKDLL) L1n%132¢
i SUM1 (2 = SUNY (43 +REDAI ZinN=132;
i UHz (U} 5 SUMP () *GNGME Zi8%1345¢0
! 3596 CONTINUE £IN®1350
! - AVRAD LI = SUMY (J) FMSTARD LIN®1350
: AVNO () = SUNMR(JIIMSTARD Z18%1370
: coess £In°31388
‘ geaso ¥RITE CONTROL 21821390
: Cooen ZINT16D0
) IF(NPRINTLEQ.S) GG TO 3359 LIN®1EL0
; WEITE(6¢3600) XCs JLAVRHO(J) pAVNO LN FiNojeea
: 3400 FORMAT{OH XICH¥) = »E12eSs4HJ = :12:18HAVE, RHOIGM/CCY 2 »E1,5+17HIIN®143)
i 18VE, NO(GH/GHI = 2E€17c5) LIN®1440
H "355p LONTINUE ZiN®} &5
Cevod ;':E?‘i'\‘{-'rée

; croas LIGIC COXTROL ON J LIRV1aTD
; ceena FAL LR Y-E-1]
! GO TO (L10054300¢43009430825600:4500) 404 LiN=149p
: 4100 DUMMYSAVVNO0G LIN®I50%
30 70 s309 ZIN®1315

3300 DIFNCRABS{ {AVUNDG=-DURMY) #2V¥NOG) ZIN®152Q
IF(DIFNC.LT.0.01 ) GO TO 5809 4IN%1330

: 2300 J= J+l LIN?1840
N = 2°N ZiN®1550
. DUMKYSAVVNDG LiNe15a0
80 70 389 Z1%%1570

%60¢ DDFROSA3S{ (AYVNOG-DUMKY) FAVV%ROG) ZIN®1588
XRITEL6¢4700) DDFRO#NcXD ZIN#1599

6760 FORMAT(///7+69% RUNGE-KUTT2Z ITERATION FAILED 7O CONVERGE YO SPECIFIZInNeisQR

IED LIMITODIFND = +E12¢5958 N o 514,58 X ® ,E1245:348 CHS./.02) ZYN®IH1gG

$3230 CONTINUE ZIN®1620

5306 COUTIWUE ZIN®1830
IF(I1-£QeNeAND IENDZWER0 3} B 10 8300 LINZ3640

fop 22 ZINTIE3G
Covas ¥RITE TrE APPROPRIATZ GUTPUT FOR THIS AXIAL ST&TION LINey550
ceoce ZIN®I670
AVENDS = ¢ ,) LIN7F}655

RANIAK & 5.5 LINT1684

AVET = 0.2 LIN=:70d

CSAY = .0 ZiN®yVie

COAY = 3.0 ZIN®3I729

CH2aV = 0.0 ZIN=3730

50 6000 I =1.Imad IIN®YITL0

AVENOG = AVENOGeROIT:#OELMDIL) ZIN®IT50

RHOSAR = RHOBARSREGIII#EE vDUI) 2ZIN®}T60

AVEY = AVETSATTLI) 2RILHLILT) L1417 70

CSEV = CSaVeBCONI (1) #0ELED(1) ZINTIT7R0

COAV = COAVBCON2{II=3Cuunil) Ziney7ep
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CHZAV = CHPAVerH2({I)e#BELMD(I) ZiHe1808
6099 CONTINUE L1H%1810
1 AVENOS = AVENOGAMSTARD ZIN?1B2D
! RHO#&R = RHOBAR/MSTARD 2IN®1B38
AVET = AVET/MSTLRD ZIN®18:L8
) CSAV = (SAV/HSTARD LINS18LS
3 £OAY = CRAV/HUSTARD ZINP1880
B ] CH2aV = CH2AY/4STARD 1231870
B €500 AVEWR = RHOBARSAVET®82.057/PPP ZIN®1889
B = AVECSD = CSAV#}240/AVENY ZIN®189%
= § AVECOS = COAVP28s0/AVEHK ZIN®1900
B AVCH2G = CHRAVE14&,0/AVEMY LINS1910
% AVENDPZAVENGGSY . 0E +06CAVEMA/ 30,5 ZIN®1920
e . AVENUD = AVEMOG®RHNBAR ZIN®193g0
e AVEROF = AVENOG®MSTARD®I{ED»/DNFT Z2IN©e194p
§ LVECSP=AVECSG®]+2E406FAVERY/12.0 LIN®1950
3 AVECOP=AVECQOR®) s DE+ Q68 AVEHN/ 28B40 LIN®1960
G ) AVCH2PSAVCH2G9] + 0E~OO®AVEMNE/ 14,0 ZIN®:1G70
S AVECSD = AVECSGPRHOBAR ZIN®1380
= 3 AVECOD = AVECUG®RHOBAR ZIN®1950
f % aVCH2U = AVCH2G6®RHOBAR ZIN®2650
&= AYECSF = AVECSG®MSTARD®1000¢/DMFY ZIN®2010
2 -AVECOF = AVECOGTUSTARD®10060e/DMFT 2ZIN®#2020
= 3 AVCH2F = AYCAR67MSTARD®1009+/OMFT ZIN®203¢
- § FURATF (AVEHOF ~AVENFL) FAVENDE LIN®Z059
STEPSS (XEND-XU) 7DELTAX ZIN®2050
IF(FURATESTEPS LT 0405) ILASTH TIN®2650
Cacon ZINR26T0
coses CALCULATE RESIDENCE TIME,ETC. ZIN®2G80
[ 222 Z1%v2090
Tad = DELTAX®RHOBAR®AREAD/MSTARD ZIN°2100
TAUINT = TAUINTeTAU ZIN®Z2110
TAJBAR = TAUBAR<TAU ZINt 2120
VELOC = MSTARD/ (RHOBAR®AREND) 2IN®2130
PHISAK = FOARD/(EKS®{1.0~FBARD)) ZINSZ1AR
il PRINTS Zine215p
TF{ILASToEQe)) WRITZ(699500: ZIN®2140
95090 FORMAT (///7/+10Xs424NITRIC OXIDE REACTION FROZEN AT THIS POINTs///7ZIN®21T7¢
1 ZIN®Z128
IF{ILAST.£0Q.1) GO TO 8600 ZiN=2158
[of-2-T-2- 2.1?492209
Ceeee CONTROL OVERALL STEPS ZiNo221¢8
CHoes LIN®2220
AYENFUzAVERQF ZIN®2233
RRO=RHOLALR £IN®2240
IFI{IENDZ.EQ01) GO TO 9060 £IN92230
IFLLEN.EG.0) XXXX = XL=XU ZIN®22RD
. IF{LENGED, Y7 XXXX = XEND=XU ZINP22TD
IF{DELTAX,LT.XXXX} S0 79 230 LIK*2280
DELTAX = XXXX Zixnewp200
. IENDE = 1 £INT2350
69 70 258 Z2IN®2310
cﬂ&iﬂ 11392329
Cesso COMPUTATION FOR LAST ELEMEWNT ZIH®2330
Cocec INe2340
8000 INDIC = 3 Z1N®p35g
CALL £MASSIDELX) Z1%%2360
CALL CHECKK (9ELX} LINT2370
i€ = 2 ZIN92380
200 F D.0 ZIN®223D

wigs ge n
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8190

. raeon

gesec
Cocen
8249

.98

&NO = 6.0

Do 8190 I =1.IMAX

AGQ = AQGeQII)GDELMDII)
AW0 = ANONO(I)®DELMDII)
FFF © FSARD

AQQ = ADQ/MSTARD

ANDG = ANO/MSTARD

CALL MINT(14FFF-35.FFsR14RILAST)
caLl MINT{1sFFFs35+FFIR6IRELASTY
CALL MINT{1+FCFe35:FFeEXILERILSTY
CALL MINT(19FFFe3S+FFeER2,ERBLS )
cALL MINT(1+FFFe35sFFoBCONGIYNOLET]
CALL MINT(1+FFFs35+FFoRHORHOLS !
catL HINT(ICFF:93SSFFQQTT’TTLAS:’

CNDLST = YNOLST®30.0/ (RHOLSTE TTLAST82.057/PPP)
STOREL = R1(1)

STOREZ2 = R6(1)

STORE3 = EXI (1)

STORE® = EK2(1)

STORES = CONGND{l}

STORES = ATT(I)

STORE7 = RHO(1}

R1{1} = RiLAST
RE(1} = RELAST

EKi(1} = EXILST
£K2{17 = EKELSY
RHO(1) = RHOLST
ATT(1) = TTLAST -
CONGNO(1) = CNOLST
LSGN = 2

CALL RUNKUT {XU,DELX+ANCAQQ:LSGN 1)
X4 = AU-~DELX

R1{1} = STORF}
RGL1) = STOREZ
£<1(1) = SYORE3
=P (1) = STORES
congNO{1}) = STORES
AYT{1) = STCRES
RHO{1}! = STORET
AVRHD(J) = RROLST
AYND{JY = ANG

LSGN 2 )

z0 10 355¢

CO%PUTE APPROPRIATE AVERAGES

AVET = TTLAST
RH08AR = RHOLST
AVENDG = aNU
jof AR MINT{1e¢FFF135+FF+BLON19CSAV)
CLll MINT{]1:FFF+35.FF+BCONZsCOaV)
~ALL MINT{1sFFF+33FFelH2,CH2AV)
30 70 6556
FORMAT (10Xs16+8E12,5)
2NO0=AVINOG
£ TURN
END

LIN®2400
LIN®2410

- LINe2620

ZIN®2430
ZINTZ4ED
LIN®2450
LINe2450
ZINe26T0
ZIN®2480
LZIN92439
LIN®2500
ZIN®2510
ZIN22520
{INe2530
ZIN%2540
2IN®2550 -
ZIN®2560

-ZINe2570

21N2258¢0
ZIN®P59D
ZIN92600
LIN%2610
ZIN22620
ZINT2630
ZIN®2550
ZIN®32650

- ZINR2680

ZIN®2670
ZIN®2638Q
ZIN®2530
ZINe2700

. ZIN#ZTYO

LINE2T20
ZiNe2730
ZINR2176L
Z1N®2750
Zine2760
ZIN®2TTO
Z1N22780
ZINe2739
ZIN®2800
ZIN®ZB10
ZIN®2820
ZIN%2820
LIN®2B43
LIN8e285]
ZIN®Z360
LIN®287D
LINS283D
LINS2530
ZIR®2500
ZIN®2910
2iN“292%
L3;N%2%93)
L1%%2966
ZINDPI50

1822960
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APPENDIX VI "= SUBROUTINE DILUTE

o TR

Ny

The function of Subroutine DILUTE is to calculate the concentra-

W B e s

=] tion of nitric oxide at specified axial stations, and at the exit of
the dilution zone of a gas turbine tombustor.

Subroutine DI'WUTE is called by'tbe main routine (GAéNOX); it, in
turn, calls Subroutines ZMASS, MINT, kUNKUT, and PRINTS. The subroutine

does not require external input bu{ does provide external output. In-

LTI SRR T T A

Cr Y FITI

ternal input and output are transmitted through COMMON. The internal

1

input consists of: - . i
AIRD ANO AQQ ATT BCON} §
BCON2 BCONG K2 EKS EK] :
EK2 FF LLAST PPP RHO {
RSUBX R! . R6 S XEND é
0
The internal output consists of: : : §
ANO AVCH2D AVCH2F AVCH26 AVCH2P :
AVECOD AVECOF AVECOG AVECOP AVECSD %
AVECSF AVECSG © RVECSP AVEMW AVENFU :
AVENOD AVENOF AVENOG AVENGP AVET é
INDIC - NOEQXD ~ PHIBAR RRO TAUBAR :
TAUDIL VELOC XD XU :
The external cutput consists of: ' 3
DD1FNO DILL DNO J N

REAT RHOBAR XD

Additional Fortran Nomenclature

The following table gives the Fortran nomenclature for those

symbols used in Subroutine DILUTE which are not included in COMMON.

A5k s D ol TS L0 gt el M T et by At

Foréran
‘' Symbol | Symbol : Description Units
AIRXX HAL' Combustor airflow at axial station XD gm/sec H
X !
DDIFND fa%o] Diffurence in NG concentrations for suc- H

cessive iterations at the ehd of each
major step in the combustor
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Fortran
Symbol Syabol Description Units
DELTAX X Integration step size (major) in the
dilution zone cm
DELX gx increment of the combustor length across
which the solution is generated cm
DNO [&b]DN Average NO at given axial station (down-
stream) in the combustor
DUMMY tm]nuu " Dummy variable
EKILST (KI)LST Ratio of forward reaction rate constants
at a given axial station in the dilution
zone at the mean mixture ratio (see Volume.2,
Section 2 or Ref 3)
EK2LST (KZ)LST Ratio of forward reaction rate constants
at a given axial position in the dilution
zone at the mean mixture ratio (see Volume. 2,
Section 2 or Ref 3)
EN N Proportionality constant between AX and$.X
FURAT E;Nd]abx Measure of change in NO concentration for
’ successive steps in the combustor
1ENDD Indicator
1ENDD = 0 for all except the last major
integration step in the dilution zone
IENDD = 1 for the last major integration
step in the dilution zone
Il 11 Integration increment index
J J Number of iteraticns for each major axial
step in the combustor
LSGN Indicator
LSGN = | if intermediate zone and not the
last step in the zone
LSGN = 2 if intermediste zone and the last
step in the zone
ISGN = 3 if dilution zone
N N Proportionality constant between &X and %—X

NONO t.ﬁ_{)]ﬂo Dummy variabie




Fortran

Symbol
NPRINT

aQ

RILST

R6LST

STEPS

STORE]
STORE2
STORE3
STOREL
TAU

Y9l

XXX

XXXX

YCH2XD

qq

(])) g7

(Re) st

6
step

X!

1nc

1174

Xxx

X xxx

(cr,)
2 exD

Description

indicator
NPRINT = 0 if interme.iate output is not
requested by the user
NPRINT = 1 if intermediate output is re-
quested by the user

Measure of the round-off error in the Runge-
Kutta integration routine at a given axial
station in the combustor

Aeisure of the round-off error in the Runge-
Kutts integration routine at a given axial
station

Forward reaction rate for the first kinetic
reaction at a given axicl position in the
dilution zone at the mean mixture ratio
(see Volume 2, Section Z or Ref 3)

Forward reaction rate for the sixth kinetic
reaction at a given axial position in the
dilution zonz at the mean mixture ratio (see
‘Volume 2, Section 2 or Ref 3)

Numbe. of remaining integration :teps be-
fore combustor exit

Dummy variable
Dumay variable
Dummy variabie
Dummy variable
Incrementat residence time

Distance between upstream z2nd of inteyia-
tion interval to combustor exit

Axial position in ths combustor

Distance between upstredw end of integra-
tion interval and combustur exit

Equilibriuvim mole Traction > unburned -
hydrocarbon_ {exclusive ¢. ¢, y and C0)

at a given axial station in‘the diiution
zone at i‘he wmean nixture ratio
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gm-mole/cmB-sec

gm-mole/cm3-sec

gm-nole/cm3-sec

.. 3
gm-mole/cm”~sec

Sec

(1]

cm

(e}
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Fortran

Symbol
YCOXD

YCSXD

YNOXD
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Symbol Description Units
(CO)e Equilibrium mole fraction of €D at a given
Xp axial station in the dilution zone at the

mean mixture ratio

(C(s))e Equilibrium mole fraction of C at a given

X . . . . . S

D axial station in the dilution Zone at the
mean mixture ratio

(NO)ex Equilibrium mole fraction ¢f NO at a given

D axial station in the dilution zone at the
mean mixture ratio

Analysis Procedure

The step-by-step procedure of Subroutins DILUTE is given below.
The Fortran listing of the subroutine is presented at the conclusion

of the step-by-step procedure.
1. lInitialize indicators.
2. Set DTO]DN = [EBIAN
Step 3 is performea onily if the nitric oxide reacticn is frozen
at the point in the combustor.
3. Go to stap 16
4, Calculate XU’ ':?DIL’ and q as:
Xy = Xp
TpiL =10
q=Q
5. Calculate AX and Xpz as:
AX = O, % Ry
Xnz = Xenp ~Xu

Step 6 is performed if AX = Xp

in

6. Go to step 8.
7. Set the indicator to indicate that this is the last step
in the combustor and calculate AX as:
AX= Xpz
8. Initialize dummy variables MALX and [“T‘—)-LO as:
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9. ‘!nitislize qq and Xyy as:
Q@ = q
Xxx = %p
10. Initialize J and N as:
Jd=1
N =20
11. tinitialize 11 as:
1t =1
Step 12 is performed only if J = 1.
12. Go to step 4.
13. Calculate l’ﬂAkp ) %o, §,@nd [HO], os:

mh‘xb = Ma )xx
XL) = X)\x

= 9D
E(?Q:(D,\\ = E%OJ NO

. Calculate &X as:
D = AX/N
15. Go to step 19.
6. Set N, i1, and J as:
N =10
11 =N
J=56
17. Calculategx, &X and Xy as:
X = K>~ X0
ax = BX
o= Xp
18. cCalculate [NOJpy as:
1—165.]5“ = l:f"\o D%
19. Calculate Xp as:
Xy = X, +3X
20. Using Subroutine ZMASS, calculate the over-all mass flow
rate, mean mixture ratio, snd airflow rate at X%
21. Using Subroutine MINT, calculate Q&ALS_‘_
22. Using Subroutine MINT, calculate &)Ls”r
23. Using Subroutine MINT, calcuiate kk‘\’ LsT
2. Using Subroutine MINT, calculate (kz)us‘-'
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25. Using Subroutine MiNT, calculate (ho\)e:@

26. Using Subroutine MINT, calculate [

27. Using Subroutine MINT, calcuiste T

28. Using Subroutine MINT, calculate (C(s)\)e_xp
29. Using Subroutine MINT, calculate (c,o)exl>
30. Using Subroutine MINT, calculate (C'HZ)"'XD
Steps 31 and 32 are performed only if the nitric oxida
reaction is frozen at this point in the combustor.

31. Calculate [NO]py as:
Lo = [y » [0/ 7]

32. Go to step 38.
33. Calculate |N0. |- as:
L e]x D

Ch%e]xo = (NO)er» *

34, Using Subroutine RUNKYT, calculate the value of [m}DN
and q

Steps 35 and 36 are performed only if 11<N

35. Calculate It = i1 + 1

36. Return to step 20.

Step 37 is performed only if intermediate output is requested

by the user.

37. vrite Xo, T, § ) DNolpy (P renct )G‘)au_: [ang,
and N.

Steps 38 and 39 are performed only if J = |
38. Calculate {NO]pyu
D"Djm:u = LEC]»N
39. Go to step 43.
Steps 40-42 are performed only if 1<J<5.
L4o. Ccalculate [M0] as: _
2 ( CRados MGl

Lanol = ad TN PO
Step 41 is perforned only if ppud < 0.005.

Li. Go to step LB.

L2, Reset {nNOl_ .. as:
DUA -
Cootea™ [Nalpy
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43  cCalculate J and N as
J=J+1
N = 2N

4, Go to step 11.

Steps 45 and 45 are performed oniy if J = 5.

45, W¥Write the error message stating that the Runge-Kutta
iteration failed to converge. Write also the value of
aNd], N, and Xp.

46. Go to step 48.

Step 47 is performed only if J = 6.

47. Set the appropriate indicator to indicate that this is the
last major step in the combustor.
48. calculate (N0 ]as
D’.‘}-O} = CN_O:IDN
49. Calculate Mo as
MW = -Q'*? tea.OS'c/P
50. Ccalculate Eésﬂe_} EC.‘E)IG} and ]{:_Cﬁz;L_as:

[Ciole = (G$))ex;ia,"' MR
[Co], = (CO)es,*28/HD
il = (Cﬂa\,x%ﬂ‘i/ Mw
51. Calculate iﬁ)})&&)ﬁ,and.-! E:\Toj as:
fip] = CNQ*Ic® « Bw/30,0
) [Mo] = LNl ~¥%
tAo] = CVols ws =000/ (Mg

52. Calculate EGS)E;)ECB3¢; and if?ﬂz

F4
8 Y
2

3
H
E
s
g
g
g
=
=
g
g
3
=8
S
&
o
=
(3
=
&
%

352

- 3 ~ 3 Lo/
§Q5)3a= LGy *10 #fw/12

i&:} = [Coj.* 105 >/ 22
s

(Cole= LB ¥ ot 280/ 19
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53. <¢Calculate chg.ﬂ‘a’ [C_éﬂe,} and. [CH{;{& as:

[C&le = [l R
[C—,—Oﬁe, = L-_—C?o]c‘.*é‘—

E&ﬂe_ = E,Cj'lﬂe,“.§

2]

|2

M, L& i [
shk. Calculate qu)e" @J&)and R,

G, ~ CColrms viono/ i

Pl = [col =it + 1000/ (il
3 LCOJQ [ ]e, > / (L)xh
=3 - _ — k3 T
. L_oige’ = @ngﬁ— fiy * 1000/ (ﬂ’?)x,
Steps 55 and 56 are performed only if the nitric oxide reaction
_: is frozen at this point in the combustor.
55. (Calculate "*D as:
= 2 3
= . My = _‘i(\“b TAU)
- i
= 56. Calculate @ as:
= = _ V(& +
= AN Q)
77 57. Calculate :"(mc as:
E Foe - 2% R *Aly /1
f 58. 'Ca]culate °(D“_ and 97 as:
3 5{)“_ = BID\L’ &ij
= a? = ‘>—'\' < G?,(c

59. <(Calcuiate V as:
¥ f— ]
v= 0% / & Alsy

60. Calcuiate qr)as:

3= B/(k(-)
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61. Calculate [AﬁiﬂAx as:
L] - [
P

5

S:Agﬁﬂ;u'z

8
§ % 62. Calculate Agtep 25°
§§ Ngiep = Wew -%0) /X

Step 63 is performed only if (tﬁf@&" nsfef) < O.05

A3. Set the appropriate indicator to indicate that the nitric
oxide reaction is frozen at this point in the combustor.

6L4. Using Subroutine PRINTS, write the output for this axial

station in the dilution zone.

65. Reset tgoj as:
oi\

t’}’ojue _'.[ ﬁb]

igi 66. Reset (‘@rr as:

. ®x =%

§ Step 67 is performed only if the appropriate indicator indicates

that this is the last step in the dilution zone.

. Go to step 75.

PR

Step 68 is performed only if the nitric oxide reaction is frozen

g

T

“ e

bR

at this point in the combustor.
68. Write a message indicating frozen conditions exist in the

combustor.
Step 69 is performed only if the appropriate indicator has been
previously set to indicate that the nitric oxide reaction is
- frozen.
69. Go to step 16.
70. Calcuiate Xyxx @S¢
XXXX = XEND-XD'
Step 71 is performed only if XY < XXXX
71. Go to step 8.
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73.

7h.
75.
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Calculate AX as:

DX = XXXX

Set the appropriate indicator to indicate that this is the
last step in the dilution zon-.
Go to step 8.

Return.
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SJSROUTINE DILUTE DIL20000
REAL MSTARD4NO(NOEQXD+NONOsMSTARY DIL28010
COMMUON/DATAL/ZATRISH) vRR{S50) 9 XX(50) +FF (503 +BCON1 (50} +3CON2 (803 +CH2{DILZ0020
150) +ZP (70) ¢ CUMDIS (70} o VP2RHO(50) +BCONE(50) s ATT(50) + PPPFNOXPsRI {5001L90030

2 s RE(DPI1EKI(SD) sEXK2(S0) 9 AR3 A3 XL CNyBITAS S4 PHIP+EXS4 XENDsA) QILep0sp
£0MMON/DUTI/AVECSGs AVECOG . AVCHZG1AVECSP s AVECOP 1 AVCH2P s AVECSD 1 AVECODIL®0050

10, AVCH20 4 AVECSF ¢ AVECOF s AVCH2F DiLeg060
COMMON/QUT2/7AVENRUG» AVENOD s AVENDP 9 AVENCF « AVENFU«RRO ILAST DIL®p070
COMMON/QUT3/INDICyNO(S50) ¢ AVET s TAUBAR,RHOBARsPHIBARy IMAX ¢ XD DIL®0080
1FBARD 9 XUy LEN, TAUINT s TAUDIL 4 VELOC DIL20030
COMMUN/GUTSE/CONGNO (50) s DEL MO (S50) s AREADs ASLOPE s DMFUOs SLOPE (S0 TSLODILC0109
1PE+NOP (50) o EXKDaDMFTsUDMISO0) +DDHISO) » F8{50) +DMFUDsAIRDDMFFEDDIL®0110
29R5UBXsSIGs SIGZER, AVEHMK 4 DMDDA(50) s DMDDM(50) s IMIDP {501 4DMDDPP (50) ¢+ FOIL20120
3IPRIME(50) 4 NOEOXD s ANOAQQsDIFNG{50) « NOZERD (50} « RDOT {50) +E(50) DIL®0130
COMMON/OUTS/MSTARD s MSTARY oIL®0ls0
COMMUN/CUTH/REATSDILL 0IL=0150

Checa VIL®]160
Coase SET INITIAL INDICATORSs CALCULATE DELTAXs CHECK X DiLegivo
Lraasw DiL*n180
NPRINT2Q DiL=p190
L368=3 0iL®9200
INDIC=3 DIL®p210
IENDD=0 DiL*®0226
IF(S«EQ.0.0) ILAST=0 PIL90230

DNO = ANO SIL®0240
IF{ILAST.EQs1) GC TO 2000 DiLep250

EAVEY &) DiL®0250
T2UDIL=0.0 DIL®0270

Q=200 DIL®0280
DELTAX=0+19RSUIX 0IL®0290

XDZ = XEND=XU DIL20360
IF(DELTAX,LE«XDZY GO TO 200 91L<a3l0
DELTAX = XpZ D1L=0320
1ENDD=1 DIL®0330

200 CONTINUE GiL¥03490
Ceaos DIL®0350
Cocae STORE INITIAL VALUES FOR REGINNING OF EACH MAJOR STEP D1Lep3s
Ceecs D1L®0370
250 CONTINUE DIL®03R0
AIRXX = AIRD 91L3939¢0

NOND = DN SIL®p400

Qe=0Q JiL25410

XXX = Xp JiLep4z20

J=1 UiL?e430

=29 OIL2GL40
DDIFND = 9.0 DILT0459

csoes DILT0450

Cewes  SET INITIAL VALUES EQUAL TO STORED VALUES EACK TIME N CHANGES  DIL=3&70

Cocas JIL=QLSS
300 1i=1 DIL®0430
IF(JetB.1) GO TO 400 DIL¥0500

LIRD = AIRXX JIL*a51i0
XUSXAA DILo652¢8

2=0Q0 QILEJS3I0

DNO = NONO DILTE540

400 EN3N DILEPSSD
DELX=DELTAX/EN DILeD556

cocan DIL®)3T70
Cesee START THE MAJUCR STEPS DONN THE CO#3USTOR J1L®0580
Covae DIL=0590
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2098 Ne=ig
TI=n
J=6
DELASREND=XD
DELTAR=DELYX
XG=XxD
AND=DNO

2500 0O 3080 II=1.N
XD=XU*DELX
CALL, £MASSIDELXY

Coaad

Coese CALCULATE NO AT XD

Coase
CaLL MINT{1+FB4RU,35sFF4R1,RI1LST)
CALL MINT(31¢FBARD:3S+FFsREsRELST)
CALL SINT(1+FBARD+35+FF$EKIVEKILS )
CALL MINT{1:FBARD35:FFsEKZ1EK2LST)
Cali BINT{1:FBARD,3S+FFsBCONS 9 YNOXD)
TaALL RINT{1+FBARDs35¢FF+RHOIRHOBAR)
CALL. MINT(1.FBARD,35¢FFsATTIAVET)
CALL HINT{1+F8aRD»3I5¢FF4BCON19YCSXD)
CaLL MINT{1:FBARD:35,FF+BCON29+YCOXD)
CALL MINT:314FRARD,35,FF3CH2: YCH2AD)
IF{ILAST ES:1) DNO=ANO®MSTARU/MSTARD
IF{ILAST+EQ.17 GG TO 4000

STOREL = R1:11}
3T0RE2 = REI(}1)
STORE3 = zK! (1)
STORE® = EX2(1}
R1{1) = RILSY

R611) = ReLST
EK111) = EKILSTY
EX2(1) = EK2LST
NOEGQAD=YNOXD®30.0/ (RHOBARGAVET®B2,.,057/PPP}
CALL RUNKUT(XUsDELX+DNO3Q¢LSGNy 1)
R1{1} = SYORE1
Rl = STORE2
EK1(1: = STORE3
£K2{1} = STORES
3006 CONTINUE
canad
Cceso% WRITE CONTROL
fod-2 2-2 -3
IF(NPRINTEG,0) GO T0 4500
SRITE(543500) XDsJ+RHOBARDNOsREATJODILL
WRITE(649967) DDIFNG.A

3550 FOHMAT(9n X(CM) = 2E12e5:558d = +16s515HaVE. RHOIG
14vE. NOUIGHM/CHMY = 5E12e5¢5%X92E12.57

fol-2 222

caaac LOGIC CONTROL ON J

Cvﬂ!}\‘r

40006 CONTINMUE
S0 TC (41000430094300¢8360+¢%500+4800)e J
4100 DUMMY = Dub
65 10 4502
4300 DDIFRO = ABS({(DNO-DUMMY}  DND)
IF(DDIFND.LT.0.005 GO T¢ 5000
DUHMY = DNO
4560 J=Je1

R e g T T

110
DILE5600
DiL#*gsie
DILSES2D
JIL%0630
CILT36sp
PILEGHS0
£1L.°0660
DIL#0670
DIL#0680
DIL®0690
DiL=07006
f1ienTip
PIiLenveD
DIL*H739
1L #0760
J1Lep7se
DIL®0760
DiLeo770
DiLep780
DILP6TS0
DIL=*0800
GILeg810
DiL#s829
DIL®0830
DIL®0840
DIL®GBSO
DiLeg85s0
I1L*®p870
YIL®0880
DIL«0850
JI1L*0%00
SILT0910
DIL=6920
DIL®p930
DiL®0%40
2IL®8950
UIL®9960
DIL=097n
DIL®0980
DIL®6990
DiLeip0a
DIL®1010
DIL®1020
DIL®1030
DIL®1540
DIL®I0S0
DILe1060

H/CC) = 9E1245+)THIILT1E72
DIL*1950
2IL®1090
DIL®1100

2IL®1170
dri=ilsg
BiL®11v0
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Na2eN BIL®1202

% 50 10 300 DIL®1210

i 4600 #RITE{6,4700) DDIFNOIN,XD DiLe}220

i5 4700 FORMAT(///+30% RUNGE-KJTTA ITERATION FAILED TO CONVERGE TO SPECIFIDIL®1230
§§ 1ED LIMIT.DIFNDG = 9E1245e5H N = 216250 X = 1E12.595H CNuS /772 01191240
5 GO TO S000 DIL®1250
] 4260 IENDD = 2 DIL®1250
- % 3050 CONTINUE BILe1270
=B feaae DIL*1280
= = goead JRITE THE APPROPRIATE OUTPUT FOR THIS AXIAL STaTion DIL®1250
= g Coooa DIL®1300
=F AVENODG = PO DIL®1310
%% g . AVEMWZRHIZARSAVET2R2057/pPP DIL®1320
= § AVECSB=YCSXDe 12,5 /AVEMY DILe1330
§§ 7 AVECOG=YCORD®2R« B/ AVENY DIL®1340
ﬁ? AYCH2C=Y(AZXDO14 o D7AVEMY 2IL=1350
gg ) AVENOP=SVENGGR 1 GE+0HRAVERA/30.0 DIL®1360
£ AVENOD=AVENOGORNOBAR DIL*1370
e AVENOF AN ENGG2MSTARD®1000, 0/DMFT DIL#1380
RVECSP=AVErSGH] . DE¢D6RAVENMK/ 12,0 DiL®1399

AVECUP=AVECOG]1 4 CEcOERAJENR/ 2840 DIL®1400

AVCHZP=AVLNZE8] JDE+ CORAVEMN/ 14,0 DiL=1410
AVECSD=AYZCSGORHORAR DIL®1420
AVECCU=AVECOR.PhOBAR DIL21630

AVLH2U=AYCHZ Goan0BAR DIL®1440
AVECSF=AVECSGRUSTARD®1000,0/DHFT DIL#1450

AVeCOF =AVECOGOMSTARD®1800,0/DMFT DIL®1460
AVCHRT=AYCH2GEMSTARD® 1000, 0/DMFT DiLei470

Cesas DiLe1480

Coeed CALCULATE RESIaEHGE TIMESs ETC DIL®1490

coons DiLe1500
IF(ILASTAEQ.)) MSTARD = 0,.,5%{MSTARU+USTARD) DIL®1510

IF{ILAST.E0Qe1} RHOBAR=0,5%{RKOBARYRRD) DiL®1520

TaU = DILTAX®RHOBARSAREAD/4STARD 2IL®1530

TAUBIL=TAUDIL+TAYU DIL®1550

TAUBAR=TAUBAR+TAU DiL®1550

VELOE=MSTARD,/ (RHOBARSARL_AD) DIL®136p

PHISARSFBARD/ {EKSC{1.5-FBARD)) DIL®ISTD

FURAT= {AVENOF«AVENFUY ZAVENDF DILZ1S8D

STERST (XEND=XU} /DELTAX ) GIL®1595
IF{FURATR®STEPS,LT+0¢05) ILAST = 1 DILY1600

il PRINTS DIL#*1610

fo 223 DIL®1620

coras SONTRIL OVERALL STePS DILE1630

Ceece DiLe164C
AVENFUSAVENOF DILT1659

- FRO=RNEQEAR OIL?1640
IFIIENGD.EQ.1) GG 7O 2000 DILSI6TS

IF{ILESTED1) ®RITE(G25500) DIL™1530

9500 FOUMAT {//7///+10X242HNITRIC OXIGE REACTION FROZEN AT THIS POINTS///DIL®1639

: 1) DIL®1T00
IFLILAST.ER,1) GO T2 20060 DIL®17i6

IRAXSAEND X1 C1L=1729

IF{DILTAF JLTJXXXX)Y 60 T¢ 2353 DiLe1735

1ENDD=2 GILeY T3

8o 10 259 JILC1TLG

9600 RETURN DILPITTS

9957 FORMAT{20%¢Ei0.3+15) DILRITRG

END D1L«1799
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APPERDIX VIl - SUBROUTINE PRCALC

The function of Subroutine PRCALC is.to calculate the avarage

———- o o o

nitric oxide level st the exit of the primary 2oie for each mixture ratio

element.
Subroutine PRCALC is called by Subroutine PRIMRY; it, in turn,
calls Subroutine HINY. Subroutine PRCALC does not require external

S e

input and does not provide externsl output ekcept for an error message
and diagnostic date table. Externz! output is written directly onto
the output~tape unit. lInternal input and output are transmitted thsough

CUMMON and 2s a2rguments of the subroutine. The internal input consists

of:

ATT BCON1 BCONZ BCONG 2
CONGNO DELMD EK1 K2 . FBARD
FF FNOXG IHAX NOZERO PP
RHO R1 R6 s

The internal output consists of:

AQQ AVET ' N0 NOEQXD RHOBAR
TAUBAR '
The erternal output consists of:

ALPHA2 DUMMY RETE S " SUMTND

Additional Fortran Nomenclature

The foliowing table gives_the Fertran nomenclature for those

symbols in Subroutine PRCALC which are not included in COMMON.

Fortran . .
Syabol Symboi £ scriotion Units
AAA(T) oL, Ratio of NO concentration to NO

concentration at equilibrium for
2 mixture element i at the end of the
integration interval

ALPHAD(1) ( oy ). Ratio of RO concentration to NO
“  concentration at equilibrium for
a3 mixture element i at the end of the
integration interval




Fortran : .
: Un

mbol ; Symbol R Description its
CALPHAT(1) (=), Ratio of NO concentration to

NO concentration at equilibrium
for a mixture element i at: the
mean primary zone residence
: time ,
ALPHAu(1) (o) Ratio of NO concentration to
: : NJ concentration at equilibrium

for a mixture element i at the
start of the integration interval

‘ ALPHAL - <, Ratio of NO concentrztion to NO
. concentration at equilibrium for
a mixture elemengt i ‘at "the start of
the integration interval *

ALPHA2 oLy "Ratio of NO concentration to NO
' concentrationiat equilibrium for
) o .8 mixture element i at the end of
; the :integration interval .
ALPHD Q;.cb) Ratio of NO concentration to NO
' ST concentration of equilibrium for
: ‘a mixture element i .3t "the-end of
integration interval '

i . ) .
ALPHU (ety) Ratio ‘of NO concentration to NO con-
’ centration at equilibrium for a
mixture element i at the start of
the integration interval

constants at mean primary Zone
mixture ratio (Sec Volume 2, Section 2 or Ref 3)

DALP (Ac(.);' Integration interval
DALPHA (a )¢ Integration interval
7 DUMMY (1) Duvmy variable
EKILST (KY wor Ratio of forward reaction rate

TR 3 S Y RS

o N EK2LST (kz)‘sr © Ratio of forward reaction rate
=3 constants at mean primary Zone .
= : . mixture ratio {See Volume 2, Section 2 or Ref 3)
E . EN . r Integration step size control

ERR . torr . Convergence limit

FROXG NG NG formed in the flame front

(mass fraction) '

.Fractional mass in an element
that has a residence time dt
abl‘.\lt T

Pl A i I
P RO 0

[
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Fortraa
Symbol Symbol Description Units

FTD &ab Accumulated mass fraction
> leaving element before 4 -

FTU G;;, Acc.mulated mass fraction
leaving element before <+

INDEX Indicator:
INDEX = 0 at start of
iteration
INDEX = 1 if convergence
criteria not satisfied

J Counter:
J<6 if convergence occurs
on Zeno
J = 6 if converjence limit is
not satisfied on S pno

Jd Counter:
JJ=20 if convergence test
on @t}r m SPplied
Jy 720 ¥ convergence tast
on (?e)m not applied

K Indicator:
K=1if first integration
step
K # 1 if other than first
integration step

LIMIT InCicator:
LIMIT<10 if convergence
occurs
LIMITZ10 iT convergence
criteria not satisfied

N N Integration step size control

\ . .. .
REMAIN (1) Eﬁ%em Fraction of mass remaining in
element i after convergence criteria
satisfied

RILST “a}LST Forward reaction rate for the
first kinetic reaction for an
element at mean primary zone
mixture ratio (See Volume 2, Section 3
2 or Ref 3) gm=mole/cm”-sec

ROLST G‘;)LST Ferward reaction rate for the
sixth kinetic reaction for an
element at mean primary zone
mixture ratio (See Volume 2, Section 3
2 or Ref 3) gn-mole/cm”-sec

3
STORE! Dummy variabie gn-mole/cm”-sec
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Fortran
Symbol Symbol Description Units
STORE2 Dumny variable gm-mo.e/
cn’=sec
STOREZ Dummy variasble
STOREL Dummy variable
SuMT (1) Ze Sum to time t of the mass
. fractions in an elementi
SUMTNO (1) ..., . Sum to time t of the products
™0 of the mass fraction and NG
. concenirations in an element i
TD ‘5 Time at end of integration
interva! sec
TIMEN +q Characteristic time used
to calculate @QD sec
TT = Dummy' variable sec
17s s Time at end of integration
interval . seq
TTU 5 Time at start of integration
interval sec
T < Time at start of integration
interval sec

YCH2ZXD {CHelex,  Equilibrium mole fraction of
unburned hydrocarbons exclusive
of C s) and C0 for an element
at the mean primary zone mixture
ratio

YCOXD [<Ole,xs  Equilibrium mole fraction of CO for
an element at the mean primary
20ne mixture r,iio

YCSXD [C(Sﬁelu, Equilibrium mnle fraction of C
for an element at the mean
primary zone mixture ratio

(s)

T at ey ez = -~ -
YNOXD U\ioje,xp Equilibrium mole fraction of NO for
. an eleme.nt at the mean primary zoae
mixture ratio

Analysis Procedure

. The step-by~step procedure of Subroutine PRCALL is given
below. The Fortran listing of the subroutine is p;esented at the

conclusion of the step-by-step procedure.
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1. Estimate (“"2)2, as:

2. Caleulate (&y), as:

Koy = © if ol =o
bo), _Iod g ol # ©
‘T ode

Step 3 is performed only if the chemical reaction rate is not

significant.
3. Go to step 10,
. Using Subroutine PRRAT, calculate a value of time which

F o

corresponds to the estimate of (o)
5. Calculate ter as:

-
A}

L
terr = \T X

Steps 6 and 7 are performed only if &eﬂjy, 0.05 .,

6. Reestimate {o&y)

Step 7 is performed only if the number of iterations on {X,);

are less than 10.

7. Go to step 4.

8. Calculate (x5 ) as:

Q""')L = @2:) L

Step 9 is performed only if the number of iterations on (%Xsy)q
equal 10,

9. Write the value of o4

10. I{ this is not the iast element in the array, go to step l..

11. Initialize n as:

N= 10O

Step 12 is performed only if @m;)s: Q.
12. Go to step 50.

Step 13 is performed only if the chemical reaction rate is not

.« -

signiticant.
13. Go to step 50.
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4. Calculate (AX)_ and ¥, as:
@)L = ko /n

‘!:o=o

15. Calculate (#3) as:
ok = Q) + (a9

Step 16 is perfurmed only if (p)y7 1.0 .

16. Recalculate (%p); as:

)= 1.0

Steps 17 through 27 are performed only if S_,= O
17. Using Subroutine MINT, calculate [R)) <y
18. Using Subreoutine MINT, calculate MLST
19. Using Subroutine MINT, calculate QK'\LST
20. Using Subroutine MINT, calculate Q<7)L.S'r
21. Using Subroutine MINT, calculate [N&lexg
22. Using Subroutine MINT, calculate 'Q”
23. Using Subroutine MINT, calculate T
2L. Using Subroutine MINT, calculate [ Cgfex,
25. Using Subroutine MINT, calculate E—O]e,%_p
26. Using Subroutine MINT, calculate E—H;—leﬂ‘b
27. Calculate -Lmje.xo as:

(WOl = Hiexy »30.027

R*T + 22,057

28. Using Subroutine PRRAT, calculate {a¢p)i.

Step 29 is performed only if So= O
29. Calculate & as:
Q=0

Steps 30 through 32 are performed only for the first integration
step.

30. Calculate LX—Q‘, as:
RANENS

31. Reset (oly) and &g as:
Kol = &k
o = &
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32. Go to step 15,
33. Calculate £ as:

L=t
3. Calculate &, as:
ty = £ (tords)
35. Caleulate (§4), as:
A

36. Calculate ?4;,(?&,,' e and ZF, 00
37. Reset (Ay) and L,as:

o), = (é»)é.
to = &

Step 38 is performed if the convergence criteria on @.,_.)M
are not satisfied but those onZ,., are.

38. Go to step 45,

Step 39 is performed if +& < 5

39. Go to step 15.
Steps 40 through L2 are performed if the convergence criteria on

fi

e

=

oo

e,

<.+-no ‘are not satisfied.
Lo. 1If the number of iterations onSysequal € go to step 43.

L1, Reset N as:

e . oy

L2. Go to step 1k,

43, |f the number of iterations onZtwup are equal to 6, write
a3 diagnostic statement identifying element and the last two
values of Z¢ o

Ly, Calculate { &L );_as:

) - s(a0L

45. Calculate ($p)en as:

Een >1mZc
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Step 46 is performed if Fo.po < 1S5S
L6. G> to step 48,

Step 47 is performed only if the number of iterations on (;Qm
are less than or equal to 20.

L7. If convergence criteria on \sb&em are not satisfled,

reset @‘)}, as:
) = et

and go to step 15.
48. Calculate <., and Twodd
LS. -Reset N as:
n= n/g

50. If this is not the last element in the array, go to step 12,
51. Return.
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i SUSROUTINE PRCALC(FNOXG) ‘ PRC#0000
: REAL NO PRC?0010
i DIMERSION SUMTNC (50} sDUMMY (50) + SUNT (50) + REMAIN{50) +ALPKAT (50) s ALPHPRC®9020
i 1AU{59) ; ALPHAD (50} PRC20030

g COMMON/DATALZATRISHH ¢RRISE)I 9 XX{5G 1 ,FF (50) 9 BCONL {50) ¢ BCON2 (50) » CH2 (PRC#0040
’ 1503 ¢ZP(70) + CUMDIS{TT) s VP9RHO(S0) +BLONG(30) s ATT (50} +PPPsFNOXP9R]1 {S0PRC*0050

; 2)sRE{50) sEKY {50 vEX2({S50) 142943+ XLsCNyBETASyPHIPEKSXEND 2] PRC200&0
: COMMON/QUT3/INDICHNO {R0) s AVETe TAUBAR+RHOBARs PHIBARs IMAXe XDy PRZ®0070
; 1F2ARD s XU LENs TAUINT s TAUDIL 9 VELDC PRC#0080
i COMMON/QUT4/CONGNC {50) s DELMD (50) ¢ AREAD 9 ASLOPE 4 DMFUO«SLOPE (50) + TSLOPRC®0090
' 1PEsND? {505 yEXKD+DMFTAUDMISO0) yDDMI50Y « FBIS07 sDMFUDATRO+DMFFEDPRLEN100
' 23RSUBASIGeSIGZER)AVEMN 4DMDOA (S0) s DMDDM (503 +DOMOIDP (50) 4 OMDLPR (50) +FPRC#0110
3PRIME(S0) ¢ NOEGXD2ANOsAQRIDIFNO(S0) 4NDZERD(50) ¢ RDOT(50) sE¢50) PRC*0120

i Ceans PRC*0130
: cesas SET INDICES»INITIAL VALUES+ETC. PRC*0140
H Canoo PRC*0150
i TTU = 0.0 PRC®p160
T1S=040 PRC®*0170

DO S0 I = 1,50 PRC#0180

; NO({1) = 0.0 PRC®p19¢
: 50 CONTINUE PRC0200
: DO 1000 I =1,IMAX PRC®0210
i ALPHAZ=0.5 PRC*®0220
: LI¥IT = 0 PRC®0220
: IF (CONGNO (1) 4EQe0.0) ALPHAU(I) = 0,0 PRC®0240
: . IF{CONGNO{I) NEeTe0) ALPHAU(IY = FNOXG/CONGNO(I) PRC®*p250
: IFINDZERO 1) 4EQe2) GO TO 1000 PRC®0250
i ALPHAL = ALPHAU{I) PRC%0270
DaLP=aLPHA] PRC®0280

coons PRC®0290

Ceooo CALCULATE THE VALUE OF ALPHA-TAU PRC®0200

Letad PRC®*0310

100 TT = TTu PRC#0320
LIMITSLIMITe) PRC®*0330

CaLL PRRAT(ALPHAlALPHA2:TTs1]) PRC®0340

AAAzALPHAD PRC20350
ERR={1.0=(TT/TAUBAR)) PRC®0360
IF{ABS{ERR)~0.05) 3002:200,200 PRCS03Tu

200 ALPHAZTAAA+ (AAA=DALPYI®({TAUBAR=TT)/(TT=~TTS) PRC®0380
ZF(ALPHAZQLEQOOO) ALPHAZ = AAKA/2. PRC®039p

IF (ALPHA2,.6T.1.0) ALPHA2=1.2%AAA PRC®0400

IF (ALPHA2,6T,1.0) ALPHAZ=(0,998 PRC®0410

DALP=AAA PRC¥g420

T13=77 PRC®3436
IF(LIMIT.LT.20) GO TO 100 PRCS0440

300 ALPHAT(I)=ALPHAZ PRC®345p
IF(LIMITeED10) WRITE(699997) ALPHAZILIMIT PRC®0460

1005 CONTINUE PRC%0470

CHoas PRC20480

Cesaa BEGIN NO CALCULATIGNS FOR THE ITH CLEMENT PRC#0490

Cosen PRC®0500

N = LD PRC®0519

EN = PRC®0520

D0 S0U0 I =1,IMAX PRC20530

NO{1) = ALPHAU{I) PRCP0340

IF(DELMD(I) «EQ.0¢0) GO 70 4000 . PRC®*0E5)
IF(NOZERO(I) .EQs1) GO TO 4000 PRC®0569

Cooge PRC§0570

{oese SET AODITIONAL INDICESsINITIAL VALUESETC. PRC*A580

Ceeao PRC*0590




INDEX = ¢

J=1

JJ=1

JUMMY (1) = 0.0
DALPHAZALPHAT (1) Z7EN
SUMTNU(I) = 0.0
SUMTLI) = 0.0
K=20
ALPHUSALPHAU(T)
TU=0.0
ALPHD=ALPHU+DALPHA

PRRAT OVERWRITTEN IF ALPHDeGT+0.99

IF (ALPHDoGTo140) ALPHD = 1.
TT=TU

SPECIAL CASE S=0.0 IN PRIMARY ZONE

IF{SeNE.0,0) GO TO 12i0

CALL MINT(1+FBARD,359FFyR1sRILST)
CALL MINT(1+FBARDs3S¢FFyRE6¢R6LST)
CALL MINT(1+FBARD¢359FF4EK19EKILST)
CALL MINTU(1+FBARDs3S9FF9EK29EK2LST)
CALL MINT(1+FBARI 354FF,BCON6,YNOXD)
CALL MINT(1+FBARD3S5¢FFsRHOIRHOBAR)
CALL MINT(1+FBARDy35+FF4ATTIAVET)
CALL MINT(1+FBARD935sFFsBCON1eYCSXD)
CALL MINT(1+FBARD359FF¢BCON2sYCOXD)
CALL MINT(1,FBARD,35,FF,CH2¢YCH2XD)

STOREl = RI(D)
STOREZ = R6(I)
STORE3 = EKI(I)
STORE4 = gK2(1)

R1{(1) = R1LST

Re(1) = R6LST

EK1(I) = EXILST

EX2(I) = EK2LST
NOEQXD=YNOXD®#30+0/ (RHOSAR®AVET®82,057/PPP)
CALL PRRAT(ALPHUsALPHDTT,1)
IF(S«NE,0,0) GO TG 1220
R1{1) = STORE1

R6{1} = STORE2

£EK1(I) = STORE3

EK2{1)} = STORE%

aQQ=0+0

CONTINUE

K = Ke}

IF(KeNEL]1) GO TO 1251
FTU=0.0

ALPHUSALPHD

Tu=7T

GO 70 1200

TO=T11

TIMEN=0.5%(TU+TD)
FTD=1+0-EXP(=TIMEN/TAUBAR)
FI=FID=FTy

FTU=FIp

Tu=TD

ALPHU=ALPHD
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PRC®0600
PRC®0610
PRC®0620
PRCeg830
PRC®0640
PRCR20650
PRC®?0660
PRCH*0670
PRC*p680
PRC#0690
PRC20700
PRC20710
PRC®9720
PRC#0730
PRC2n740
PRC®0750
PRC®#0760
PRC=20T770
PRC20780
PRC®0790
PRC#0800
PRC#0pB10
PRC%0820
PRC*0830
PRC#0840
PRC®0859
PRC®#0860
PRC®*0870
PRC®*0BB0
PRC®0890
PRC®0900
PRC®#0910
PRC®0320
PRC®#0930
PRC®#p95%0
PRC®0950
PRC®#0960
PRC20970
PRC®*0980
PRC®0990
PRCe1000
PRC231010
PRC®1020
PRC®1039
PRC®1040
PRC®1030
PRC®1650
PRC®1070
PRC®10E]
PRC®1030
PRC®1100
PRC%1110
PRC211290
PRC®113)
PRCT114¢
PRC=1150
PRC=1160
PRC®1170
PRC*1186
PRC*119¢
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SUMT(I) = SUMT(I)+FT PRC*1200

7 SUMTNC (1) =SUMTNO (1) ALPHU®CONGNO (1) FT PRC®1210
gg IFUINDEXeEQe1l) GO TO 1400 PRC®1226
3 IF{TT+LT.5,04TAUBAR) GO TO 1200 PRC#1230
%% IFCABS ((SUMTNO(I)=DUMMY (1)) /SUMTNO(I})eLEC0s01 ) G0 TO 1300 PRC®1240
= IF(U+.EQ46) GO TO 1300 PRC®1250
3 EN = 2.0%EN PRC#1260
%§ DUMMY (1) = SUMTNO(I) PRC*1270
= J = Jel PRC#1280
= 50 10 1159 PrRC®1290
= 1300 IF(JeNE.6) GO TO 1350 PRC®1300
§§ WRITE(6549000) SUMINO(I) +DUMMY({I) eI PRC*1310
= 9000 FORMAT(S5H POTENTIAL ERROR DUE TO LACK OF CONVZRGENCE,SUMTNO(I)= +PRC#1320
= 1E15.892X926HPRIOR VALUE OF SUMTNO(I)= sE1S58y2Xs3HI2 412///) PRC®1330
% 1350 DALPHA=S,0#DALPHA PRC®1340
3 1400 REHAIN(I) = ) .=-SUMT(I) PRC?21350
3 IF (REMAIN(I) ®CONGNO(I) oGT«0.001%SUMTNO(I)) INJEX = } PRC*13560
IF(SUMTNO (1) ,LT,1.0E=05) GO TO 1500 PRC#1370

JJusJd+] PRC#1380

IF{JJsGT«20) GO TO 1500 PRC*1390
IF{REMAIN(T)®CONGNO(I) «GTe0+001%SUMTNO({I)) DALPHASALPHAT(I) PRC®1600
IF(REMAIN(I)®CONGNO(I) +GT+040012SUMTNO(I)) GO TD 1200 PRC®?1410

1500 SUMTNO{I)=SUMTNO(I)+ (CONGNO(1)®ALPHUSREMAIN(I)}) PRC#1420

NO{I) = SUMTNO(]I) PRC®1430

EN=EN/8, PRC®1440

; 4000 CONTINUE PRC#1450

: 5000 CONTINUE PRC®1460

i 9997 FORMAT(35r9E12,5416) PRC*1470

: RETURN PRC®*1480

END PRC#1490
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APPENDIX"VII1 - SUBROUTINE PRRAT

the function of Subroutine PRRAT is to solve the analytical
expression relating nitric oxide concentration to time.

Subroutine PRRAT is called by Subroutine PRCALC; it does not
call any other subroutines. Subroutine PRRAT does not require external
input and does not provide external output. Internal input and output
are transmitted through COMMON and as arguments of the subroutine. The

internal input consists of:

. CONGNO EK1 EK2 FINIS !
INIT Rl R6 RHO TIME
The internal output consists of:
TIME

Additional Fortran Nomenclature

The following table gives the Fortran nomenclature for those
symbols in Subroutine PRRAT which are not included in COMMON:

Fortran

Symbol Symbol Description Units

A A Constant CmB/Qm-mo] e

B B Constant gm-mole/cm3-
sec

D - D Constant gm-mole/cm3..
sec

DUMMY I Dummy variable cm3-sec/gn-

1 mole
DUMMYA (o Dummy variable cm3-sec/gm-mo]e
) DUMMYB 53 Dummy variable

E E Cor-tant gm-mole/cm3-
sec

FINIS (c¢£in)i Ratio of NO concentration

1

to NO concentrstion at
equilibrium for an element
of mixture ratio F and
pressure P at the end of
the integration interval
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= . Fortran
%;f‘ ‘ Symbol Symbol Description Units
= )
g i i index of the element in question
& .
% INIT (“init)i Ratio of NO concentration to
£ : NO concentration at equilibrium
5 for an element of mixture ratio
= F and pressure P at the start
5 of the integration interval
§;§ TIME tg and te Value of time at start of in-
& tegration interval (+4,) and

at end of integration interval

(4‘;) sec

sy o

=4
5

Analysis Procedure

The step-by-step procedure of Subroutine PRRAT ic given below.
- The Fortran-listing of the subroutine is presented at the conclusion
of the step-by-step -procedure. .
1. If (g, )i is greater than 0.39, then tg= 10& . Go
to step 10.

2. Calculate A 2 fvo

QL D‘oﬂe—
! Ro)i

3. Calculate B =

f \*@t);.
: 4., Calculate D = B\)L )
: 5. Calculate E = B,
6. Calculate ¢, = E¢Q<);_—-D
E®* ~ D%
7. Calculate C, = E —(K.)¢D

2 =

E-~-D*

8. Calcuiate C3 = O+ ke D - (d'*-’"*)‘-]
(v et D =~ s

9. Calculate t. = £, -~ .}‘.\ {[—L‘LCI ,(’-"-C_3] .

o oreead,) (1= {xind)® 1)
[ Co bnl Gretean o) (- (esall)® 1.‘3

10. Return.

By B
it o R Y
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SUBROUTINE PRRAT(INITSFINIS+TIMEsI) PRR®0000
PPR‘ODIO

REAL INIT
COMMON/DATA1/ATR(50) o+RR(50) 2 XX {50} FF (50) y8CON1 {50) +BCON2{50) + TH2 (PRR®0020

1503 «ZP{T70) 2 CUMDIS{TO} s VPRHO (50} +BCONG (S0} sATT(50) + PPPsFNOXPsR] (5uFRAR%Q030
2) +R6(50) sEK1(50) 1EK2(50) s A2+A3 4 XLy CNeBETA9SyPHIPIEXKSyXEND A1 PRR¥%0040
COMMON/QUT4/CONGND (50) + DELMD(50) s AREAD s ASLOPE , DMFUO, SLOPE (50)  TSLOPRR#(05¢
1PEINOP (50) yEXKKD sOMF ToUDM (S0 +DDM{50) FB{S0) sDMFUD + AIRD +DMFFEUPRR?0060
29RSUBASSIGISIGZER AVEMY 2, DMDDAL{S)) s DMDDE{50) + DMIDP(50) ( DMDDPP (S0) « FPRRY 0070

3PRIME(50);NOEOXﬁﬁANO9§QQ§DIFNQ(59)eNOZERO(SO)sRDOT(50)9$UEi(501 PRR®0080
Cooas PRR®*0090
Ceea® CALCULATE CONSTANTS PRA%0100
Coeadn PRR*0110
IF(FINIS.GT.6.9%9) GO TO 2600 PrRRepl20

A= (2-0‘30.0llsRHD(I)'CONGNO(I)) PRR™8130

8 = RO(II/(1,+EK2(I)) PRR20140

D = R11]%e8 PRR®0150

£ = 8%EXKI(]) PRR®*0160

DUMMY = (E®EK](])~D)/ (E®E«D*D) PRR®*0170
DUMBYA = (E~EK}(I1)#D)/(EtceD¥D) PRR#p180

Ceeae PRR®*0190
Cowad CALCULATE TIME PRRep200
Cossn PRR®0210
DUMMYE = ((1e¢FINISI®{le=INIT))I/({1e=FINISI®{1,+INIT)) PRR¥*0220

TIME = {1./7A)Y 2 ((0,5%DUMMY#ALOG (DUMNYB) ) ¢ (DUHMMYARALOG( { {(D+EoFINIS) #PRR*0230
1SQRT(1.-INITOINIT))/((DOElINIT)OSQRT(1.-FINIS’FINIS)))))OTIHE PRR*0240

. 60 TO 1000 * PRR*0250
2000 TIME = 10,0eTIME PRR=0260
1000 RETURN PRR®0270
END PRR®0280
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APPENDIX IX - SUBRQUTINE MINT .

_ The func.ion of Subroutine MINT is to provide an interpolated
value of a tabulated function of one variable assumipg a linear,
logarithmic, or exponential relationship. ’

Subroutine MINT is called by Subroutines PRCALC, ZINTER, DILUTE,
CALCBC, and ZMASS; it does not call any other subroutines, Subroutine
MINT does not require external input and does not provide external.outputt
Internal input and output ars transmitted as arguments of the subroutine-

The internal input consists of:
ILN NTAB X XTAB YTAB.
The internal output consists of:

Y

Fortran HNomenclature

The following table gives the Fortran nomenclazure for those ]
symbols used in Subroutine MINT. 3ince the subroutine may be used with

any consistent set of units, the units of the symbols are not specified.

Fortran X -
Svymbol Symbol Description Units

A a Ccefficient in the expression for
Y as a function of X

B b Coefficient in the expression for
¥ as a function of X

ILN Indicator:
ILN=1 if 'inear interpola-
tion is required
ILN=2 if logarithmic inter-
polation is required
ILN=3 if exponential inter=
polation is required

N n Index of the tabular. entry
NTAB N Number of tabular ertries

N1 n Index of the tabular entry
preceding X

N2 ny Index of the tzbular entry
tollowing X
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[ i
Fortran .
Symbol °  Symbol :Description Units
i T 4 X Value of the independent variable
at which interpolation is required
: N : : )
XTAB{N) X, Tabular entries of the independent
variable
xt Xny Value of the ‘indefendent variable
' . : . at n‘ .
) X2 an i Value of the independent variable
at nz
: i ; :
. . Y Y The value of ‘the dependent variable
: . : . to be interpolated
AN ) . .
YTAB(N) Y, Tabular entries of the dependent
variable i ;
Y1 Yn' Value of the dependent varisble
‘ 1 ©at o -
. Y2 ¥no " Value of the dependent variable
] at ny

Analysis Procedure

The step;by-stép procedure of subroutine MINT is given below.
The Fc*tran listing of the subroutine is presented at the conclusion
of the step-by-step procedure.
1. 1f there is only one tabular entry, setYeY, and return.
! ) 2. Ifilinear or logarithmic interpolation is specified, exciude
extrapolation; that is,
set Y=Y if X< X
set 'Y= Y, if X 7)(},
snd return.
. 3. Determine the tabular entries nj and ny between which X
lies. . ’
- ' L. Exclude those cases for which the interpolation formulas
: ' will degenérate, that is
set ‘-‘—-%;(Yn,«-\{n;) it Xp, =X,
' - or, set - Y= Ya, if X0, =Xn,
* 5. If linear interpolation ‘is specified, set

\{: [0 B 3 bX
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where A= \'nl -b*n,
and b = LYnz_—- Yﬂz)/(an,-Xn.)

and return,

6. If logarithmic interpolation is specified, set
ot/
N = e X

where

a = In¥n) - b/Xﬂx
and h = \n(\{ﬂz/\'m)/(‘/an‘ ‘/xﬁl)

’fﬂ,r fathlr i
gt bl B AR

and return.

Y

7. If exponential interpolation is specified; set
Y = o/xP

where

a = Yn, (Yﬁ)b
and b = n(Ya,/Yn,)/t10( %0a/%n,)

and return.
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SUBROUTINE MINT(ILNeXsNTABsXTABsYTAB,Y; YIN?0000
MIN®gb19

NTERPOLATION OF A FUNCTION OF ONE VARIASLE USING A MULTIPLICITY MIN®J020
OF METHODS MTN®030
MIN®#0040

DIiMENSION XTAB(1)sYTABI1) MIN®0050
MiIN® Q0SS

CHECK IF THERE IS ONLY ONE TABULAR ENTRY MIN®3)70
MIN®OOPS

IF (NTABeNE.1) GO TO 10 ] MIN®0090
Y=YTAB(]) ¥IN"D100
RETURN HIN®0116
MIN®0120

CHECK FOR EXTRAPOLATION IF VYsA+B#X OR LN(Y)=A+B/X IS BEING USEDMiN®5130
MIN#0140

IF (ILNJEQ.3) 6O TO 50 MIN20150
IF (XsGT«XTAB(1)) GO TO 20 MIN%01860
Y=YTAB(1) MIN®0170
RETURN MIN®p180
IF {(XeLT.XTAS(NTAB)) GO TO 50 MIN®C190
Y=YTAB(NTAB) MIN®0200
RETURN MIN®0210
MIN%0229

FIND THE TABULAR ENTRIES BETWEEN WHICH X LIES MIN"p230
MIN®0260

DO 100 N=2,NTAB MIN®p259
IF (XeGT«XTAB(N)) GO TO 100 HIN®#0250
N2=N MIN®GZ270
G0 TO 200 MIN®0280
CONTINUE MIN®029¢
N2=NTAB MIN®0300
X1=XTaB(N}) MIN®0320
X2=XTAB (N2) MIN*#0330
Y1SYTAB (N1} MIN®9340
Y2sYTAB(N2) ; MIN®(350
MIN®6360

CHECK FCR SPECIAL CASES MIN®0370
. MIN®03890

IF (X1.NE,X2) GO TO 300 MIN®0399
Y=0.5%(Y1leY2) MIN®0400
RETURN MIN®0410
IF (Y1 NE,Y2) 60 TO 400 MIN®0420
Y=Y} MIN®0430
RETURN MIN®D440
GO TO (500+600,700)9ILN MIN®0450
MIN®§450

INTERPOLATE FOR Y USING  Y=A+g®X MIN®G47D
MIN#0480

3=(V2=Y1) /{X2~X1) MIN®0630
AzY)1=Bexl MINT®DNS00
Y=AeB%X - MIN®DS10
RETURN - HIN®0520
MIN®5330

INTERPOLATE FOR Y USING  LN{Y)=AeB/X MIN® 3540
MIN®055)

B=ALCG(Y2/Y1)/(10/X2=140/X1) HiN®0350
A=AL06G(Y1)=-B/X] YIN®0570
Y=EXP{A+83/X) MIN®0580
RETURN MIN®0590
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) MIN®0600
¢ INTERPOLATE FOR Y USING  Y=A/X#e8 MIN®D610
MIN®05620
700 3=ALOG(Y1,/Y2)/ALOG (X2/X1) MIN®#0630
AzY]®A18eg MIN®0040
Y=A/K®ag MIN®0650
RETURN MINT0660

ENOD MIN®*0670

(ML

0 il n‘-*.;‘:‘g‘. T
i

g
MR

o
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APPERDIX X - SUBROUTINE CALCBC

The functicn of Subroutine CALCBC is to calculate the value of
the mass flow coefficient at each axial station in the combustor primary
-and intermediate zones. )

" subroutine CALCBC is called by Subroutine ZMASS; it, in turn,
calls Subroutine MINT. Subroutine CALCBC does not require external
input and does not provide external output. Internal input and output
are transmittgd as arguments of the subroutine and through COMMON. The

internal input consists of:
CUMDiS MSTARD p ZPD
The internal output consists of:

¢

Additional Fortran Nomenclature

The following table gives the Fortran nomenclature for those
symbols in Subroutine CALCBC which are not included in COMMON.

Fortran
S ol Symbol Des-=ription Units
c Cxp Mass Tlow coefficient gm/sec
Pl v Value of the cumulative normal

distribution at Zp
P2 TE. Value of the cumulative normal

distribution at -Zp
ZPD Z Limit of integration of the cumulative

normal distribution

Analysis Procedure

The step~by-step procedure of Subroutine CALCBC is given below.
The Fortran listing of the subroutine is presented at the conclusion of the
step-by-step procedure.

1. Using Subroutine MINT, calculate Py

2. Calculat: Pz as :
o= 1Ty




132

3. Calculate Cxp as:

CYD = \T\t / (v- ??.)

4. Return:

i JW*WWMWHWMN 'WWr WG PR ",z p AR

L

A




: 3
SUBROUTINE CALCBC(ZPD+C) CaL®0000
CaL®0010

REAL MSTARDsMSTARU
COMMON/DATAL/ATR(50) 4RR(50) 9 XX (S0) +FF{50) 4BCON1 (50) 4BCON2(50) CH2 (CAL®0020

150) 9 ZP (70) s CUMDIS (703 + VPsRHO (50) s BCONG (S50) s ATT (50) ¢+ PPPeFNOXPsR1 (50CALS0030

2) sR6(50) ¢EK] (50) 1EK21{50) 9A2sA39 XL CNyBETA:SsPHIPSEKS» XENDAY Calepneo
COMMON/QUTS/MSTARD +MSTARU CAL®G0S0
CALL MINT{1+ZPDsT2+ZP+CUMDISPY) CaL%0Gs0
Pz = l.0-pP1 caL®n079
C = MSTARD/ (PleP2) CAL®5080
RETURN CAL®p090
END CaLeploo

R B s S B S i

m

S
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APPENDIX X! -~ SUBROUTINE CHECKK
The function of Subroutine CHECKK is to calculate the proportion-

LUK B )

XA

G S S

i

ality constant between the mass flow rate out of an element due to mixing
and the total mass flowing into it. Subroutine CHECKK is cslled by
Subroutine ZINTER; it does not call any other subroutines. Subroutine
CHECKK does not require external input ar;d does not provide external
output. {internal input and output are transmitted as arguments of the
subroutine ‘and through COMMON. The internal inp.t consists of:

= A2 A3 cN DELX DMFUO
% IMAX MSTARU SLOPE UDM XD
= XL XU
= The internal output consists of :
E EKKD RDOT

Additional Fortran Nomenclature

The following table gives the Fortran romenclature for those
symbols in Subroutine CHECKK which are not included in CCMMON.

§
= Fortran
§ Symbol Symbol Description " Units
— O~
E DELX X integration interval cm
S | -
;t\é DUMMYA Wy Dummy variable cm
= i . - .
Z%\ RDOTT Ry Total rate of change of unburaec
=t fuel with axial position in the gm/sec~
= combustor ) cm
d&
35
% Analysis Proccedure
=
% The step-by-step procedure of Subroutine CHECKK is given below.

The Fortran listing of the subroutine is presented at the conclusion
of the step-by-step procedure.
1. Calculate Ky as:

Ko= Cn / XL

2. Calculate éras:

e =i, ) (o) [r22Y - (32| /5%




L

S i b b i
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3. For the element in question, calculate E; and R; as:
Ei_ = Ko
Y -
R = ® 80dy/ )

Step 4 is performed only if k’%m;)u =0
L. Go to step 7.
5. Calculate Y, as:

@ = A(Sm)u ]/Sm)

Step 6 is performed only if (I, 7 Ko

6. Calculate Et as:

‘Ei - ’o) Gt:-
7. If this is the last element to be considered go to step 8.
if not, return to step 3.

8. Return-

O AR R WY



(o 2.2-2-4
ol 2-2-2.)
Coaaa

[l 223 4

Couas
Conse

1000
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SUSROUTINE CHECKK(DELX) CHK®0000
REAL MSTARU . THK®#0010
DIMENSION DUMMYA(S0) CiiKe6020

COMMON/DATAIIAIR(SO)9RR(50)9XX(50)oFF(SO),BCONl(50)vBCONZKSO)'CHZ(CHR“OOBO
150)929(70)1CUMDIS(70).VP.RHO(50)aBCONG(SO)QATT(SO)oPPP'FNOXP'Rl(SOCHK°0060

2) +R6(55) +EK] (50) 1EK2(50) 1A29A39 XL CNyBETA9SsPHIPEKS+XENDsA] CHK®0050
COMMON/OUT3/INDICoNO(S0) » AVET, TAUBAR,RHOBARy *HIBARs IMAX 4 XDy CHK#0060
1FBARD s XU L ENe TAUINT» TAUDIL 9 VELOC CHK#0070
COMMON/OUTA/CONGNO(SO).DELMD(sn).AREAD.ASLOPE,DMFUO.SLOPE(50),TSLOCHK*ooso
1PEsNOP (50) s EXKD ¢« DMFToUDM(50) +DOM(50) » FB(S0) syDMFUD+AIRD s DMFFEDCHK®0050
z,Rsqu,SIG,SIGzER.Avsnw.DMoDA(so);oMoDM(SO),DMQDP(SO).DMDDPP(soss;cnxﬁoloo
3PRIME (56) ¢ NOEQOXD 9 ANOsAQQsDIFNO (50) ¢NOZERD (50) 4 RDOT(50) +E (S0} CHK#0110
COMMON/QUTS/MSTARD#MSTARU CHK®0120
CHK#0130

CALCULATE K CHKo9140
CHK®9150

EKKDSCN/XL CHK®0160
) CHK®p170
CHECK K VALUE CHK®#0180
CHK®20190

RDOTT = DMFUORA3®({ ((XD/XL)*#A2)=({XU/XL)*#A2)) /DELX {HK®0200
D0 1000 I=1sIMaX CHK®0216
E{(I1)SEKKD CHK®0220
RDOT(I) = RDOTT4UDM(I)/MSTARU CHX®0230
1F (UDM(I) (EQ,0,0) GO TO 1000 CHK® (240
DUMMYA(]) = «(SLOPE{I)=RDOT(I))/UDM(]) CHK®0250
17 (DUMMYA (1) +GEEKKD) E(1)=1l,1#DUMMYA(]) CHK*®*0260
CONTINUE ) CHK®0270
RETUnn CHK®*0280

END _ CRK*0290
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APPENDIX X1! - SUBROUTINE RUNKUT

The function of Subroutine RUNKUT is to obtai& the solution of
a first-order ordinary differential equation by the Gill variation of
the Runge-Kutta method.

Subroutine RUNKUT is called by Subroutine ZiNTER and ZILUTE; it,
in turn, calis Subrcutine DERIV. The subrcutine does not require
external input and does not provide external output. Internal input
and output are transmitted as arguments cf the subroutine. The internal

input consists of:

DELX ! LSGN Q XD
Y

The internal output consists of:

Q Xu Y

Fortran Nomenclature for Subroutine RUNKUT

The folloving table gives the Fortran nomenclature for those
symbsls used in Subroutine RUNKUT. Since the subroutine may be used with
any consistent set of units, the units of the symbols are nct specified.
The subscript K, where it appears, is the index of the step in the

Runge-Kutta solution.

fortran
Symbol Symbol Description Units
A(K) a; A set of constants used to de-
termine DIFF
B8(K) b; A set of constants used to de-
termine DIFF
- c(K) c; A set of constants used to de-
termine 3
i D(K) d; A set of constants used to de-
termine &
DELX h Increment in the indenendent

variable across which i1he
differe.tial equation is to
be solved

EE
ES
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§§ | Fortran
= Symbol Symbol Description Units
3
= DELY ki Product of YPRIME and DELX at
% each stage of the solution
:‘—é DIFF AY The change in the value of
& the dependent variable at
= each stage of the solution
E
= i Index of element
% K I Index cf the stage of the
= solution
B .
& LSGN Indicator:
= LSGN=1 if intermzdiate zone
£ and not the lest step in the
= zone
= LSGN=2 if inter ate zZore
== and the last step in the zone
= LSGN=3 if dilution zone or
g dilution zone type calculation
% Q - q. Quantity used to calculate DIFF
= { ~ .
= at each stage of the solution;
= B . -
= the value of Q in the final stage
= cf the solution is a measure of the
= round-off error in Y
% X X; Value of the independent variable
2% at each stage of the solution
% Y Yi Value of the dependent variable
% at each stage of the solution
5 .
= YPRIME F{x;.X.)  value of AY/AX at each stage
= of the solution
&
g&
/3
% Anaiysis Procedure
= The step-by-step procedure of Subroutine RUNKUT is given below.
= The Fortran listing of the subroutine is presented at the conclusion

of the step-by-step procedure.
1. Calculate the value of the independent variable at the

given stage t ~f the solution as
Xe= X *"dﬂ("’)

2. Using Subroutine DERIV, calculate the value of .';'(XL,Y.;)
at the given stage of the solution.




L R S )

3.
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Calculate k;_ at the given 3tage of the solution as;
(‘t -
R = CSF(X‘,Y")]D:]

Calculate the change in the dependent variable at the
given stage of the solution as:

8Y = ag + (ke -bi) (%)
Calculate the value of the dependent variable at the given

stage of the solution as:

Yo = Yo + &Y

Step 6 is performed only if Yi<D. IfY‘.?,o go to step 7.

6.

7.

8.

Q.

set Y. =o0.
Calculate Cbg, as:

4 = Bom 3O =E(R)

If this is the last stage of the solution, go to step S.
If not, return to step l. .

Return .
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SUBROUTINE RUNKUT (XsDELXsYsQsLSGN>I) i RUNE®ODOO
DIMENSION A(4)+B(aYsCl4)sp{4) RUN®0010

DATA (A(I)vI=l94)/onS90.2928932’l-7071068’0»1666667/o(8(1)oI=1’4) RuUN%0020
1/726091¢0910002,079(CLI)212196)/0¢500.29289329147071068+045/ RUN*0030
2(D{1)21=194)/04090459000005/ RUN®0040
Coous ) ’ RUN<0050
Canes RUNKUT = SOLUTION OF A FIRST ORDER ORDINARY DIFFERENTIAL EQUATION RUN®#0060
Cood BY THE GILL VARIATION OF THE RUNGE=KUTTA METHOD RUN®0070
Coean | . RUN®0 080,
0O 100 K=1+4 R{N®0090.

X = X*D(K)®OELX RUN®0106

CALL DERIV(XoYoYPRIMEsLSGNsI1) ] RUN®0110

DELY = YPRIME®#DELX ’ : RUN#0120

DIFF = A{K)®(DELY=R(K)*Q) . RUN©0130

Y = YeDIFF : ‘ RUN©0160
IF(YsLTe0e0) Y=040 RUN®0150

100 @ = Q+3,04DIFF=C{K)®DELY RUN#0160
RETURN . . RUN®0170

END RUN®0180
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APPENDIX X111 - SUBROUTINE DERIV .

) The function of Subroutine DERIV is'to calculate the rate of
formation of nitric oxide with respect to axial distance in the combustor

intermediate or dilution zone. _

SubroutinegbéRlV is called by ;ubroutine.RUNKdT; it does not
call any other subroutines. Subrout%ne DEREV doeé not require external
input and does not provide external output.: Internal input and output
are transmitted as arguments of the subroutine and through COMMON. The

internal input: consists of:

AREAD ASLOPE _ CONGNO DDM

DMDDP E. EK] . EK2
FNOXP - ! S LSGN MSTARD
NO NOEQXD ' NOP - NOZERO
RDOT RI R6 SLOPE
ubH xo . Y

The integnal output cons‘sts of:

BILL . REAT ; VPRIME

Additional Fortran No&enclature )

The following table gives the Fortran nomanclature for those

symbols in Subroutine DERIV which are not inciuded in COMMON.

Fortran :
Symbol Symbol Descrintion Units
DFLAME (ﬁ);b*é Rate of change of elemental NO
concentration with axial position
in the combustor intermediate 2one
d £ H 1" : " =1
_ due to formation of 'prompt NO cm
DMIXT ‘?EWQFD Total rate of qhange of elemental
v NO concentration with axial position
in the combustor intermediate zone -1
due to mixing cm

— T e e oo D



Eortran

Symbol Symbol
DMIX1 (f\,'m)l
DMIX2 (i.’mx)?_
DMIX3 G‘mx\s
FNOXG |

1 i

LSGN

RAT (YA

(%)

X X

Y {‘:ﬁ?alg
[welx,

Description Units

Rate of change of elemental

NO concentration with axial

position in the combustor

intermediate zone -“ue to

mixing into the element cm

Rate of change of eiemental

NO concentration with axial

position in the combustor in-

termediate zone due to mass

change mixing term cm

Rate of change of elemental NQ
concentration with axial

position in the combustor

intermediate zone due to

mixing out of the element cm

NO formed in the flame
front (mass fraction)

Index of element

Indicator:
LSGN=1 if intermediate
zone and not the last
step in the zone
LSGN=2 if inteimediate
zone and the last step
in the zone
LSGN=3 if dilution zone
or dilution zone type
calculation

Ratio of NO concentration to MO
concentratica at equilibrium for
an element of mixture ratio F

and pressure P at axial position
Xn; ratio of NO concentration to
NO concentration at equilibrium at
axial position Xg

Axial position (downstream) in the
combustor cm

Nitric oxide concentration for
an element of mixture ratio F
and pressure P (mass fraction)
atXp; nitric oxide conceatration

at XD
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Fortran
Symbol Swvmbol Descriotion Units

YPRIME [35’-"@ Rate of change of elemental NO
) ax Jd%,  concentration with axial position

- in the combustor intermediate
arm}]
*p

zone; rate of change of NO con-
centration with axial position
in the combustor dilution zone cm

X

Analysis Procedure

The step~by=-step procedure of Subroutine DERIV is given below.

The Fortran listing of the subroutine is presented at the conclusion

of the step-by-step procedure.
h

'. Calculate vo ]
Steps 2 through 5 are performed only in the dilution zone or for

a dilution zone type calculation.

2. If ENOJ =0, then calculate Q—D;—Q-—]

[_sg:cﬂ

AX X
3. If ENDJ =0, go to step 18,
L. Calculate écb)aa.
@Lp) = EN_?_L‘L
I:NO;IXD

5. Go to step 9.
6. Calculate |9 CNDJ] as:
axX 4%
LQEJ\'OJ

Step 7 is performed only if END?JE_=O or if the chemical
reaction rate is not significant.

7. Go to step 18,

8. Calculate (xy): as:

(&p)e = Lro.]

[NO: e
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9. Calculate G‘)chb .

Steps 10 through 13 are performed in the intermediate zone
except for the last step in the zone.

10. Calculate ({‘..x‘\ P (".ﬁlx\bl G‘n;x and (‘:)?hm .
11. Calculate (Cmxhor 35

k("mm)\'dr 5L“‘mx) ‘B‘m.,‘)

12. Calculate [—T'j] as:

lgfa] ("m)-ror T\ react:

13. Go to step 1

LR S R D

r I (“'mb_g "’U‘}c\ame,

g, MQWV%WWM&WMN%@%'

! Steps 14 and 15 are performed only for the last step in the
intermediate zone.

4. Calculate [bENOJ] as:
D P—‘o(_
[ = 3] = (ﬂreact

15. Go to step 18 .

§§_§ Steps 16 and 17 are performed in the dilution zone or for a dilution
% zone type calculation.

j%g: 16. Calculate Cp)bu_

% 17. Calculate [3 Cvold as:

;% L 3%

% E a?ﬂﬁ = (f)w + I\{":‘bu_

18. Return .

i”
A

b




il

ke w0

500

750

10060

2000

3000
4000
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SUBROUTINE DERIVIXeYsYPRIMEILSGNeI) DER®aC00
REAL MSTARDMSTARUsNOP »NOEQXD »NO DER®0010
COHMON/DATAL/ATR(50) yRR(50) 1 XX (50) oFF (50) +BCON1 (5G7 + BCON2 (50) s CH2 (DER®0020
1501 9ZP(70) +CUMDIS (70) s VPsRKO(50) + BCONG (50) yATT (50) s FOP» FNOXPR1 (5CDER®0030

2)9R6(50) 9EK1(S0) 9EK2(50) 9A2923+ XL aCNyBETA)S»PHIPLEKS+XENDsAL DER®0040
COHMON/OUT3/INDICoNO(SO)’AVET,TAUBARoRHOSARzPHIBAR.IMAX,XD. DER®0050
1FBARD s XU9 L ENy TAUINT» TAUDIL»VELOC DER®0050
COMMON/QUT4/CONGNO (S50) +DELMD (50} s AREAD s ASLOPE » OMFUO s SLOPE (50) « TSLODER®0 070
1PENOP (50) ¢ EKKD 9 DMF T UDM(S50) 9 DDM(50) » FB(50) + DM UD9AIRD.DMFFEDDER®0080
2+RSUBA3S1G9SIGZERsAVEMWsDMDDA(50) » DMDDM (50) +»DMDDP (50) + DMDDPP (50) + FOER®3090
IPRIME(50) yNOEQXD9ANO»AQQsDIANO(S0) yNOZERO(S0) 9+ RDOT(50) «E(50) DER®p100
COMMUN, QUTS/MSTARD » MSTARU DER®=0110
COMMON/QUT6/REATSDILL DER®0120
FNOXG = FNOXP®],0E=06%{30,0/2840) DER®0130
IF{LSGN.NE.3) GO TO 500 DER®D140
IF(NOEQXDoEQeO:0) YPRIME = 0,0 DER®gl50
IF (NOEQXD.EQ.0,0) GO TO 4000 DER#01606
RAT = Y/NOEQXD DER®p170
60 10 750 DER®nlgo
CONTINUE DER®019¢0
YPRIME=(Q.0 DER*0200
IF (CONGNO (1) eEQeD¢0+ORNOZERD(1)+EQel1) GO TO 4000 DER®p210
RAT = Y/CONGNO(I) . VER%®p220
CONTINUE DER®02230
YPRIME=((2.0930¢0)/(MSTARD/AREAD) )% (1.0=RAT>%AT) ® ((R1(1)/(1.0¢(RADER®0240
ITSEK1I(1)))) e (RE(II/Z(1.0¢EK2(T))))) DLR®0250
REAT 2 YPRIME DER®0260
GO TO (1000+200093000) +L.SGN DER®0270
OMIX1=(DMDDP (1) +RDOT(I))*NOP(]) DER®p280
DMIX2=E(I)#UDM(I)®NO(I) DER%p290
DMIX3=SLOPE (1) #NO(I) DER®p300
DFLAME = FNOXG#RDOT!(I) DER®0310
DMIXT = DMIX1epMIX2«DMIX3¢DFLAME DER®0320
DMIXT=DMIXT/DDMI(I) DER®(0330
YPRIME = DMIXTeREAT DER®(0340
60 TO 4000 DER®*0350
YPRIME = REAT DER®(0360
GO TO 4000 DER®p370
DILL = -(Y/MSTARD)OASLOPE DER®p380
YPRIMESYPRIMESDILL DER®#0390
RETURN DER®0400

END DER®0410
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APPENDIX XIV - SUBROUTINE ZMASS

The function of Subroutin~ ZMASS is to determine the mass flow
in each element of the distribution function at 2 prescribed axiai
station in a gas turbine combustor. In addition, ZMASS calculates
the mean mixture ratio, total mass flow, and the airflow rate at
each of these axial stations.

Subroutine ZHMASS is called by Subroutines PRIMRY, ZINTER, and
DILUTE; it, in turn, calls Subroutines CALCBC and MINT. The subroutine
does not require external input but does provide external output.
Internal irput and output are transmitted as arguments of the sub-

routine and through COMMON. The internal input consists of:

AiR Al A2 A3 BETA
CUMDIS DDM DELX EKS FF
INDIC MSTARD PHIP PPP RR
S VP XD XL Xu
XX A
The internal output consists of:
AIRD AREAD ASLOPE DDM DELHMD
S ’ DMFFED DMFT DMFUD DMFUO FB
%5 FBARD IMAX MSTARD MSTARU NOZERO
N s16 SIGZER SLOPE TSLOPE UDM
The external output consists of:
AFR DDH FEDF FULOAD IHIGHD
1LOWD

Additional Fortran Nomenclature

The following table gives the Fortran nomenclature for those
symbols used in Subroutine ZMASS which are not included in COMMON.

Fortran
Symbol Symbol Description Units
A A Lower integration limit for the evaluation

of the cumulative normal distribution
integral




Symboi
ADDM

AFR
AlRI

AlRU

DEWX

bumMy

FEDF

FJLOAD

14.GHD

HIGHU

I1LOWD

1LOWU

IN

KKOUNT

Fortran

{lgierlp

(yignly

(ILOH)D

(lLowls

Keount

Description Un

Dummy variable gn/sec
Over-all si.s-to-fuel ratio
Airflow rate at the primary zone exit gm/sec

Airfiow rate at the upstream axial
iutegration limit of the combustor gn/sec

Upper integration limit for the evaluation
of the cumulative normal distribution
integral

Mass flow coefficient gm/sec

increment of the combustor length across
which the solution is generated cm

Dummy variable

Total mass of fuel fed into the combustor 1b/hr; Ib/sec

Fuel loading !b/sec-ft3-atm2

Index of the element

Subscript of the mass element with the
highest equivalence ratio (downstream end of
integration interval)

Subscript of the mass element with the highest
equivalence ratio (upstream end of integration
interval)

Subscript of the mass element with the lowest
equivalence ratio (downstream end of integration
interval)

Subscript of the mass element with the jowest
equivalence ratio (downstream end of integration
interval)

Counter; indicates first mass element with zerc
mass at upper end of equivalence ratio distribu-
tion function

Indicator _
KKOUNT = 0 if FB(!)1£2E for the element i
KKOUNT = 1 if FB(1) 7 2F for the element i
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Fortran
Symbol Symbol Description Units
KOUNT K Indicator
COUNT KOUNT = 0 if the element i has no mass
KOUNT = 1 if the element i contains mass
NN 8p Number of elements in the array
NNN Nan Number of last mixture ratio boundary
NPRINT Indicator
NPRINT = 0 if intermediate output is not
requested by the user
NPRINT = 1 if intermediate output is re-
-quested by the user
Pl T Constant - equal to 3.14159265
Pl Py Value of the normal distribution integral
from -« to A
P2 P2 Value of the cumulate normal distribution
integral from -e> to B
SDDM iiﬁﬁh; Sum of the element mass flows gn/sec
ZPD prD Limit of integration of the cumulative

normal distribution

Analysis Procedure

The step-by-step procedurz of Subroutine ZMASS is given below.
The Fortran listing of the subroutine is presented at the conclusion
of the step-by-step procedure.
Step 1 is performed only for the primary zone.
1. Calculate {I ow)p and (’HIGH)D as:
(lowlp =0
Uyignlo = 50
2. Calculate ('LOH)U and (IHIGH)y as:
(Teowly = (owlp
Ouigrly = (wiendp
3. Initialize N,
L. calculate N, as:




149

5. lInitialize < 3m  as:
2%, =0

6. Using Subroutine MINT, calculate (ﬂ’“\lr
7. Using Subroutine MINT, calculate (“hfbxo
8. Using Subroutine MINT, calculate M“YD
9. Using Subroutine MINT, calcuiate R%

10. Calculate A x; as:

2
Al, = TR

1. calculate (Mo as:
(it = s G /3

Step 12 is only performed in the intermediate and dilution zones.

12, Calculate the fuel loading, P as:

Y =Lmaw T 2.543/(4:5'4 xVps ?2)

Step 13 is performed only in the intermediate zone and if ﬂ\’u =0

13. Write the fuel loading, Y .
4. Calculate (Hf)o and (Mf)f as

Mg = (r‘sy);‘(s-a)
Gﬂ?}; = (mi:)aaé“‘s‘q

15. Calculate the over-all air-to-fuel ratio A/F as:

e = el /i

16. Readjust the units on (Hf)f from 1b/sec to lb/hr.
Step 17 is only performed for the primary zone.
17. Write (fif)f and A/F. ’

Step 18 is pertormed only in the dilution zone.

18. Calculate (‘:\{s;o),ﬁas:
W), =©

Step 19 is performed only in the primary and intermediate zones.

19. Ca]cu!ate(f'v\;)xyas:

(hesdy = (i), [1 - As (2]

Bubi ot b

Mo AL Wb s 1




20. Calculate (M;)" as:
(Mo, = (16) e = Wsdsy

%
21. Calculate M ,, as:

. U
M U= 0 {n the primary zone
* *
H}'U = M D in the intermediate and dilution zones
%
22, Calculate M D as:

‘ e
my = (mc);j + MALD
23. CalculateF as:
?: - (t“‘;)lﬂ_b
M
Step 24 is only performed in the primary zone.
24, calculate < as:

Q"Sp*;

25. Ca culate & as:
% Vi
e < [1- ()]

Steps 26 and 27 are performed only-in the dilution zone:

26. Recalculate ¢ as:
< = O
27. Go to step 91.
Step 28 is performed only if S = 0.
28. Go to step 31.
©29. Calculate Z.?x’as'

e, = F e

30.  Using Subroutine CALCBC, calculate ch'
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Step 31 is performed only in the intermediate and dilution zones.

31. Go to step 36.
32. Calculate (FB)] as:
(FB)1 = 0.

Step 33 is performed for each boundary i satisfying the criteria

2=0C = N,

e e e e 27 mmw e
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33. Calculate (Fg); as:
Q:B)i. = .li (FL '*F'-‘)
34. Calculate (FB)Mnn as;

Q‘:a)ﬂnn = 24 ;”n——' (FB))‘NS

35. Go to step Ll.
Steps 36-and 37 are perfoimed for each element i satisfying the criteria

R R MG S R

1« i< Lm.

36. Calculate @n,)u as:

(Sm;)u =0 in the primary zone
@n;}u =(€m;}, in the intermediate and dilution zones
37. Calculate (e,m:}b as:

Ny = O
Step 38 is performed only if L = Nn
38. Go to step 4l.
.Steps 39 and 40 are performed for each element i in the array
satisfying the criteria (L +1) = i< N -

39. Calculate l@mi')_b as:
me;);, =0

Lo. Calculate LSMJU as:
Gy = ©
L1. Calculate uyy as:
Lang = 50
Step 42 is performed only for the special case that So= 0 in the
. primary zone.
L42. Go to step Lk.
43. Go to step 49.
Steps L4 through 48 are performed for each element i in the array
satisfying thc criteria 1< i = 'Lw
L4, calculate @m;)b and (th)b for the next element as:
tbmi)b =0

), =o
Step 45 is performed only if (FB)i < F.




45. Go %o step Lk,
L6, Recalculate tamx os:

Loax = o1
47. Calculate @m;)b and bm.,\);, as:
B = M3
by = My

L8. Go to siep 92.
49. Initialize the indicators KCouNT and KKOUNT -5

Keount = ©

Keount = °
Steps 50-85 are performed for each element i in the array

satisfying the critéeria 2 <=L<Npg |
Steps 50 and 51 are performed only if the element i Is
equal to N ..
* 50. Calculate Lgax as:
Crax = Nnn-l"
51. Go to step 75.
Step 52 is performed only if Q’:ﬁ)u = 2F
52. 30 to step 5h.

53. Calculate  (Fg)pum ,Qﬂ‘);’) Laax , ~end Wyeonr

(FB)N‘\ = CFB‘)L

(Fs)-" = 2:1’:
Z‘ﬂ AX = L - l
Kiooir = |

S4. Calculate the distribution integration limits as:
A= LF) -Fl /&
8= LRk -Fl/=

Steps 55-and 56 are performed only if A 7, 0.
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as:

55. Using Subroutine MINT, calculate P], the value of the normal

distribution integral from - o= to A.
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56. Go to step 60.

57. Calculate A as:
A= <A

68. Using Subroutine MINT, calculate the value of the normal
distribution integral from - o to A

59. Recalculate P! as
P‘ = I-P}

Steps 60 and 61 are performed only if 8 % 0.

6C. Using Subroutine MINT, calculate Pz, the value of the normal
distribution integral from - c© to B.

61. Go to step 65.

62. Calculate B as:
B = 1-8

63. Using Subroutine MINT, calculate Pz, the value of the normal
distribution integral from -o0 to B.

6k. Recalculate P, as:
P2 = 1-'92

65. Calculate (Sm;}b as:

(Sm:. D= be * (‘?,— ?L)

Step 66 is performed only if (SmJ,7 0.
66. Set (th)D
Step 67 is performed only if
67. Go to step 69.

Step 68 is performed only if l\SmL.Qf 0 and (Smé_‘))->o,

equal to 1

»

('Low)u 7 0.

A Y -
68. Set (!LGH'D equal to i 1._
Step 69 is performed only if (M- »p70.
6. Reset KCOUNT as:
“count = !
Step 70 is performad only if (Sm;.bb = 0 and if

K = 1,
COUNT
70. Go to step 77.

Step 71 is performed only if (i-l)‘. ':'M‘
71. Go to step 7h.
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72. Caiculate <8, as:
ZSm, = 28a: « Sigk

73. Go to step 83.
74. Calculate (Sﬂ%g as:

6’&\’ Smbﬂ)p
. Saiculate (\S““L-s\}p[ @m\_bpjand I\I“léﬂ)p RN

@redy = i, - E8n;
brey, = Bmeds

(Imu)b = -1

Sl
\M

76. Go to step 8l. 7
77. Calculate f\gﬂt-z)b' (@'tﬂ{,-—;)b and {{:M;_-\\,D

L%mt‘r?»\]p = m*) - ZSN{, r @ﬂb;-;)p
ng;-z)B = L%m;.z)_;,

@mt-i}b = O

as:

78. cCaiuclats LI“‘GH\ID and

(I“'G“)_D = -2

1

Cmpax
Step 79 is performed eoniy if KKOUNT = 1.
79. Calculate LFS)IH&‘na as:

G:E)tmnua = (Fs)ww\

80. Reset K oi\x = 0.
Step 81 is performed only if Lyaxx7 N

81. &o to step 85.
= 82. Go to step 86.




i

83.

t

Lalculate

SLA\’G - ))p =

(&m;;.‘)p -as:

(Smt.‘)_‘,
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Step 8k is performed only if Lowx < 50,

8. Go to step 86.

8s5. If this is the last element in the array, continue to step
86. If not, return ;.o step 50 with i = i +: 1.

Steps 86-87 are performed only if intermediate output is re-

quested by the user.
Step 86 is performed for eaech element in the array satisfying

the criteria l=c¢ = "NAX
86‘ \lrite gml)b i
1 87. Write ('LW)D and (‘HIGH)W
Step 88 is performed if"KKOUNT = 1.
88. cCalculate . as:
coleutate (R,

G:°)me" = {Faloom

Step 89 is performed only in the primary zone.

 89. Go to step 92. .
Step 90 is performed for each element in the array satisfying

-the «fiteria | € ¢ = Luax

i 90. Calculate [B {Sm;)] as:
. & X *p,

.[;( sy ) ~Cado

3% __l,) , SX
91. Calculat M| and W 4.

‘ . | a cuiate [ ax} EX Xp
E | o ;\x\,\] - My, - (m F}m

' ' *p

|

A T
ifith A

, : ‘[Q__Mf:{ My "D\u
. ' x 1¥p X

92. Return.
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SUBROUTINE ZMASS{DELX) ZMA20000
REAL MSTARDoMSTARU ZM390010
COMMON/DATAI/ATIR(S0) sRR{S0) 1XX(50) 4FF (50) s8CON1 (50) #BCON2 (50) y CH2 (ZMA0020
150) +2P {70} yCUMDIS(70) yVPsRRO(S0) 4BCON6(50) yATT(50) 3 PPPsFNOXP4R]1 (50ZMA%0030

23 9R6(50) sEK1(50) 1EK2(50) 9A29A34XLsCNyBETAsSsPHIPJEKSsXEND AL IMARQ060
COMMAON/OUT3/INDICINO (50) s AVET o TAUBARSRHGBAR'PHIBAR s IMAX 9 XDy LuA%® 0050
J1F2ARDs XUsLENs TAUINT« TAUDIL 9 VELOC ZMA*0040
COMMON/0UTA/CONGNO (50) 9 DELMD{50) »AREAD¢ASLOPE 4 DMFUO,SLOPE (50}, TSLOZMA%00T70
1PEINOP(50) +EKKD s DMFToULDM(50) »DDMIS0) o FB(50) ¢ DMFUDyAIRD+DMFFEDZMA® (08B0
29RSUBX4SIGsSIGZER+AVEMN yDMDDA (50 s DMDDM(50) +DMIDP {50) »DMDOPP (50) o FZMA®0030
3PRIME (50) s NOEQXDsANO+AQQsDIFNO(S0) ¢+ NOZERO (50) +RDOT (50) 9E (S0) IMA®0100
COMMON/OUTS/MSTARD ¢ MSTARU 4490110

DATA P1/3,14159265/ ZMAS0120

GCenae IMA®0130
cesss CALCULATE AIR FLOW AND COMBUSTOR AREA ZMA®0140
Conns ZMA®0150
NPRINT=0 . ZMAS0160
IFC(INDICeNEs1) GO TO 10 IMARQ1TO
1L0%D=¢ ZMARQ18B0
1K1gHD=50 . ZMA®%0190

10 ILOWUSILOWD IMA®RQ200
INIGHURIHIGHD ZMA®Q210

NN=35 ZMA®Q0220
NNNz=NNel IMA%0230
SDDOMEQ, 0 IMA®0240

CALL MINT(1+0409119XXsAIR,AIR]) IMAR0250

CALL MINT(19XUslleXX2AIR9AIRU) IMA®2560

CALL MINT(19XDelleXXeAIRsAIRD) IMA®0270

CALL MINT{31sXDs119XXsRReRSUBX) IMA%Q280

AREAD = PI#RSUBX®RSUBX IMA®0290

Coser ZMA®0300
Ce#a® CALCULATE FUEL FLOW RATES AND DISTRIBUTION CHARACTERISTICS ZMap230
Crese IMA®0320
DMFFED = gKS*PHIP®#AIRI/BETA IMA®0330
IF(INDICONE+1) FULOADSDMFFED®#12.0%#3,0%254%83,0/ (454 ,%VP*PPP##2,}7IMA%*340
IF{INDIC.EQe2.AND MSTARUGEQeCs0) WRITE(698500) FULOAD ZMA®(0350

8530 FORMAT(///77/+1X+20HTHE FUEL- LOADING IS +E12¢5928H LBe/SECe~CUFTo~ZMA®0360
14TMO«"ATMO,.) ZMA®Q370
DMFUO = DMFFED®(1,0-BETA) ZMA®(380

FEDF = DMFFED/4&5%. ZMA®(390

AFR = AIR(11)/DMFFED IMA®(400

FEOF & FEDF#3600. ) IMAS(04]0
IF(INDICLEQ.1) WRITE(6+9100) FEDF IMA®0420
IF(INUICeEQe]l) WRITE(699150) AFR ZMA®D430
IF(INDICJEQe3) DMFUD = Q40 INARD440
IF(INDIC.EQ+3) GO TO 100 IMA®Q450

DMFUD = DMFUQ%* (1e=A3% (XD/XL)®®A2) ImA®0460

100 DMFT = DMFFED=DMFUD ZMA%Q4T0

" IFUINDICeEQel) MSTARU = 0,0 ZMARQ4B0
IFLINDICONEs1} MSTARU = MSTARD ZMA® 0600
MSTARD = pMFTeaIrD ZMa®0500

F2ARD = DMFT/HSTARD ZMA®(5]10
IF(INVIC.EQ.y) SIGZER=S#F3ARD ZMA®(0520
SIGaSIGZER®{1.0~(XD/XL) ##aY) ZMA®0530
IFUINDICOEQe3) SIG = 040 IMAC0540
IF(INDIC.EQ.3) GO TO 8000 IMA®(550
IF{S5+EQ.0,0) 60 To 500 ZMARJS560

Ceons IMA®0570
Cesae CALCULATE DISTRIBUTION CHARACTERISTICS AND & ZMA®0580

Coaae ZMA%05350




Chaad
Cheae
Cosae

500

1000

Cead
Ceane
Coane

1500

2000

2100
2200

(w2 2 2]
(a2 22
Coons
3000

(w2 1 2 J
[ 22 2]
Craan

2300

2400
2500

40900

ZPD ® FBARD/SIG
CALL CALCBC(ZPD+C)

CALCULATE BOUNDARIES AT WHICH £ACH F VALUE APPLIES
CONTINUE

IFCINDICoNE.1) GO TO 1500

FB(1) = 0.0

DO 1000 I=Z:NN

Fal1)= 0.5¢(FF (1) +FF({I=1))
FB(NNN)=2,0%FF (NN) =FB (NN)

G0 TO 3000

STORE MASS FLONS AT PREVIOUS STATION

CONTINUE

DO 2000 I =1.IMAX
IF(INDICEQ.]1) UDM{I)® 0.0
IF(INDICNEo1) UDM({I) = DDOMI])
DELMD{1)=0.0

CONTINUE

IF({IMAX,EQeNN) GO TO 2200
INZIMAXe]

DO 2100 I=INsNN
DELMD{I)=0.0

UDM(I) = 0.0

CONTINUE

CALCULATE IMAX

CONTINUE
IMAX=ED

SPECIAL CASE S=0.0 IN PRIMARY ZONt

IF{S+EQe 0,0« ANDINDIC.EQe1) GO TO 2300
60 YO 2500

DO 2400 I=1l.IMAX

DDH(I):O-O

DELMD(1i=0.0

NOZERO(1)=1

IFIFB(I) +LT+FBARD) GO TO 2400
IMAX=]e]

DDM(I=1)=MSTARD
DELMD(1~1)=MSTARD
NOZERO(I=1)=0

60 .70 9000

CONTINUE

CONTINUE

KOUNT=0

KKOUNT=0

DO 5000 I =29NNN

IF(1«EQ.NNN) "IMAX=NNN=]}
IF(I.EQ.NNN} GO TO 4880
IF(FB(I) eLTe (2,0"FBARD)) GO TO 4000
DUMMY = FBI(I)

FB(I) = 2,09%FBARD

IMAX = =}

KKOUNT=)}

CONTINUE
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ZMA®0600
IMA9p610
ZyA2h 62D
ZMA®)630
ZMA®0640
ZMA® Q650
IMAC (660
IMA%Q6TO
IMA®06R0
ZMA®0690
ZMA®0T00
ZMA®0T10
ZMA®(0T720
ZMA*0730
IMARGT40
IMAe 0750
IMA*QT7560
EMA®QTTO
IMASQTRO
ZMACp 790
ZMA®0BQO
ZMA%0810
ZMARNB2D
ZMA®DB30
ZMA®08B40
IMA®0B5Y
ZMA#Bs50
ZMA®Q870D
ZMA® 0880
ZMA®0890
ZMA®0902
IMA%0910
ZMA® (0920
IMA®053D
ZRA9QSAD
ZMA®(Q950
IMA®QS5D
78820570
ZMASQ380
ZMA®0990
Z#A®1000
Z¥A®i010
ZMA®1020
INA®1030
ZMAT1040
IMA®1050
ZMu®1080
ZMAT®107O
ZMa+1080
INARY 226
Zna®ilgo
Zuaeillo
Zra®y128
ZNa®113¢
Zwa*1140
ZNA®] 150
Zra®1160
ZMEe3l7n
Ina®118p

&%1190
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Coase ImMa®1200
craos CALCULATE THE ELEMENT MASSES IMA912i0
Conna IMAet220
A = (FB(I)=~FBARD)/SIG ZMA®1230

8§ = (FB(]~1)«FBARD)/SIG ZMA®1240
IF{A+GE«04.0) CALL MINT(1sA970+ZPsCUMDISIP1) IMa®1250
IF{A«GE0.0) GO TO 4500 IMA®1260

A x =8 IMA®12T70

CALL MINT(YeA9709ZPsCUMDISP1) Zva%1280

Pl = 1l.0=P) ZMa®) 290

4500 IFiBeGEL0.0) CALL MINT(19897092PsCUMDISP2) Z44#1300
IF(B+GEL0,0) GO TG 4800 ZMA%1310

B==8 IMA®1320

CALL MINT(1+B97092ZPsCUMDISP2) ZMa®1330

P2 = 1l,0-p2 IMAR1340

4800 DDOM{I=)) = C#{pl=P2) ZMA®1350
IF(DDM(1) ¢ GTe0.0) ILOWD=) iMa®1360
IF{ILOND.GT,0) GO TO &850 ZMA®1370
IF(DUM(1=2) eEQe0e0eANDsDDM{I®]) ¢GT404,0) ILOWD=ZI~=] ZMA®1380

4850 IF{DDM(1=1)+.6T,0.0) KOUNT=l ZMA®1390
IF(DDM(I=1) eEQ.0¢0+ANDKOUNTLEQel) GO TO 4900 IMA®1400
IF({I=1)+EQ.IMAX) GO TO 4875 IMA®1I410
SDDM=SDOM+DDM I =1) IMA®1420

GO TO 4950 ZMA®1430

4875 ADDM=UDM{I-1) IMA®1640
4880 DDM(I=1)=MSTARD=SODOM IMA®1450
- DELMO(I=1)=DOM(I"]) ZMA®1660
IHIGHD=1=1 IMA%1470

60 T0 4925 IMA®1480

4900 ODM(I=2)=MSTARD=SDDM+DDM(I~2) IMA®1490
DELMD(1«2) = DDM{I=2) ZMA®15090
DELMD(I=1)=0,0 ZMA®1510
IHiGgHD=T=2 ZMA®1520
IjAx=l-p ZMA®1530
IF{KKOUNT(EQe1) FBIIMAX®2)EQUMMY IMA®1540
KKOUNT=9 IMA®1550

4925 CONTINUE IMA®1560
IF(IMAX.GT«NNN} GO YO S00¢ IMA®Y570

60 10 6000 IMA®1580

4950 DELMD{I=1)=pDM(I~=1) ZMA®1590
IF({IMAX,LT«50) GO TO 6000 IMA®1600

5000 CONTINUE IMA®1610
6000 CONTINUE ZMAa®1620
IF(NPRINT,EQ.]) WRITE(6+9999) (DDM{I) eIz} IMAX) ZMA®]1630
IF(NPRINT,EQ,1) WRITE(6+5998) ILOWD+IAIGHD IMA®1640

IF (XKOUNT+EQas1) FB{IMAXel) BDUMMY ZMA® 1650

Cheae IMA®1 6560
Cewan CALCULATE SLOPES ZMAC16T0
Coeans ZMA®1680
IF(INDIC.EQ.1) GO TO 9000 ZMA®1690

DO 7000 I =)4IMAX ZMA®1700
SLOPE(I) = (DDM{I)=UDM(I))/DELX IMA®Y1T10

7000 CONTINUE ZMA®1720
8000 CONTINUE ZMA®1IT30
ASLOPE = (AIRND=-AIRU)/DELX ZMA®1T740
TSLOPE = (MSTARD=MSTARU) /DELX ZMA®1750

9100 FORMAT(/////+10XsSBHTHE COMPUTED TOTAL MASS OF FUEL FED INTO THE CZMA®17s0
10MBUSIOR IS »E12.548H LB /HRG///) Zua®y1770

9150 FORMAT (10X+42HTHE COMPUTED OVERALL AIRTO-FUEL RATIO IS +E12.597//72ZMA%} T80
Y IMA®1790
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& 9998 FORMAT(5X,2015//} ZMA®180N
£ 9999 FORMAT(10X»10E10¢3/ ) Zmua®1810
2 9000 RETURN IMa®1620
g END ZMA®}830
2]

S b R e
‘.
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APPENDIX XV - SUBROUTINE PRINTS

The function of Subroutine PRINTS is to provide the written
§ output of the calculated results of the program.

Subroutine PRINTS is callad by Subroutines PRIMRY, ZINTER,
and DILUTE; it does not call any other 'subroutine. Subroutine PRINTS
does not require external input and does provide external output.
Internal input is transmitted through COMMON. There is no internal

output. The internal input corsists of:

AVCH2D AVCH2F AVCH2P AVECOD AVECOF
AVECOP AVECSD AVECSF AVECSP AVENOD
AVENOF AVENOP AVET INDIC PHIBAR
RHOBAR TAUBAR XD

i Additional Fortran Nomenclature

The Tollowing table gives the Fortran .nomenclature for tose
symbols in Subroutine PRINTS which are rot included in COMMON.

Fortran
Symbol Symbol Description Units
- ¥

AVGH2 [pﬁz ] Equilibrium concentration of

unburned hydrocarbons excliusive 3

of C and CO at X . ib/ft

(s) ]

AVECO Leo™ Eguilibrium concentration of CO

at X, 1b/Ft3
AVECS [‘5“] Equilibrium concentration of C(s)

at X, 1b/Ft3

o———]

AVEND [w] Concentration of NO at X 1b/t3
AVEND, {‘3 } Equivalent concentration of N0, 16/1000 1b

at Xp fuel burned
AVETF T Temperature at X deg F

ft3 ~ gm
DENOM Constant T h
IPRINT Indicator -
IPRINT = 0O
if intermediate zone heading is
to printed

IPRINT = 1
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Fortran
Symbol Symbol Description Units

if intermediate zone ueading is not

to be printed

IPKINT = 2

if dilutlon zone heading is not to

be printed
RHOBA EE Mean density of combustion products

- X.D 1b/Ft3
TTUBAR | Mean recidence time at XD msecs
XouT X Axial position downstream in the

combustor in

Analysis Procedure

The step-by=step procedure of Subroutine PRINTS is given below.
The Fortran listing of the subroutine is presented at the conclusion
of the step-by-step procedure.

1. Convert Xp from cm to in.

2. Convertsf from sscs to msecs.

3. Convert NO, €O, C(.y, and CHy concentrations from gm/cc

to 1b/Ft3.

L. Convert NO concentration at )(.D to the equivalent NOZ
concentration.

5. Convert-é from gm/cc to 1b/ft3.

6. Convert T from deg K to deg F.

7. If this is the primary zone, write the arimary zone heading
ard output. Go to step 12. If it is not the primary zone,
go to step 8.

8. If this is the intermediste zone and the first written
output for the zone, write the heading for the intermediate
zone. If not, go to step 9.

9. |{f this is the intermediate zone, write the output atXIr
Go to step 12. If it is not the intermediate zone, go to
step 10.

16. If this is the dilution 2one and the first written output

in the zone, write the hkeading for the dilution zone. |If

not, go to step 11.
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11. {f this is the dilution zone, write the output for the
dilution =one at Xp. Go to step 12.

12. Return.
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SUBROVTINE PRINTS PRT®0000

REAL NO PrRT®p010
COMMUN/QUT1/AVECSG+AVECOGAVCH2G1AVECSP9AVECOP » AVCHZP » AVECSD s AVECOPRT®0020
1D+AVCH2D s AVECSF » AVECOF 9 AVCH2F PRT#0D30
COMMON/QUT2/AVENOGsAVENOD ¢ AVENOP ¢ AVENOF s AVENFU9RRO» ILAST PRT®0040
COMMON/QUT3/INDICoNO{S0) 9 AVET» TAUBARsRHOBARsPHIBAR, IMAX XDy PRT®0050
IFBARDY XU SN+ TAUINT» TAGDILVELOC PRT#0060
COMMON/QUT&/CONGNO (S0) s DELMD (50) +AREADsASLOPE + DMFUO s SLOPE (S0) + TSLOPRT®0070
1PE+NOP (50) ¢ EXKDsDMF Ty UDM(50) +DDM(50) » FB(S50) yDMFUDsAIRDyDMFFEDPRT®p080
2+RSUBX3SIGeSIGZERyAVEMW9DMDDA(S0) + DMDDM(50) 9 DMOIDP (50) « DMDDPP (S0) +FPRT®0090
3PRIME(50) 4y NOEQXD e ANGs AQQeDIFNO(ST) yNOZERD(50) 4 RDOT(50) »E {50) PRT®0100
NPRINT=0 PRTCpl1l0
IF(INDIC.EQ.1) IPRINT=Q PRT®0120
XOUTSAD/2,.54 PRT®5130
TTUBAR = TAUBAR®*1600. PRT®0140
DENOM=454;0#3,532E-05 PRT®g150
AVENO=AVENOD/DENOM PRTe6160
AVECO=AVECOD/DENOM PRT®0170
AVECS=AVECSD/LENOM PRT®p189
AVCHZ2SAVLHZD/DENOM PRT®p190
AVENDO2 = AVENOF#46,0/30.0 PRT®#(0200
RHOBA=RHORAR/DENOM PRT®0210
AVETFS ((AVET=27316)%148) 32,0 PRT®0220

G0 TO (1000s2000¢3000) sINDIC PRT®g230

1000 CONTINUE PRT®0240
NRITE(64+1010) PRT#g25p

1010 FORMAT(1H}) PRT®0260
WRITE(64+1020) PRT#p270

1020 FORMAT (484 THIS IS THE MAIN PRINTOUT FOR THE PRIMARY ZONE /////7) PRT#gzgp
GO TO 4000 PRT®0290

2000 IF(IPRINT,EQ.1) GO TO 5509 PRT®*9300
WRITE(641010) PRT%p310
WRITE6+2020) PRT®#032p

2020 FORMAT(S3H THIS IS THE MAIN PRINTOUT FOR THE INTERMEDIATE ZONE PRT=g330
177277) ) PRT#9340
IPRINT=1 PRT®0350

G0 TO 4000 PRT®0350

3000 IF(IPRINT.EQ.2) GO TO 5500 PRT®0370
WRITE(641010) PRT®0380
wWP.TE(6-3p20) PRTop390

3020 FONMAT (494 THIS IS THE MAIN PRINTOUT FOR THE DILUTIUN ZONE /////) PRT®0400
IPRINT=2 PRT®p410

4000 WRITE(64+5000) PRT®0420

5000 FORMAT(1X,6HX(IN») ¢1Xy3HPHI»3X,1HT,6Xy3HRHO$3Xs3HTAU,6X¢2HNO,9X,3HPRTE (430
IND2s 9Xe4HC(S) s 6X94HC(S)e 8Xs2HCOs 9X92HCOt 8Xe3HCH2e BXe3HCHZ ) PRTE0440
"RITE(645100) PRTep450
5100 FORMAT(8X 4HAVE«21X95HDEG F93Xs4HAVE « 12X94HAVE « 95X ¢ 3HPPM 96X s THLBS PRT®p4560
1PERs TA43HPPMeSX+ THLBS PERs 7X33HPPM 45X+ THLBS PERs 6X9+3HPPMs TXa THLBSPRT®0470

2 PER) PRT®qa480
WRITEN6+5200) PRT®0490

5200 FORMAT (19X 7THLB/CUFT 91 Xs&4HUSEC 14X 9SHIVOL) 9SX9THIG00 LB96XeSH(VOL) +PRTOp500
14Xs7H1000 LB+s6X9sSHIVOL) v4X+TH1000 LBeSXsSHIVOLYv4XeTH1000 LB} PRT®0510
WRITE{6+5300) PRY®p32¢

5300 FORMAT (43X411HFUEL BURNED,11X,:1HFUEL BURNED11X,11HFUEL BURNED,11PRT#9S30
1X+11HFUEL BURNED) PRT®0540
5500 HRITE(606000)XOUT,PHIBARQAVETF.RHOBA,TTUBAR¢AVENOP;AVENDZ;ivicspv PRT®0550
1AVECSF 4 AVECOP, AVECOF ,AVCH2P s AVCH2F PRT®0550
6000 FORHAT(IXoFS.Z'IX'Ft.2'1X’F5.o'lxtré.#oIXcFG-Zglxas(E}O-3:1X)ii: PRY®0570
IF (NPRINT(EQe1) WRITE(639999){ NO{I)sIx]eIMAX) PRYSHSR0

9999 FORMAT(10Xy4H ®2;8E1244) PRT®p59g
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PRT®0600
QETURN PRT’balo

END
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APPENDIX XVI - METHOD OF CALCULATICN OF AIR DISTRIBUTION CHARACTERISTICS

Air enters the combustor liner at discrete positions over the
whole length of the liner. The bulk of such flow normaliy enters
perpendicular to the direction of the mainstream product flew and
has then to be deflected and entrained before it can mix with the
combustion products. This action requires a finite time (i.e., dis-
tance) to occur, and its effect upon the nitric oxide formation prcc-
ess has to be corsizered. A method has been developed, therefore,
to take account of this effecz. The method is consistent with the
mixing assumptions made in the flow model described in this report ;

it has been applied to ail combustors considered in this report and
is described below.

2
L 6
——il—-Cii
A__.ll
B - - [
X =0 X=X X = Xgnp

The fiow behsvior 2t each port shown in the figure above is
assumed to behave as follows:
Port 1 All air enterirg at this position is assumed 1o mix
with the products in the primary zone.
Port 2 Some fraction of the air, f, mixes with the primary
zone and the remainder is entrained according to the
law describad for port 4.
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Port 3 Cooling air mixes according to the relationship
Mx = M3 (Distance from port 3 to X divided
by vistance from port 3 to XL)O'S
and that part which mixes before the primary zone
exit (X = 0), is assumed to burn in the primary zone.
Port 4
and 5 Both ccoling and combus:ion air mix according te the
relationship shown above,
i.e., My = m*((x-xz,)/(xL-xz,))O'5
Port 6
and 7 This air enters the dilution zone so it is assumed
that instantaneous mixing occurs (see Section 2.5).

All these independent mass flows are then susmed at a particular

position along the combustor to give the total airflow contained

3
il SN

i

with the combustion products at that poiit. For example:
air burning in the primary zone Moz is given by,

= = f
"oz o = My + M2+M3x=:0

J S k!i‘"mwﬂmw 4

air at position X {0<X<X()
Mg = (1-7) Mg + M3 + My + Mg + Mo
air at posigion X, (Xg & x<x6}
My = %Hn + My
This method was applied to combustors A and B studied in this
. report and in each case the value of f, the fracticn of air entering
the primary zone from the first row of air ports, was assumed to
equal one third. For Combustor A this value corresponded to the
value recommended by the designers, but in the case of Combustor B,

the value was estimated based on the design features. Errors in the

predictions of nitric oxide emisssion leveis from this latter estimate
can be expected to be negligible as the totai airflow through port 2
represents less than two per cent of the total airflow.




