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COMBUSTION OF HYDROGEN-AIR JETS
. IN LOCAL CHEMICAL EQUILIBRIUM
(A Guide to the CHARNAL Computer Program)

by |
D. B. Spalding, B. E. Launder, A. P. Morse and G. Maples

of

Fluid Mechanics and Thermal Systems, Inc.
Route 2, Box 11
Waverly, Alabama 36879

1. Introduction

The computer program CHARNAL (Calculator of Hydrogen-Air Reactions
for NASA Langley) generates finite- difference predictions of turbulent,
coaxial hydrogen air jets undergoing combustion. The jets may be free,
as indicated in Figure la (in which case the external stream is assumed
to extend to arbitrarily large radius from the symmetry axis) or enclosed
as in Figure 1b. At any point in the flow the mass fraction of the con-
stituents of combustion is found on the assumption that chemical equili-
brium prevails, the constituents being H,, 02, Hy0, 0, H, OH and N,.

The present report details the mathematical and physical basis of
CHARNAL, discusses some sample predictions and provides a guide to the
computer program itself. Section 2 is concerned with the first of these
aspects: the basic conservation equations of momentum, stagnation
enthalpy and chemical species are presented first and these are followed
by a description of the turbulence and combustion models employed. A
user's guide to the computer program appears in Section 3 while defini-
tions of FORTRAN symbols and a listing of the program itself are contained
in the Appendices. Thereafter, Section 4 presents and discusses the out-
come of some test cases and, finally, Section 5 suggests some directions
that further developments to the CHARNAL program might take



2. The Mathematical and Phvsical Model

2.1 The Mean Flow Censervation Equations

CHARNAL calculates the steady state distributions within the jet of
mean streamwise velocity, teuperature and mass fraction of elemental hydro-
gen by refercnce to the conservation laws of momentum, energy and chemical
species. These Tlaws are expressed in terms of the following set of para-
bolic partial differential equations expressing respectively the transport
of streamwise momentum, stagnation enthalpy and hydrogen mass fraction.
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The mass fraction of elemental hydrogen, f, is used as a variable for the
reason that, unlike H,, even during chemical reaction it remains a con-
served property. The“method of determining the individual chemical
constituents of the flow is described in Section 2.3.

The set of partial differential equations is completed by the continu-
ity equation in which the streamwise and radial velocities are connected
by:

3 13
roll TR (ovr) = 0 (2.1-4)



In fact CHARNAL solves the parabolic transport equations tast in a
Von Mises system of ccordinates (i.e., x and stream function as independent
variables). This transformation has the effect of eliminating the radial
velocity v from the equations, and, hence no explicit recourse needs to
be made to equation (2.1-4).

“ The temperature of the mixture, T, is obtained from known values of

h, u and the mass fractions of the chem1ca1 const1tuents of the mixture
from the expression:

. =[h - u%/2 -k - Ejij:Ahf - Ah}]
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(2.1-5)

T.=1
and 5 = 1 f CogdT (2.1-6)

.2 The Turbulence liodel

The effective turbulent transport coefficients Ht» F‘, r, and T, are
determined by means of the kve model of turbulence wh1ch nas Leen presented
and anplied to numerous turbulent free shear flows in Reference [2].
According to this model -the magnitude of the viscosity depends only on the
local values of the turbuience kinetic energy, k the dissipation rate of
turbulence energy, € and the fluid density. They are connected by the
formula:

ut = Cupkz/e (2.2"'])

The quantities k and ¢ are found by ﬁay of the following pair of transport
equations which are both similar to (and solved simultaneously with) those
governing the mean flow:
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The quantitiés C.» 5 Cyy o and o, are dimensioniess and are given
the constant values belcw ’

C C] C2 Uk Ue

.09 {1.43]1.92 |11.0 | 1.3

These values are the same as those recommended in [2]. Equations (2.2-2)
and (2.2=3) do not provide a physically exact prescription for finding

k and e. Such a prescription is not possible because the exact equations
for k and ¢ contain correlations whose magnitude is not directly ascer-
tainable. These correlations are therefore approximated in terms of k,e
and the mean velocity field; the approximated terms in (2.2-2) and (2.2-3)
are the ones with the empirically determined coefficients. HModels of the
-above kind, while being sufficiently simple not to affect computer costs
significantly, have been found (see for example, references [2] and [3])
to possess considerable width of applicability, precisely the same model
predicting features of both wall and free turbulence. It is probably the
best model available at present for the kind of shear flows that CHARNAL is
designed to compute.

The transport coefficients in the nydrogen -element and stagnation—'
enthalpy equatzons are given by

Tz welon 3 Ty = ouglo (2.2-4)

In the free jets and in the confined jets (provided the jet has not spread
to the pipe wall)

op = 0. = 0.7 - (2.2-5)

Once the jet has filled the pipe the effective Prandtl/Schmidt number is
obtained from the formula:

o = oy = 0.95 -.45 (y/R)2 (2.2-6)



where y is distance in the radial direction measured from the pipe wall.
The above variation, proposed by Rotta [4] and used by several workers
since, is genera]]y in accord with experimenta] data of the turbulent
Prandtl number in fully-developed pipe flow. MNote that because the same
numerical values are assigned to Iy, and Iy, one of the source terms in
equation (2.1-2) vanishes.

2.3 The Combustion ltodel

The equilibrium composition of the hydrogen air mixture can be cal-
culated by reference to the set of reversible reactions:

Hy == H o+ (2.3-1)
0, == 0+ 0 (2.3-2)
OHS=0 + H (2.3-3)
H,0 =2 OH + H (2.3-4)

The relative mass fractions of the above constituents are found by presum-
ing that chemical equilibrium prevails at each point in the flow. Thus:

) = .
rnHZ/mH K] (2..3 5)
moz/m% = Ky (2.3-6)
mOH/mOmH = (3 (2.3-7)
"l 0/ MHMoH = Ky (2.3-8)

where the K's are functions of temperature and pressure. In addition we
have by definition
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In the above equation- set, the quantities f and X are to be considered
knovm: £ is found from the conservation equation for total hydrogen
(equation 2,1-3) and X is simply OFAC (1-f) where OFAC is the mass frac-
tion of Ongen in the external stream. The CQU1]1br‘Um ‘constants".
Kyeoonnn ﬁ are functions of temperature and pressure. CHARWAL incor-
porates the dependencies proposed by icBride [5].

Equations (2.3-5) - (2.3-10) thus provide a set of six equations in
the six unknowns(mH > Mys My oo Mgys Mgs Mg - The equations are non-linear

(indeed, highly non linear for regions of flow where the fuel/air ratio
is nearly stoichiometric); their solution must therefore proceed itera-
tively. The solution technique adopted is described in Section 3-4.

The mass fraction of N2 (which is considered to be entirely inert)
is simply (1-X-f).

Because the flow is turbulent, the level of hydrogen and of other
variables will be continuously fluctuating about their mean values. The
magnitude of the mean square hydrogen fluctuations, g, is fcund from the
following transport equation developed and tested by Spalding [6]

. 2 .
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uhere the constants o Cg], and ng are assigned the values of 0.7, 2.8

and 2.0 respectively. Solution of the g equation enables the region of the
flame over which stoichiometric conditons occur to be calculated. The
inner boundary to this region occurs at a radius from the axis where f- g’i
fst ich and the outer boundary where f+gk = fsto1ch The predicted path

of these two surfaces for a hydrogen jet burning in an air stream is shown
in Figure 10.

.0 Details of the CHARNAL Qomputer Program

CHARNAL is 2 custom-developed version of the Patankar-Spalding PASSA
program which, in turn, is a newer, more economical and flexible version
of GENHIX published in Reference (11].

Section 3.1 below gives a brief summary of the general Patankar and
Spalding method of solving the boundary layer equations. Section 3.2
lists the major differences batwieen CHARNAL and the original GEHMIX pro-
gram, wvhile Section 3.3 discusses in detail the listing of the present
program (which is to be found in Appendix 2). Section 3.4 is devoted to



a d1scu551on of subrout:1° LANGLEY, uhxch has been deve]oped exclusively
for the current work.  Finaily Section 3.4 gives overall instructions for
the running of the procram, in particular the input information that the
user must provide.

3.1_ The Patankar-Spa]ding Boundary Layer Procedure

()

(i)

" The main featureS‘of the tomputationa] method are as follows:

The primary d1fferent1a] equatlons (1 e., the transport equations for

U, fy f, g, k and &) are transformed so that the’ independent variables

are the longitudinal distance, x and the dimensionless stream function,
w defined as:

0z (- w Wl -9 C(3.-1)

‘vihere y itself is obtained from,thé relation,"

Q

L
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= pur (3.1-2)
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v

Subscripts I and E refer respectively to the "inner" and “cuter"
boundaries of the flow; for axisynmetric flows the inner surface is
alvays the one nearer the symmetry axis. The resulting differential
equations are all of the basic form, T

Jw |

y

where the terins on the left-hand side represent convection by the mean
flow and those on the right-hand-side express respectively the dif-
fusion and source of the entity ¢. The coefficients, (a) and (h)

are functions of the entrainment rates, whilst (c) involves the ef-
fective diffusion coefficient.

X , dw W ' '

The differential equations are expressed as finite-difference equa-

tions, connecting the values of the dependent variables which prevail

at the intersection points of a grid defined by lines of constant x
and w. These finite-difference equations are formed by integrating
the differential equations over small control volumes associated with
each grid node.



"(i11) The integration proceeds by "marching" downstream, the values of the
variables at grid peints at the next downstream station being calcu-
Tated from those at tine upstream station and placed into the array
locations occupied by the latter. At each forward step, new values
are ascribed to e and Yo the stream functions at the grid boundaries.

These values, together with the continuity equation, determine the
geometrical location of the boundaries; and this determination is so
arranged’ that the boundaries. enclose all the fluid having a signifi-
cant value of the shear stress (or other flux) without enclosing
appreciably more - than this. This feature allows the method to achieve
good numerical accuracy without employing an excessively fine grid.

(iv) Tie finite-difference equations are formulated in an implicit manner,
and solved by means of the well-known algorithm for tri-diagonal
matrices. This allows large forward steps to be made without insta-

_,bility. The equations are linearized, upstream values of the trans-
“port properties being supposed to prevail over the whole of the
forward step.

(v) The source terms are usually (but not necessarily) expressed as linear
functions of the upstream and downstream values of the dependent vari-
ables. For example in the turbulent kinetic equation,

Source of (k) = [}t (%3]]2 i [}pe/k)é] kD (3.1-4)
- U e

where the subscripts U and D,denofe upstream and downstream values.
This practice allows large forward step sizes to be used without the
~onset of inaccuracy or instability.

For further information on the general structure of the solution pro-
cedure the reader is5 referred to Reference [1].

3.2 New and Improved Features of the PASSA family of programs

PASSA programs retain ti:e general width of applicability of the basic
procedure, but are arranged to be more economical in terms of both execu-
tion time and storage capacity. The principal differences between the new -
method and its predecessor may be summarized:

(i) In PASSA, the finite-difference equations are solved sequentially.
That is, for any variable, the coefficients of finite-difference
equations are formed and the equations solved before moving on to
the next differential equation. This contrasts with the former
procedure where the coefficient for all the differential equations
were stored simultaneously and then the matrix was inverted for each

equation in turn.



(11) The PASSA program does not make use of "slip nodes" in the formulation
of the difference 2quations at the boundaries. In the earlier program,
these nodes were empioyed to obtain the correct gradients of the depen-
-dent variables at %he edge regions. PASSA treats the nodes near each
flow boundary in exactly the same way as the interior nodes.

(111) In PASSA all diffusivities and gradients of the dependent variables,
such as the viscosity and the velocity gradient are evaluated at the
actual grid nodes, whereas in the earlier program these quantities
vere evaluated at the edges of the control volumes (which by definition
were midway between individual nodes in terms of w). PASSA also con-
tains the option of using castellated profiles instead of linear vari-
ations of ¢ between the grid nodes.

3.3 Details of the CHARNAL Program

A flow diagram for CHARNAL is provided in Table 1. The program con-
sists of a MAIN program and a number of subroutines of which the most
important are AUX, STRIDE, QUTPUT and LANGLEY.

3.3-1 The HAIN Program

HAIN contains the starting and stopping points of the computation and
communicates directly or indirectly with all the other subroutines. It
comprises twelve "chapters", each performing a specific function in the
computational procedure. The most important of the operations are gen-:
tioned below: :

Chapter 1. Values are assigned to various indices wnich control aspects
‘of the computation throughout the program. The main categories
are:

(i) the specification of the num:er of grid nodes and
differential equations to be solved.

(i1) the nature of the flow boundaries (wall, free boundary
: or axis of symmetry)

(iii) the contrcl of input, and

(iv) the desiqgnation of the flow type (number of chemical
species, nature of {nitial conditions, etc.). This
topic is discussed in more detail in Section 3.4.

Chapter 2. This chapter selects the primary dependent variables and
auxilary quantities to be calculated in the program. Com-
ment cards have been included here for the user's benefit.

Chapter 3. llaterial constants such as molecular weights and the universal
gas constant, turbulence parameters and Prandtl/Schmidt
numbers- are assigned values. The S.I. system. of unit is

used throughout the program.  Subroutine LANGLI



Chapter 4.

Chapter 5.

10

is called to provide data for the enthaplies of the chemical -

~species and the equilibrium reaction constants.

Specified here are the flow gyeomeiry (plane or axisymmetric),
inclination of the streamlines to the axis of symmetry and
the cross-stream distances for the initial profiles.

The initial profiles are read in from data cards. Values

are assigned to the axial velocity, absolute temperature and
species concentrations at the grid ncdes. A1l the data input
are in dimensionless form, having been normalized with the
largest value of each dependent variable at the initial
station. In developing CHARNAL, fifteen test cases (speci-
fied by NASA Langley) have been run which required two dif-
ferent types of initial-profile specification.

(i) Continuous profiles (Test Case nos. 1-10,13)

-Figure 2a shows the initial-velocity=profile typical of
these test cases. The two streams are Separated by a
wake region caused by the interaction of the boundary
layers on the dividing wall. Since the velocity is
uniform near the jet centreline, the computation starts
from a mixing-layer. region with. entrainment at the .
inner flow boundary until this boundary grows to the
axis of the jet (i.e., the end of the potential core).

(ii) Step profiles (Test Case nos. 11-12, 14-15)

In these four test cases, the boundary layers on the
dividing wall ar2 ignored and a step-change in the
velocity profile is assumad (see Figure 2b). In these
cases, the computation starts from a very thin mixing
layer (with an assumed linear velocity profile) in the
imrediate vicinity of the step-change.

The initial profiles of turbulent kinetic energy are
then evaluated by assuming a constant ratio with the

- shear stress (as expressed by the mixing length hypo-
thesis), whence

. )
- {3u ' .
k =3.33 |g, (ay) B € R )

The dissipation rates are then given by the Prandtl-
Kolmogorev relationship

32, | (3.3-2)

€

e=k



Both the mixing length and dissipation length scale
are assumed to be proporticnal to a typical width of
the sh2ar region. The scheme adopted is shown in

Figure 2.
The free-stream tukbu]ent kinetic energy is taken aS
4 x 10-4,of the square of the free-stream velocity.

The same constant is used to determine the initial pro-
file of cencentration fluctuations from the local con-
centrations of hydrogen element, i.e., g/f% = 4 , 1074,

A variable of major importance in tne computational
procedure is OFAC, which.is the ratio of oxygen element
to nitrogen in-the outer stream, since this ratio is
assumed to be constant across the flow.

Chapter 5 also calls subroutine LANGL2 to evaluate the -
initial enthalpy profile.
Chapter 6. -The dimensionless stream function array is filled by inte- a
gration of the profiles of density and velocity according
‘to equations (3.1-1) and (3.1-2). The density is obtainable
.from the ideal gas relationship, _

p = pH/RT o , (3.3-3)

where the mean molecular weight of the mixture, ! is given
by, | _
1 mj
—= F — 3.3-4
l Hj ( )

Subroutine STRID1 is cailed to evaluate useful quantities
“relating the individual {'s.

Chapter 7. This marks the starting point of the main computation; it
is the point to which control is returned after the execu-
tion of each. forward step. The most important functions
of this chapter are,

(i) to call LANGL3, which employs the chemical reaction
‘constants relevant to the upstream conditions. (i.e.s
pressure and temperature) to determine the local mass
fractions,

-(ii) to call LANGL4 to calculate the temperatures corres-
ponding to these concentrations (by way of the up-
stream specific heats) and -

1
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Chapter 8.

Chapter 9.

Chapter 10.

Chapter 11.

(i7i) to evaluate the density profile from the local temp-
eratures and mass concentrations

This chapter parforms two main tasks. First it fixes the size
the forward step and secondly it calls subroutine STRIDZ2 to
calculate transverse distances. The forward step is usually
made prepertional to the width of the flow, with the constant
of proportionality small in the initial region to avoid in-
stabilities at the start of the calculation. For confined
flows, the streamwise pressure gradient, which is a source
term in the axial momentum equation, is not known a priori.
CHARNAL adopts the same non-iterative practice employed in
CENIX, (see reference [1]), An estimate of the pressure
change to be experienced over a forward step is obtained by
reference to a 1-dimensional analysis. This usually results
ir. the area of the flow differing from the pipe cress
sectional area at the end of the forward step. However by

- adjusting the level of dp/dx over the next step the differ-

ence in area can be kept negligible (typically 0.01% of the
pipe area).

This chapter fixes the conditions at the flow boundaries.
Only when a boundary is a wall must information (either the
value of ¢ or its diffusional flux) be specified at this
point. (In the case of a free boundary, the relevant infor-
mation is provided in STRID3 (based on the free-stream source
terins) while at an axis of symmetry, the zero gradient con-
dition usually applies).

The first chapter of AUX is called to determine the effective
viscosity (regarded as the sum of the turbulent and I:minar
viscosities) at each node and to formulate the source term
based on the axial pressure gradient. For a free boundary

the =ntrainment rate is calculated via the degenerate form

of the conservation equation for whichever of the dependent
variables shows the largest changes near the edge of the flow.
The entrainmont is subject to certain controls to prevent the
formation of 'tails' to the profiles and to prevent the onset
of instability. : :

This chapter deals with the output of information, At the
first step, subroutine OUTP 1 is called to print-out inform-
ation regarding the initial conditions. At certain axial
positions (designated in Chapter 1) OUTP 2 is called to
print-out such quantities as the entrainment rates, jet
spreading rate, centreline values of the velocity, tempera-
ture and specias concentrations and the fluxes of the dep-
endent variables. Also OUTP 3 may be called (not necessarily
at the same stations) to print-out the profiles of quantities
of interest (velocity, temperature, .concentrations, etc.).



Chapter i2. The iast chapter terminates the execution after a specific
axial distance has been covered. Otherwise, control is
returned to Chapter 7.

3.3-2 AUX, STRIDE and 'iF

Only brief description is provided of these general-purpose subrou-
tines as they are similar in structure and function to the correspondingly
named subroutines in GENIIX (reference [11). Subroutine AUX is called
initially from Chapter 10 of #AIN to provide the effective viscosities at
the grid nodes. Chapter 2 is subdivided into five parts, one for each of
the dependent variables other than the velocity. Each section evaluates
the appropriate effective diffusivity and formulates the source arrays and
is called in turn from STRIL 3 as the finite difference equations are
solved sequentially. The source terms for turbulent kinetic energy, dis-
sipation rate and mean square concentration fluctuations are linearized
according to equation (3.1-4), while that for stagnation enthalpy is
loaded entirely into the upstream array.

Subroutine STRIDE is divided into four parts, of which the first two
are largely preparatory, while the Tatter two contain the core of the
numerical method of the program. STRID O merely sets to zero arrays
such as those for the dependent variables and auxilary quantities. It
is here that the decision is made as to vihether to employ linear
(KAST (J) = 0) or castellated (KAST (J) = 1) profiles between the grid
nodes. STRID 1 evaluates useful relationships between the values of w
at neighboring nodes, these of course remaining constant for the whole
of the calculation as the grid is always constrained to lie between limits
of w=0 and w=1. STRIDZ2 calculates the cross-stream distances at each
axial station with but minor differences from the original program [1].
STRID3 contains the basic finite-difference formulation and technique
of solution of the differential equations. Although different in appear-
ance from the version published in reference [1}, the differenccs are
largely only ones of arrangement. It is not proposed to dwell on points
of detail here, but suffice it to say that STRIDE is a subroutine which
the user has very seldom any nced to change. STRID3 terminates by
determining conditions at the flow boundaries and by initiating the
forward step.

Subroutine lF provides wall-function relationships to relate the
fluxes {(diffusional and convective) through the wall with the values of
the dependent variables at the near-wall nodes. As appropriate to the
high-Reynolds-number form of the turbulence model employed in this work,
the wall functions are based on the assumption of a log-law velocity
profile in the fully turbulent region of the flow.

3.3-3 OUTPUT and related Subroutines

Subroutine OUTPUT is divided into three parts, concerned respec-
tively with the print-out of initial values of interest and station and
profile variables. It communicates with PROFIL and thence with subroutine

13




PLOTS, which tcgether may be used to provide non-dimensional plots of the
profiles. OUTP1 reads alphanumeric information from data cards to provide
the headings for the print-out. The meaning of the quantities printed
from OUTPZ and CUTP3 is given in Appendix 1. Subroutine QUTP2 performs
the useful function of checking for the overall conservation of fluxes of
the dependent variables; in this analysis the concentration of hydrogen
element is a conserved property as are the axial momentum and stagnation

~ enthalpy (but for free flows only).

There is a large number of comment cards in OUTPUT, PROFIL and PLOTS
to assist the reader in understanding the interlinkage between these sub-
routines. PROFIL is used to normalize the profiles and communicates with
PLOTS which scales both the abscissa (transverse distance) and ordinate’
(¢ values) of the dimensionless plots into the range 0 to 1, (with nega-
tive values printed as zero). Either the normalized (IPROF = 1) or the
full dimensional (IPROF = 2) values of the dependent and auxiliary vari-
ables may be printed out in QUTP3. If the former approach is adopted,
the full dimensional values are still printed at the first and last nodes

- {designated 1 and NP1 respectively). The cross-stream distances Y(I) are

treated in this way, the first quantity printed being the redius of the
intcrna) flow boundary and the last the distance between the internal

and external boundaries. o )
Subroutine YINT may be called at any point in the program and is

merely an interpolation subroutine. It is useful in the determination
of such guantities as the half-width of the jet or locating the exact
position where the value of an entity ¢ is a linear combination of the
values of ¢ at the inner and outer boundaries of the flow.

3.3-4 Subroutine LANGLEY

14

Subroutine LANGLEY has been developed exclusively for the present
work and is subdivided into four parts, whose purposes are respectively

(i) the loading of the individual species and the chemical
equilibrium constants for the stipulated reactions.

(ii) the evaluation of the initial enthalpies by simple
interpolation amongst the input data. .

(iii) the calculation of the species mass fractions by solu-
tion of six simultaneous equations.

(iv) the evaluation of the cross-stream temperatures from
the enthalpies and the upstream specific heats.

Data for enthalpies and chemical-reaction constants are those pro-
posed by McBride [5]. The enthalpy of each species may be written in
the form




n-hee= f CdT Fohe T | (3.3-5)

» ref
where Ahf,T denotes the heat of formation of the species at the refer-

ref

ence temperature. It is usual to take the datum of enthalpy as zero at
a reference temperature of 298. ]5°K. whence

T

ne | CdT + ahf, . . . - (3.3-6)
s05.15°k P 298.15°K

T

‘Jf"cpdr + | anf,

208,150k ~ \P298.15°k" Moeg )

0°K
= CpT + Ho | (3.3-7)
T ‘ _
where fb (=1/ T j, deT) denotes a mean specific heat and H is the
6°K .

composite of the remaining terms. Values of-h are read in at intervals
of 100°K for temperatures of up to 6000°K, togcther with the value of H

for each species. The mean specific heats are then evaluated from equa—
tion (3.3-7) and stored (see Appendix 1 for array locations).

. LANGL2 is called to obtain the 1nitia] enthalpy profile by linear
interpolation of the h /T data. The enthalpy of the mixture is then
given by '

37

JCP’JT + I mJH i (3.3-8)
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LANGLY is also used to store data for the chemical equilibrium for
the four reactions invoived in the combustion process. These are again
taken from HMcBrid2 [5] and are in the form of constants relating the
partial pressures of the individual species, i.e., for the reaction

aX + by =17

(implying the formation of. 1 uhit;of‘substance Z from (a) units of X .
and (b) units of Y), the partial pressures of the species are linked: by
a constant, Kp given by the relation

- a b - .
Ko.= Pr/PyPy” i (3.3-10)

[Because K  (which is a function of temperature) varies markedly,numbers
on the datl cards refer to 'Iog]0 Kp] Kp's may be transformed into con-

stants re]at1ng the spec1es mass fract1ons by use .of the ideal gas law,
whence o

a b

K <m /mx y

m

_ atb-1} a ‘br | |
= Kp(PW) wz/ (Qx y ) (3.3-11)

vhere HJ denotes the individual molecular weights and W is the mean. mole-
cular weight of the mixture. Values of (K W, /Wy Ay b) are

stored for each reaction involved. In using Equat1on (3.3-11), it is to
be remembered that the total pressure p must always be -expressed in

_ atmospheres.

LANGL3 evaluates the concentrat1ons of the 1nd1v1dua1 spec1es by
51x s1mu1taneous algebraic equatlons, viz.

= 2 ’ v -
Ko7 = Mo, /m, (3.3-12)
Koo o=m, /ml \ | (3.3-13)
m,z = mHZ mo «J=-
Km,3 = mOH/mOmH (3.3-14)
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Km,4 mHZQ/mHPOR : ' (3.3-15)
a R HO NO : _
X = m02 +mg+ z;r__. mHZO + — Moy (3.3-16)
HoO OH
;'sz 1 IH
f = m, + m, + == 'THZO + " mQH (3.3-17)
2 THy0 OH :

in which the equ1]1br1um constants (which are functions of pressure, temper-
ature and-concentraticns) are based on the upstream conditions, since

the temperatures can only be ca]cu]ated once the mass fractions have been
found.

The first function performed by LANGL3 is to evaluate the reaction
constants and mean specific heats by linear interpolation amongst the
input data. Equations (3.3-12) to (3.3-17) are then solved iteratively
until convergence to within 1% is obtained for all species present to
an extent of more than 107, or until the nuwber of iterations exceeds
a certain limit. The actual iterative scheme is of necess1t/ rather
elaborate since the relative concentrations of the species can vary
markedly. The following practices are adopted

(i) 7he concentration of nitrogen is easily calculable
s (1-GFAC)(1-f).

(ii) The concentrations of the remaining speches at) the
previous axial position-are used as a'f1rst estimate
of the downstream wa]ues

(iii) The equations for f and X[= OFAC(1-f)] are exam1ned to
determine the 1argest term on the richt-hand side of

3]

each. For example, suppose that _C . m,y 0 and
\
o 2

my are the largest quantities.
2
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(iv) Using the values of m, , and m, , equations (3.3-12)
Ha0 Hy

to (3.3-15) can then be solved to determine the con-

centrations of the remaining four species.

(v) mH20 and mH2
(3.3-16) and (3.3-17).

can then be re-evaluated from Equations

(vi) The right-hand sides of the X and f equations are then
re-examined and the next iteration cycle made to operate
on the two largest quantities.

(vii) Itcration is repeated until the convergence criteria
are satisfied or the number of iterations becomes
excessive.

Convergence -is usually rapid (2 iterations), but instability occurs
whenever two of the terms in either of the additive equations [(3.3-106)

-and (3.3-17)] become of approximately equal magnitude. This happens

(a) at high temperatures (> 3000°K) where the concentration of atoms
approaches that of the molecuies and (b) in the region of the stoichio-
metric point where the concentration of combustion products becomes—large.
In the flows under investigation, the maximum predicted temperature was
approximately 2600°K; (b) was therefore the main source of instability.
It often happened that on successive iterations different constituents
were the largest terms in Equations (3.3-16) and (3.3-17). Oscillatory
rather than convergent behavior would then result. However, under-
relaxation of the species concentrations between successive iteration
cycles generally achieved the required degree of convergence within 12 .
iterations. A warning message is printed out whenever the iteration
process fails to converge within this limit.

lhen the species concentrations have been found, LANGL4 is called
to evaluate the cross-stream temperatures. These are obtained from
enthalpy profile via the relationship,

= (W - o o 3.3-
T = (h szHO’j)/mJij , (3.3-18)

for which the mean specific heats are evaluated in LANGL3 on the basis

of the upstream temperatures. One could regard this value of temperature
as a first estimate of the actual value, since a more accurate estimate
could be obtained by re-evaluating the Ky s to obtain new values of the
constituent mass fractions, a new mean specific heat, and from (3.3-18)

a new T. LANGLEY does not incorporate such an iteration cycle (though it
would not be difficult for a user to add). Instead, under-relaxation of
the temperature between upstream and downstream stations damps out any



temperature spikes which would otherwise appear at positions close to
the stoichometric point.

.4 Use of the Present Program

CHARNAL solves 6 simultaneous partial differential equations and
employs typically 25 nodes (although the storage blocks have been dimen-
sioned to allow for as many as 40). The program is written in basic CDC
Fortran language and requires approximately 12 seconds compilation time
on a CDC 6600 machine (FUN compiler). Linear profiles are assumed for
the variation of the dependent variables between the grid nodes and a
typical forward step size of 0.1 times the local shear layer width is
employed. Approximately 15 axial steps can be executed per second. Con-
servation of the individual fluxes is generally good to within + 0.1%.
In the present work, the profiles have been printed out in full dimen-
sional form and are plotted at only one axiai position (corresponding to
the end of the potential core region). The program has a mcdest storage
requirement, needing only approximately 24000 decimal storage locations.

The remainder of this section is concerned with the information that
the user has to provide via data cards in subroutines MAIN and LANGLEY.
In Chapter 1 of iiAIN, control indices which have to be set are:

(i) Details of the grid and nature of the flow
' -KASENO : Test case number
NEQ
i

number of differential equations

nunber -of grid nodes

KASE = type of flow; = 1 {free jet), = 2 {confined

flow)
KIN specification of internal flow boundary)
=1 (vall)
, = 2 (free)
KEX specification of external flow boundary)

3 (axis of symmetry)

KONFIN : denotes presence of confining duct wall;
= (1 wall present), = 2 (no wall)

IN2, 102, IH20 : denote presence of individual species;
= 0 (not present), = 1 (present)

MR : number of reactions

NS : number of chemical species
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INUF

argy

n-

XULAST

YIN

YOUT

. RDUCT
PRESS

TA
IN
R

LU

TOUCT -

: nature of initial profiles = 0 (continuous) -

1 (step-change)

: initial axial distance (in nozzle dfameters)
: 1ast axial distance (iw nozz]e~diaméters)

:vrad1us of internal: f]ow boundary (1n nozz]e
<d1ameters) :

d1ameter of'jet nozz]é '

¢ radius of confining duct -
: static pressure {in atmospheres) .

maximum temperature at -initial station

maximum velocity at initial station .

: extent of inner shear. region (in nozzle

diameters) i.e., distance-from axis of

-symmetry to.minimum “in velocity profile
:velocity at position denoted by YW1l

: 'grid node. corresponding to YW1 and U1

temperature of duct wall (for confined
flows only)

(i) Qutput paramntels L :

[ISTAT,

NPPOF, uPLOT number of axial stations

betueen print-out of .(i) station variables, (ii)
.profile variables and (iii) non-dimensional plots

XSTAT, XPROF, XPLOT-: the corresponding axial
distances (in nozzle diameters)

The next data cards are read in from LANGL1 and refer to the chemical
equilibrium constants for the 4 (MR) reactions and tiie enthalpies for the
7 (NS) species; these must he in the same order as the auxiliary variables
are data-typed in Chapter 2 of {IAli{. The data are read in at intervals
of 100°K for temperatures up to 6000°K, so that for example, HT (2.35)
refers to the enthalpy of species 2 (oxygen) at 3500°K.

Further data cards provide the initial profiles in'ChaptePs 4 and 5
of ‘HAIN. .For those test cases involving step profiles, only the cross-
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stream distances are required together with the values of.velocity, temper-
ature and species concontrations in each free stream. Appropriate profiles
for the thin mixing layer under consideration are then generated internally.
For cases with continucus profiles, the cross siream distances, velocities,
temperatures and the concentrations (of those species whose presence has

been previously indicated) are read in and converted to full dimensional
form. : ~

The remaining data cards cbntain aiphanumeric data which are used to
provide headings for the print-out. These are read in from LANGL1 and
supply information on . : :

(i) the test case number and descriptionA(Z cards)

(ii) the depéndent'variab]es of the calculation
- - (10 cards) ‘

(i14) the chemical reactions assumed (MR cards)
(iv) the sbecies present (NS cards) and
{v) their chemical symbois (1 card).

4. Discussion of Sample Prcdictions

To examine the general capabilities of CHARIAL, fifteen test cases,
prescribed by ilASA Lengley, involving the mixing and combustion of a
hydrogen jet with various coaxial gas streams have been computed. The
computer outputs of these runs have been forwarded sepecrately to the con-
tracting agency. In this section we examine various features of the num-
erical predictions, the main attention being given to test cases 1 and 4,
for which the prescribed initial profiles of velocity and temperature are
given in Table 2.

Jet velocity and temperature profiles for Case 1 at four downstream
stations are shovn in Figures 3 and 4. The wake region of the profile
arises from the wall boundarv layers that are present on wall of the
hydrogen pipe. As the shear flow develops downstream the jet spreads and
the velocity level falls. MNotice that the jet region is still present at
x/D = 50*%, From the temperature profiles shown in Figure 4 the region of

* In this case there is a siight momentum deficit in the shear flow so,
far enough downstream, the velocity within the shear flow would be ,
everywhere less than the free stream velocity.
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combustion is clearly cvident thrcugh the sharp peak'in tte temperature
Tevel. It is scen that the naximum temperature remairs virtually constant
as the shcar flcw ceveicps downstream.

The decay of mas: fraction m, 'is shown in Figure 5. Comparison is .

H
: 2 . .
dravn between predictions for Case 1 and Case 3 in which initial conditions
are similar to Case 1 except that the surrounding gas is nitrogen (which

is non-reacting) rather than air. Also shown is a prediction from reference
[2] obtained, with the same model of turbulence as that used here, for a
non-reacting. hydrogen air jet with velocity ratio similar to Case 1 but
where the total temperature of the external stream was only 300°K; the
density of the air is thus approximately 3 times that for Case 1. (The
prediction from [2] was in satisfactory agreement with the experimental

data of Eggers [7], which for clarity are omitted from Figure 5). Clearly,
because of the smaller density of the external stream, the rate of dilution
of the hydrogen jet is appreciably slower for the present test cases than

in the reference (2] computation. The decay rate is seen to be faster for
the hydrogen/nitrogen mixing than for the hydrogen/air jet. This behavior
is attributable to the fact ‘that combustion does not take place in Case 3,
hence temperatures within the jet are lower and density correspondingly
higher (if reaction is suppressed in test Case. 1 the rate of decay of My

is nearly identical with that of Case 3).

Distributions of some of the important dependent variables affecting
the flow development are shown in Figures 6-9. The station selected is 20
jet diameters downstream from the exit (through the profile shapes vary-only
slightly with streamwise position). It is seen from Figure 6 that the tur-
bulence ‘energy k reaches its maximum value at the axis. This is generally
a feature -of axisymmetric jets and is in contrast with the behavior of ’
plane jets where the peak energy level occurs near the position of maxi-
mum shear stress. (Tne different behavior is attributable to the more.
rapid axial decay that occurs in the round jet). Profiles of mean and mean-
cquare~fluctuation levels of hydrogen element are shown in Figure 7. It is,
noted that the rapid decrease in the level of fluctuations.in the outer
part of the.jet is the reason that the f, Tine in Figure 10 lies much

closer than does f to the stoichiometric line.

The calculated distributions of radicals and atomic species are shown
in Figure 9. Their level is very sensitive to temperature and this is why
a logarithmic scale is adopted for the ordinate. The peak-calculated con-
centration 2f OH is approximately 1% by mass, about ten times as large as
the maximum mass fractions of O and H. The corresponding distributions of
molecular concentrations (HZ’ Nz,‘O2 and HZO) are shown in Figure 10. The

figure includes predictions for "case 8" as well as Case 1. Initial condi-
tions for the former differ from Case-1 principally through the presence of
appreciable water vapor in the external stream. It is seen that, as a
result, the level of H20 is higher throughout the jet than in Case 1 and

22



the level of Hy and O, correspondingly lower. The hydrogen profiles for
the two cases are virtually identical. .

Turning row to the confined flows, it must be said at the outset
that, for the conditions prescribed in the test cases, the rate of spread
of the jet was so slow that in no case do the predictions show the jet

" having reached the pipe wall by the downstream end of the field of compu-

(82 ]

“tation. There are, nevertheless some effects of the flow confinement

thcugh these are mainly seen in the velocity development (Figure 5 ‘shows
that the centreline mass fraction of H2 is only slightly diminished by the

presence of the pipe wa]]) Because the flow is supersonic, the exothermic
reaction leads to a rise in static pressure with distance along the duct.
This adverse pressure gradient causes a reduction in the level of velocity
as the jet develops along the duct; velocity ty profiles at three stations are
shown in Figure 3. The variation of centre line velocity with x is shown
in Figure 11 for four test cases. MNote that, for Case 6 in which confined
streams of hydrogen and nitrogen mix without chemical reaction, the varia-
tion of U 1is virtually identical with the corresponding unconfined flow,
Case 3. ° '

To convey an impression of the capubilities of CHARLAL for predicting
both free. and wall flows, Figure 12 shows predictions obtained for the mix-
ing of subsonic H,/air streams. In order to achieve a faster rate of
spread than in any of the prescribed test cases the initial core jet vel-
ocity is set to five times that of the surrounding stream; moreover the
diameter of the confining pipe has been reduced to 49mm. Figure 12 shows
the development of the velocity and temperature profiles along the duct.
The jet .reaches the pipe wall about 33 jet dianeters from the start and
by 40 diameters downstream the ve1oc1ty profile looks generally like that
found in pipe flow. By 75 diamecters combustion is virtually complete arid
the temperature is uniform except-in the vicinity of the wall,

Suggestions for Further Extensions and Refinements.of CHARHAL

CHARNAL provides numerical predictions of how combustion will proceed
in reacting hydrogen jets. It ought to be emphasized, however, that this
behavier will not necessarily coincide - nor, sometimes, even approx1mate
to - the actual development of the flow. Validation and comparison of
the predicted behavior with available experimental data ought therefore
to precede any use of the program for detailed design calculations. With-
out in any way preempting the outcome of such a series of comparisons, it
may be helpful to indicate briefly some areas where improvements to the
present version could be made. These are outlined briefly below.

(i) Combustion model

llhile the equilibrium combustion niodel embodied in CHARMNAL may
be adequate in high temperature flows, it evidently leads to unrealistically
fast rates of combustion at low temperatures. The argument in favor of
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assuming chemical equilibrium is that the chemical constituents may then be
determined from solution of algebraic rather than/differential equations
with corresponding savirgs in ceoiputer time.: The savings however are rela-
tively modest because the aigebraic set of equations are significantly non-
linear and require iteration at each node to so1ve

A further important point is that only with a differential, react1on
scheme can one take proper account of the role of /Species fluctuations on
the progress of the chemical reaction. It is thus recommended that in the
future CHARNAL be extended to include a finite-rate reaction model. At the
same time consideration should be given to the inclusion of a more elabo-

rate reaction model than that implied by equat1ons (2.3-1 - 2.3-4). \

Turn1ng now to the turbulence-model, it must be sa1d that there are a !
number of areas of uncertainty. The Proceedings of the Langley Conference
on Free, Shear Flows (of which reference ‘[2] forms a small part) suggests ‘
that the Mach number of the fluid may exert an influence on the shear fiow '
<‘deve10pment -at any rate for flows, such as the mixing layer, where turbulence
levels are high. It is also known (sece Reference [2]), that the quantity

Cu’ although assumed constant in the present work, increases appreciably

when the average Tevel of turbulence energy production at any station be-
comes small compared with the dissipation rate. HMNow it happens that in
many of the test cases examined by CHARNAL the momentum excess due to the
hydrogen jet moving faster than the external stream:is just about balanced
by the momentum deficient of the boundary layers on the nozzle walls.

This situation leads to a rapid decrease in rate of energy production with
X.

If these circumstances are the ones that prevail in the majority of
tests to which CHARMAL is to be put it would therefore be desirable to
replace the present constant ¢, by the elaborate dependency on energy
production: dissipatidn rates presented in [2] (associated with the model
designated ke2 in that reference). Such a change would produce a somewhat
faster rate of spread of the jet than does the present model from about
15 diameters downstream of the jet exit to the point at which the jet
reaches the pipe wall (if present) There is in addition the possibility
that combustion will affect in some way the turbulence transport. There
seems no conclusive evidence on this point yet but this perhaps mainly
reflects the lack of suffic¢iently well documented experimental data.

A separate, albeit related, point to those discussed in the above
paragraphs is the importance of accurate upstream profiles. An ab1d1ng
feature of weak shear flows such as those tested by CHARNAL is their in-
ability to 'forget' the nature of their origin. For example the far field
behavior of axisymmetric wakes depends crucially on the shape of the wake-
generating object. It follows, therefore, that in order to obtain reliable
predictions of the present hydrogen/air jets it is necessary that the up-
stream values of the mean velocity and turbulence quantities be known
accurately.  Fcwcver, no informaticn was provided «n ihe profiles cf
turbulence quantities and sc "best estimates" had to be made estimates,
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ver, that may give the wrong levels of k or ¢ by a factor of two or
e. It would certainly be helpful in clarifying the degree of realism

provided by the present mcdel of turbulence if a few more experiments could
be performed for conditions.similar to those examined by Eggers [7] in
which especial attention was given to a full documentation of the upstream
flow conditions.

References
1. S. V. Patankar and D.-B. Spalding, 'Heat and Mass Transfer in Boundary

Layers' 2nd Edition, Intertext, 1970.

2. B. E. Launder, A. Norse, D. B. Spalding and Y. Rodi, 'Prediction of
Free Shear Flows - A comparison of the performance of six turbulence
models' Proceedings of Free Shear Flows Conference, 1972 NASA SP 321.

3. B. E. Launder and D. B. Spalding, 'Thrbulehce models and their appli-
cation to the prediction of. 1nterna1 flow' Heat and Fluid Flow 2,
1972. :

4. J. C. Rotta;, 'Turbulent boundary layers in incompressible flow' in
Progress in Aeronautical Sciences, Vol. 2, (ed A. Ferri, D. Kuchemann
and L. H. G. Sterne) Macmillan; 1962.

5. B. McBride, 'Thermodynamic properties to 6000°K for 210 substances
involving the first 18-e1ements' HASA SP-3001, 1963.

6. D. B. Spalding, 'Concpntrat1on f1uctuat1ons in a round jet', J. Chem.
Eng. Sci. 26, 95,1971,

7. J. M. Eggers, 'Turbulence mixing of coaxial compressible hydrogen-
air jets, MASA TN D-G487, 1971.

Nomenclature
Cu, Cy» c2, Cg]’ ng constant coeff1c1ents appearing ;in turbulence
. model.
Ebj mean specific heat of species j.
Dj diameter of jet nozzle.
f mass fractfon of elemental hydrogen.
g mezan square fluctuations in f.

h

enthalpy.
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>

h ' stagnation enthalpy.

Ah ‘ difference between enthaipy.of spécies at
298.15° and 0°K. '

ahf ‘ heat of formation of species 5.

k kinetic energy of turbulence.

%, dissipation length scale k3/?Q

2 : | ' mixing.lgngth.

ms | ﬁéss fraction of speciés j.

p static pressure.

r radius (measured from axis of jet).
R | o radius of pipe.ené1osfng Jets.

T temperature. - -
u local streamwise'veTocity.

'UV Tocal turbujent'shear stress.

v o velocity normal to axis of jet. .
\dj molecular weight of species j.

26

distance along center axis
mass fraction of elemental oxygen.

Va1 sz effective widths of shear flow, see Figure 2.

r effective turbu]enf flow transport coefficient
(subscript denotes diffused quantity).

€ rate of turbulence energy dissipation.

e . turbulent viscosity. -

0 density of mixture.



Subscripts

effective Prandtl/Schmidt (subscript denotes

diffused quantity).

any ‘of the primary dependent variables.

vstream function defined by equations (3.1-2).

“dimensionless stream funct1on defined by equat1on

(3.1-1).

conditions on the jet axis.

downstream.

external edge of shear f]pw.

vaiue of quantity at initial station.
internal edge of shear flow. |
reference value of quantity.
upstream. |

conditions prevailing beyond the outer edge

-of shear flow.
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Table 2 Initial Profiles for Cases 1 ahd 4

R/Dj Temp. Velocity % ' NassfFracﬁjéh‘
(K) (msec™) fHy | H o4 |H0 |O, |0 | N,
0 193 2am |1
046 | 193 211 1
137 | 193 | 2 - |
227 | 202 2108 1
273 | 240 2037 1
318 | 502 1200 4 1|
.363 | 694 193 ]
.409 | 1058 660 1 - .232 .768
454 | 1163 1001 232 .768
500 |- 1173 1138 .232 768
590 | 1178 1220 232 768
26 | nre | 126 | ~ 232 768
950 | 1IN 1283 232 .768
.05 | nn 1283 | 232 768
l
Free
Stream
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Figure 1. The Flow Geometry Treated by CHARNAL
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Appendix 1. Listing of Fortran Variables

Listed below are some of the most important Fortran variables used
in the computer program. To preveat an excessive list, attention has
been confined to those variables which are neither (a) self-evident in
meaning, (b) indicated by comment cards.in the program, (c) discussed
in Section 3.5 or (d) connected solely with the finite difference formu-
lation of the equations. Arrays are shown with the maximum numerlcal
values of their subscripts.

Fortran Symbol | ©° significance

AK : constant of proportionality in near-wall mixing length
formulation, o = <Y

ALMG 2 constant of proportionality in free shear layer mixing
length formulation, ¢ m = Wee

AMACH ¢ Mach number, u/('\fRT)L5

CEl ‘} : constants in the d1ss1pat10n rate equat1on

CE2 |

CFA ¢ conversion factor from oalories/gram. mole to
Jou]es/kg - -

CFAC e pressure x molecular wcwght of m1xture

CG1 : constants in meen square concentration fluctuations

CG2 - equation. _

CLINE - ¢ local centreline mass fract1on of molecular
hydrogen = initial value.

Clu . : - constant in Prandtl-Kolmogorov viscosity formulation

N oup = Cok?/e

CONST : constant of proportionality, ~ g= (= Cu%) |

CPBAR (7,60) : mean specific heats of chemical species at intervals
of 100°K.

cPMN (10) : mean specific heats of chemical species at upstream
temperatures. J

" CSALFA : cosine of angle of inclination of streamlines to

axis of symmetry.
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Fortran Symboi
DPDX

‘DUDY (40)

DX

DXLI

‘DYHA
DDYHA.

EMUL (20)
EiUT (40)

ENTH (40)
F (10,40)
FAT

FRA

FS (10,40)
FSTOICH
GAH (40)

Significance

axial pressure gradient, dp/ax
mean velocity gradient, au/dy
forwa?d step size

1imit of entrainment rates (bound to size of forward
stap). o :

growth parameter of jet, dyi g/dx (see also YHA)

.4 (qu

Taminar viscosity, u

turbulent viscosity, ur

static enthalpy, n

dependent variables (see Chapter 2 of HAIN)
constant for determination of free-stream
turbulent kinetic energy and profile of mean
sqeare concentroticn fluctuations

constant of proportionality in avfree shear layer
dissipation length scale formulation, RN

. 15_
location where f-g* = fstoich

Tocation Wwhere f'+gL5 = fstoich

location where f = fstoich

constant of proportionality between forward step size
and width of shear layer

auxiliary variables (see Chanter 2 of [1AIN)
stoichiometric fuel composition

effective diffusion coefficient



Fortran Symbols

GAIMA
GASCON
HO (10)

IAX
IEND -

INDE (10)
INDI (10)
IPD

IPROF
ISTAR (40)

ISTEP
Ji

J2
KRAD

M)

HPY
0FAC

0M (40)
P (40)
PEI

Significance

ratio of principal specific heats, Cp/Cv
universal gas constant

the quantities she ogq 157k~ (N29g, 150 Mook
(see Section 3.3-4)

axial step number corresponding to end of potential

core region

axial step corresponding to point where jet edge reaches
duct wall

indices denoting nature of boundéfy conditions
= 1 (¢ stated), = 2\(gradientq¢ stated)

turbulence model parameter; = 3 (use of plane flow
constants), = 1 or 2 [see Launder et al (2)]

profile index; = 1 (normalized values), = 2 (full
dimensional values)

nunber of nterat1on cyc]es allowed for convergence at

each node

axial'step number
“Jccies with léréest concentration in equation (3;3-]6)
épecies with largest concentration in equatioh (3.3-17)
flow geometry index; = .

1 (plane), = 2 (asixymmetric)

}number of gfid nodes, n

n-1

n+i

ratio of oxygen element/nitrogen in outer stream
non-dimensional stream function

static pressure

change in stream function across flow, Ve - Vg
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Fortran Symbols
PR (10) '
PRDRP

PRT (10)
PSIE
PSII
PSIR

QE

R (40)

RC (5,60)

RCON (10)
REXD

RFLOY
RJE (10)
RJII (10)

RJTE (10)
RJITI (10)
RME

RMI
ROUBAR

RTW (40)

Significance

: ‘molzcilar Prandtl/Schmidt numbers

pressure'drop,'p{ - p

turbd]ent'brandtl/Schmiﬂt numbers,
value of stream function at external boundary y¢

value of stream function at internal boundary yp

: “value of stream function at duct wall v

: -wq]] hieat transfer rate

distance from axis of symmetry (=_rI +y COS a)

chemical equilibrium constants for each reaction at
intervals of 100°K

[N.B. RC (5,I) contains constants for the global
reaction, H2 + 340, = H20]

chemical equilibriumn constants at upstream conditions

H
‘dimensionless excess radius in pressure gradient

formulation for confined flows
flow radius (see REXD)
diffusive flux at external boundary

diffusive flux at internal boundary

tetal flux (convective and diffusive) at external boundary
total flux (convective & diffusive) at internal boundary

mass entrainment rate (radius mass flow rate)

mass entrainment rate (radius mass flow rate)
at internal boundary

mass flux for confined flows ( = mass flow fate/
X-sectional area.of duct)

turbulence frequency (dissipation rate/turbulent
kinetic erergy), e/k



Fortran Symbols

SCH (40)
sD (40)
Su (40)
TAUE

TBAR
“TLINE

UBAR

UEIN
ULIME
ULIHI
ULINE

VHIX

My (10)
X

XAX

XD

Xu

XuoD

Y (40)
YHA

Translation
Prandtl/Schmidt number array for near-wall flows
storaga location for "downstream" source terms
'storaéé Tocation for "upstream" source terms

shear stress at wall

bulk temperature ( [ rUTdy / f r Udy)
duct duct

local centreline temperature/initial value

bulk velocity ( = f r U2y / [ r Udy)
duct duct
initial centreline velocity excess (q£ - um)i

1imit on entrainment at external boundary (to prevent
formation of profiles with 'long tails')

11m1t on entrainment at external boundary
(to prevent formation of 7rof11es with '1ong tails')

local centreline velocity excess (qt - u )/ (u U - w)i

reciprocal of molecular veight
molecular weight
concentration of oxygen element

Tength of potential core. (in nozzle diameters)

. . ‘ . | |
axial distance at downstream station i i

axial distance at upstream station
upstream axial distance/jet nozzle diameter
transverse distance from internal flow boundary

jet half-width, yo 5o
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PROGPAM CHARNal (TNPUT «OLTPUTy TAPESSINPUT« TAPEQ=0UTPUT)
L““”*Q"G*”Guhunﬁaﬂﬂﬂﬂaﬂ#ﬂ###vnﬂﬂﬂd#%ﬂﬁ#ﬂﬂ%%%ﬂ%ﬂﬂ#ﬂ%ﬂ#wﬁ#&ﬂ*ﬂﬂ##ﬂoﬂﬁ*%kw#

SPALLDING AND PATANKAK PASSA PROGRAMME FOR TTQUNDARY LAYER FLOWS
MODIFYED AY A. MORSE FOR PREDICTION OF CONFINED/FHEE HYDROGEN=wI®
MIXTURES FOR LANCGLEY RESEARCH CENTER. UesSeA, JUNE 1973

OOOOOO

oaé&un*%ﬂ#h*hﬂﬂt“ﬂﬂﬁﬂu#wﬂ#ﬁ#ﬂn##uu###ﬁ»%%*hn##%»#ﬂﬁ%##ﬁ&u#ﬂ&uunﬁﬁuuowﬂa

DIMEMSION THETA (40)

COMHOMN/ZGENRAL /ACCeCSALFAGDPDX2OXGENTH(40) oF (104401) sFS (10, 400 2GR,
TGAMHGGAM (2 0) e ToTFININDE (L0) o INDI(10) 9y ISTEP,IUTRAPR v ITESTyKEA«K iy
?KPAU;N’NEOval-NVI.U“(40)~0MD(QU)yBOM(QO)9KAST(10)-PEIv&SIEoPSLIv
3P (40) 4 RK{4a)IRHO(H0) sRIECID) yRIT(10) 9 FHE s RMT 4SO (40) 9SU(G0) 4y w1 (10D
AXD g RUGYL4A)IYDIF (40) s YESYIWRJUTE(L10) HRJITI(10)

COMMON/CRAD/RFLOW«READ 9yKASE

COMBQM/CUa/JUe K v JD s JHS e JAy B JTF Q\JL"' +JUVeJB

COMMAN/ZCF R /JIH2 e JN2 s JUH e JH20 4y JH, JO y IN2

COMMORN/ZCTIIRBZAK f ALMG s CMUJGWCMUIN,CE1yCE29CG1+CG2+CRIT o nunv(ao),
1DLDYSN (40 «EMUL (40) yEMUT (40) v IPD,PR(10) yPRT (1u) o RT¥ (40)

COMMOMZOUTPT/ZTIAX IE’ND’Y[I\sYUUTQYHI\leYPU\vl“DYhA’RDHCTvanKSyKr’
TKASEMOYXSTAT (20) « XPROF (20) ¢ XPLCT (20) 4+ PRESS

COMMON/CWWFZYR(2) g TRUF (2)Y sEWALL o H

POMMONZTPLOTB/XTAX IS RTPLOT (60) 9 YTAKES (10} s YTPLOT {10940,

TYTMAY (10) YTSYMR(10) «0UT (40) 9 IPROF

COMIIOM/CPROP/ZI0O2INZ, IH?OuOFAC,PH.NS,UOOouROyNSOywTUvG“SCONvuA1"

Cﬂ#%ﬂ'%ﬂ'“uﬂﬂ»1)“’5&%1}4)#*4!“##“%'lr%)’ﬂ'H"H'ﬂ“0%\3ﬂ"?%%45\ril’(fi#‘"%#il\i‘fﬂs?\?(I’Q'C){)ir(iﬂ“ﬂﬂ'#ﬂil#(}\)4}\) 114
CHAPTFR 1
CHeaueP LRANFTERSG ANO COGNTROL INDICES
READISY1150) KASFNQyNsNEQeKASE JNSTAT HiPROFyNPLOT ¢ IPD oK1 gKERy KUNF |
INGIOP W IN2,THZD (NIRANS « TUNF
REANDISSILS2) Xijo KULAST 4 YINSYOUT s RDUCT +PRESS s TALUIN
IF(IUNFeEN.U) HEAD(H501) YWl,UWl,IWl
IF(RASEEN.E) RrAD(byJOO) TOUCT
PRESS=PREQSHY ,F+ 05
XU=AiisYOUt
AULAST=AULLAST#YQUT
YIN=YIN#YAT _
DPPDX=tre -
READ{Ss1152) (XSTAT(1)eI=lsNSTAT)
RFAD (S5 1152) (XPROF (1) s I=1yNPROF)
READ(591152) (XPLOT(I)I=1yNPLOT) ,
PROF(NPRnF*1>_XSTAT(NSTAT¢1)aXPLOT(NPL0T+1)-1 E+30 o
CALL |TRIDO
IAX—10unon
TFND=100000
FF(KEXLEQ_1) TEND=Q
LASTERP=20n00
IPROF =2
=l
KSs=1
kT=)
LI =e 0]
ULTIHE=e01
DXLIM=0Y%
CFfA= nY
rPFA=,P5
C waalARGFR FORWARD STEP FOR TEST CASE NO,16 TO COVER LONGER DISTANCE
JF(KASENO EQs16) FRA=.125 ;
4



DO 14 Jd= 1 NEQ
B PA THDE(J>"1

INDE(}A)-

IPUF(I)-IRUF())—.

IVCF=2
C“a”¢gu"g«”“u»“u#u»uuuuun«u#uﬁu#uu«»n#wwau»uu*uwu*n%u#aoqwﬁua»»*#uﬁu#“«w
CH:\PTFR 2 -

CuvuudSELECTION OF DEPENDENMT VARIARLES
DATA JU7JR1JU-JH51JA9JGoJTEvJLEvJUV9JU(J!2'3041506v7!899t10/

FiJUsT)e,, s ARTAL VELOCTITY

FIJKGT) oo, JRIMETIC ENERGY OF TURBULENC&

FUJIDGT) ey, DISSIFATIAN RATE

F(JHSeI) ¢, o STAGNATION ENTHALPY )

FIJALT) ae. M55 FRACTION OF HYCROGnN SPECIES (H2,HsH20s0H)
FIJGyI) oo MEAM SOUARE CONCENTRATION FLUCTUATIONS (OF H ELEMENT)
FIJTF+1) ., AHSOLUTE TEMPFRATURE _ '
FUJLFoI) o, oDISSIPATION LENGTH SCALE.

FJUVsI) ., JHEYNOLNS STRESS CORRELATION (UV)

F(IBgI)e,. MASS FRACTION OF SPELIES B8

: au»AuxILIAHY VAHIABLFS

FS(JHP29 1), CONCENTRATION OF H2
FS(Jrel),, JCONCENTRATION OF H
FS(JoHel) , ,CONCENTRATION OF 0Oht
FS(JH20,1) ,CONCENTRATION OF H2Q
-FS(Jn291y, . .COMNCENTRATIQON OF 02
FS(Jael) o, COMCENTRATION GF 0O
FS¢JINPa1), ,COUCENTRATION QOF N2

OOOOQQDOOOOOC’)OOOOOOOOO_

DATA JUH24J029J0HsJRZ20sJHeJO 3 JN2/1929394954647/
##4OLECULAR WEIGHTS (AND THEIR RATIOS) .
CODATA (WH(J)9Jdm1,7)/2.016432.0517, Ood 18,01641.008y16, 0928 016/
WhQ=WM(JO) /WM JOH) )
wTQ=1.-~WRn
WRQ=H(JO) /WM (JH20)
MEO=) W =¥So
(47 8 48 3 3542 9 45 45 48 48 55 S0 45 81 41 €440 3 31 30 46 40 3145 48 8 31 40 48 48 40 S5 b 41 31 38 45 41 30 84 45 7 46 b 4 39 42 V8 31 48 41 30 48 32 4 57 41 48 16 42 48 0 45 48 32 41 40 1 41 57
CHAPTFR 3 . s i
C“*“*“CUNSTANTS
€ #usMATEPRTAL rONSTANTS (Sels UNITS)
GASCON=H314, )
. GAMMA=L . 4
C @uRCHEMICAL FQULIHRIUM CONSTANTS AND ENTHALPIFS
' CALL LANGL1
c ﬁaﬂTHRHnLENcF CONSTANTS _ _
/\K—-A} ’ o
ALMO=,1]
chuyln=+09
CONST=1. /cQHT(CMUIN)
chysCcMUIN
CFl=1.43
rFP=).92
C(,31=?0}’
CGR=p, 0 ' ’
€ waasPECIFICATION OF PRANDTL/SCHMIDT NUMHERS
PRT(JUI =1,

(@]
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401

PRT (UK) =
PHT(Jﬁ):
PRT (JHS)
PRT (JAY=,7
PRT (yR)=,7
PRT(JGI=,7
DO 40) J=1,NEQ
PR(J)=1.0
FAl=4.E=Dg
FAa2=,875
rwALL=9.

.9
rHIT:O.

1,0
1.3
=7

C00&##ﬂ##%%““*bﬁQ“*#ﬁ*u%*“%ﬂﬂﬂ%“%““#%ﬂ##ﬁﬂ”#ﬂ#ﬂ“#*ﬁ##ﬂ“&ﬂﬂ%#“##“&

CHAPTER 4
co»auucpgc1FICA7x0N OF GEOMETRY

40

182

1A3
200

KRAD=?

CSALFa=1,

R{1)=YIN

READ(59500) (Y(I)sI=1sNP))
00 4p l=1.NP1

Ib(IuNF Fao.ll v(Ii=el¥Y(1)

YD) eY(lyaYQuUT=YIN
IF(KFAV.ER.2) GO TO 183
R(I)=1s

a0 To 161

DO 200 1=1,NPL
R(I)—p(l)§Y(I)ﬂCCAL}A

C*Q*“#*ﬂﬂ##%“####0“%%“#%“%#“QQ#9###%#####9“““0##0“9»%*&0“ﬂ#“###“#

CHAPTER 5
CauunddINITIAL CANDITIONS

181
450

nNn 450 I= lcNPI
P(1)=PRESS
IF(IiNF.gn.l) GO To 723

C  ##%ucONTINUOUS PROFILES

ywl=ywityoguT
Yw1=yml-YIN
twl=s(wWlaeyN
[W2=1Wle]

READ (B950n) (F(Jlsl)el=lenPPl)

READ(59500) (F(JTE,1)eI=1wNP])

READ(53500) (FS(JH291) ,I=1sNPY) ‘
IF(Io2.EQ, 1) READ(S9500) (FS(JO2.I)s1=14sNP1)
TF(IN?EQ, 1) KEAN(59500) (FS(JN2,41)4sI=1,NPY)
TR (IH204En L) READ(54500)
S C #u8MASS FRACTION oFf HYDROGEN ELEMENT

DO 1ns [=1.0P1

{(FS({JH2091) 1= 1 NPL)

105 F(JA,T)aFQ(JH2,T) «FS(JHyT) +HQO#FS (JH209 1) «HTOUFS (JOH I)
C ##eRATIO UF AXYGEN ELEMENT TU NITROGEN IN QUTER STREAM
NFAC=FS (JR29NP1) +WSO4FS (JH204NP1)
 OFAC=0FAC/ (OFACFS(JIN2,NPL))
c nnaanVFQSION OF INITIAL PROFILES

45

C  ##eTURBUILLENT KINrTIC tNFRGIFs Ry MIXING LENGFH HYPOTHPoIS

Do 45 I=]1,NP1
[V IUN T)aF(JU.j)”UIN
FIJTE <L) =F (JTE TV H#TA

DD 1npRY [=2+H
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DUDY T)=(F{JUs 41} =F(JUe =103 /0YTL+]) =Y (]~ ia»
10Ra DUDY (T =DNDY (1) #0u0Y (1)
o DHDY (1) EnpDY (P =0,
C #w#uDEFINE CHARACTERISTIC SHEAR LAYER WIDTHS
’ HREF= ,74F 1 JUe 1y 4. 10Unl
DO 1pe2 I=1eNP]
IF(FIJUsT) LTLUREF) 60 TO 1063
1062 cONTHUE
1063 Ywpay (I=1)+(Y(I)=Y(I=1))# (UREF= F(JU.I l))/(F(Ju,I)-r(JU.I -11)
YW2=yuWl=Yuy2 .
YW2sALMGeyW2
JF(KASEMNO EWe)l6) GO TO 8702
HREF .o Lerni 1+ e Q4F (JUyNPL)
DO 1pAé I=IW1sNP)
CJF(F (JUT) oGTWUREF) GO TO 1065
10A4 CONTTHUE
1065 YWw3=y(l=1)+(Y(I)mY(I= l))"(URFF-F(JUvI 1))/(F(JU;I)-F(JU I=1))
Yw3syiW3eywl
. Yw3=p | MGyl
B702 TF(KASENQ _EQ.1h) Yw3=YW2
Do lekd T=slylul
1064 F(JK.7)=CcNST“Yw2“YW2*DUDY(I)
DO 1oaT I=IWZeNPI A
1067 F(JK,I)=CaNSTH#Yy3IayW3atnudY (1)
DO load T=1ehP]
COCARMIN=FAL#F (JUa 1) #F (JUs 1)
1068 F(JK¢T)I=AMAAL(F (UK, 1) s AKMIN)
C ###DISSIPATIAN RATES
YU2sYUAZALMGSHFAD
Yul3=yWI/ALMGHFAD
DO 10cY 121,141
1069 F(JUDLT)=FJRy 1) #SORT(F(JKeT))/YW2
DO 1p70 T=IW2.NP}]
1N7A F{uD, 1) =sF IRy 1) uSGRT (F(JKs 1)) /YW3
' ng To 417
723 CONTIMNUE
C #uagTEP PROFTLES
READ(S2500) DIsUEWTISTEVOREyANZ2EZH20E
MP1Dp=viPY s2
C “““CONQT“UCT LINEar VELOCITY PROFILE
Do 11 I=1.nPL
YRAT=Y{L) /Y (NP])
FLJia T2 =UT«YrRAT# (UFE=1J1)
TF(I. AT NPIDZ) GG TO 454
F (JTFQ 1) =TI
FS(Jti?syIy=1.
Fe(dePe1)=0.
FS (\J“?' I) =)o
FS{JrHPU 1) =0
_ 60 Tn 11
454 F{JTEy D) =TE
FS(\JH?'I):O'
FS(Jdo2sl)y=0cE
FQ(JUN2y L) =AFIPE
FS(JH204+1)=H20E
11 FJIANGI)BFS(JHZ,T) +FS(JHe T) «MQORES (JHDO09 1) «NTO#FS (JONy I)
GFACSFS{JA2 NP 1) +WSOBF S (JH20yNP L)
OFAC=0FAC/ (OFACFS(JN29NP L))
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ALNTH=RUy {NP1)
HGRRAD=(UE=YL) /Y (MP1)
UGRANeUGRADFALMGH#ALNTH
~ UGRAN=CONg TH#UGRAD#UGRAD
C ##eTURBULENT KINETIC ENERGIES
DO 412 I=2.N
472 F(JK,1)=usRAD A _
DO 473 I=1,NPL . IR to i
AKMIN=FAL&#F (JU,T)#F (JUyI) ‘ ' i S
473 TF(F(JKsT) JLTLAKMINY F (JKe D) =ARKMIN o
ALNTH=FA22ALNTH ' o T
C ###DISSIPATINN RATES L
DO 474 I=1,NP1 o L
475 F(JID, 1) aF K, I)%SDRT(F(JKyI))/ALNTH ’
c #*“STAGNATION ENTHALPIES
417 DO 40 I=1 NP1
cALL LANGL?2
49 F(JHGy ) =ENTHII) +,5%F (JU, 1)»*2+F<JK,I)
C - ###MEAN SWUARE CUNCENTRATION FLUCTUATIONS (OF H ELEMENT)
Do 12 I=1,nPl
12 F(JG, I)-FAl”F(JA;I)*F(JA I
C»##ﬂa»»w#"u”ku#»nvwaauau#»#aﬂ#»#o##»#u*##»u##«w##au&#quauaaauo%#anow«uw

CHAPTFR 6
ConupuamMEGA DISTRIBUTION
DO 5. I=1 NP1
VMIX=e
DO 107 J=1NS
107 VMIX=VMIXLFS(JeT) Zwh(d)
RHO(T)SP (1) /6GASCON/VIATIX/F (UTENI)
Sh THETA (D) =RHO(T)#F (JULIY#R(T)
Do 505 I=2,NP1
ZETAz O (THETA (1) +THETA(I=1) ) #(Y(I) =Y (I=1))
505 oM(I)=UM(1~1)+Z2FTA
PSIT=RHO (1) #F (Ju, 1) #YIN
TF (KRAD.gno2) PSII=,S#PSTI#YIN
PSIE=0M(NPL)+PSII
PFI=oM (NP1}
D0 5nA Iz NP1
506 OM(I)=0M(1)/PE]
aALL STRIDI
C##ﬂ*#Q###u#“##“%#““ﬂ#ﬂ###n#%#n“###%#%#ﬂ%#%“#%##ﬂQ#u#&*%#%%&##%%#%#ﬁ#%ﬂﬁ

CHAPTER 7
cuuuu#THEanDYNAMIC AND TURBULENCE PROPERTIES {START OF MAIN LOOP),
100 ~ONTINUE , :
TFLIGTLEP ,cE.IAX) KIN=3
_ IF(LSTEP,rECIFEND) KEX=1
C u##sLIMITS ON SPEGCIES MASS FRACTION
FaMmlital,g=39
FaMax=1l.
DO 455 I=1,nNP1
FiJALT)YSAMINI(F (JAyI) 9 FAMAX)
655 F(JA,T)=AVAXL(F (JA,1) s FAMIN)
¢ #we IMITS ON TURR(ULFNCE PROPERTIES
FoMItel.F=30
FKMIt=l.F=3U
DO 600 I=1,IP1
FUJG, TIRAMAXL(F (JGyI) o FGMIN)
FEMAX=F (Jiy 1) #F (JUL T)
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FJK g TY=ANMINL(F (JKy 1) o FKMAK)
F(JKT)=AMAKL (F(JKyI) 9 FKMIN)
) FnMInaf(Jv,l)asawT(FcJK,I))/YCNPI)
&00 F(JD.I)~A#AX1(F(JO,I)vFDMIN) ‘
NP=DPNX#NX
IF(IcTtP.eu.O) G0 TO 425
C «#slLOCAL MAss FRACTIONS
. _GALL LANGL3
C u#e0CAL PRESSURES AND TEMPERATURES °
DO 601 I=1,nNP1
P(I);D(I)fDP )
601 ENTH(T)SF(JHSI) = 5%F (JUs 1) #42=F (JK9 ])
 CALL LANGL% -
DO 602 I=1,NP]
TF{F(JTEsT)«GT.0.) GO TO 1083
WRITFE (692702) F(JTEsI)»IISTEP
TFINz1
103 VHMIX=0e :
: NO 109 J=1yNS
109 VMIX=VMIXGFS(Jy ) 7uM(J)
~05 RHO(T)I=P(T)/GASCON/VMIX/F(JTEY D)
425 CONTINUE
IF (IFTN.EQ.1) GO To 117

C“#““Q#()#QQG*‘H}Q#”*“Qﬂ00#00“0“%9“““%“9#““’““#“#Q#O““*QQ%Q“““““QGG###000#(&

CHARTFR B
cuuaaarnAquuur PROPERTIES. PRESSURE GRADIENT AND FORNARD STEP
IF(KIMNeHNE, R2) 60 TO 522
IF(KRAUGER.2) GO TQ S2l
YIN=RSLI/ZRHO (1) #F (JUsl))
an To 5"2
521 YIN=QORT (ABS (2, “PSII/(RHO(I)“F(JUol))))
R(1)=YIM
C a#8SPREANDING RATE
522 CONTINUE
CALL YINT?.5eYHAJU) .
IF(ISTEP,FQe.0) GO TO 239
DYHA= (YHA=YHALS) / (AU=PXU)
onyHA_(nYHA-DYHAV)/DYHA
239 YHALS=YhA
DYHAV=DYHR .
PXU=X1I :
‘238 cALL STRINZ ’
IF(ISTEP,NE.O) 6C TO 1370
TF(KASE.NF.2) GO T0o 1370
C #woSTREAM FUNCTIUN AT DUCT WALL
PRIR=PSTEL S#RHO (NP1 #F (JUSNPL) # (ROUCT#4 2= R(Npl)““Z)
_ ROUBARZZ 4PSIR/RDUCT##2
137n IF(ch-FQ,l) KONF In=1
GO0 T (71.72).KOI\!F[N
71 TF(ISTEP,FQ.IEND) RDUCT=R(NP])
IF(IVCF.En,2) GO To 1338
#8PASSA VERQION oF PRESSUKRE GRADIENT FOR CONFINED FLows
v#oCALCULATIAN OF PRESSURE ADJUSTMENT
wme VRS TN urTH GRID FILLING THE DUCT
YF(I'Tt“.ru.u) Ge 10 12
ADBUCT =54 RDUCTORDUCT=R (LY #R(1)Y)
»FLow=-soIR(NP1)uN(NPI)-Q<1)oR(1))
PSINIF=PEL

(2 XeXe]
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73

ROBAR=PSTIDIF/ADUCT

”F‘AH:(I-

00 73 1= 2N

1IBAR= HUAn..b"noM(I)#F(JU.I)

RNBAR=ROURAR/VRAR

NUIDP==14/ (ROUBAR+ (RJE (JUY =RJT (JU) ) #DX/ADUCT J/UBAR)
HDRODPERAIBAR/GAMMA/PRESS

DROU=ROUBAR* (AFLOW/ADUCT~1,)

NP=DRNU/ (ROBAR#DIIDP +UDRONP)

HFAC=NP#D|IDP /LIBAR+1 .

C @##6aDJUSTMENT OF VELOCITY, PRESSURE AND DENSITY

7 lq,

D0 74 I=1,NP1
F(JUQI)-F(JUOI)“UFAC
p‘I)nD‘I)‘DP
RHO(T)—RHO(I)“(1.*GAHMA“DP/P(I))
DPNX=NPDX.LDP/DX ’

C. #ReRECALCULATION OF DISTANCES

cALL STRID2-
a0 To 12

C «*berNMIx VERSION nF PRESSURE GRADIENT FOR CONFINtD rLONb

13318

1344

9719

qToup TBAR

ThAREno

HBAH=N .

DO 1340 I=29N

TRARZTBAR, JO#BAM(T) #F (JTFEW 1)

UHARZUBAR S ¢ SHHRAM (T ) #F (JU 1)

IF(ISTEP ,rE«IEND) RFLOW=SRQ(WNP])

TF(ISTEP . cE-TFND) GO To 9719
THAR-(PSIrﬁF(JTF,l)+PFI“THAR+(PSIR PSIE)#F(JTESNPL1))/PSIR
HHAR—(PS]yﬂF(JU.l)+PFI%UQAR+(PSIR-PSI;)#F(JU:NPI))/PSIR
TF(ISTEP,FQeN) GO TO 72

DP==p0UBARMUBAR® (1 ,,=STORE/THARY

RFLOW=SQRT (R(MPl)y#u#24+2 4 (PSIR= PSIE)/(RHO(NPI)*F(JU NPI)))
CONTINUE

TF(IsTEP, GEIEND) DPa~ROUBAR#URAR#(1,=~STORE/TBAR)
Rrxu=(HFan-RnucT)/RDUnT

DP=DP=AFA#ROUBAR®UBARH®REXD

IF(ISTEP,~T«IEND) DP=DP= ?.*RJE(JU)/R(NPI)“*Z“DX
DP=NpP/{1,=-ROUBAR#UBAR/P (1))

NDPOX=DP/DX

C ##8FORWARD STEP

72

DX=FPA%Y (NP1)

IF(IUNF.En L) DX=FRA#R (NP1)

IF{ISTEP LT eH0) DX= DX”FIOAT(IthP¢1)/bO.

TF(ISTEP ,GE«TEND ANDJISTEPLLELIEND+9) DX=,1#DX#FLOAT(ISTEP=IEND+1)
1F (ARS(REXD) «6T,,005) DX=DX#,005/ABS (REXD). o
NX=AMINI (DX9» XULAST=~XU) .

XD-XU+UX

CHAPTFR 9
ruaaunADJUCTNENT OF ROUNDARY CONDITIONS
C w#sfFREE ROUNDARY VALUES ADJUSTED IN STRIDE (3)

95

TF(KIN.EO 2) GO 70 9%

RHI=R,

TF(KRPAUER.2) R(l)=0.

YIN=0,

PSII=ne

IF(KEXeNE, 1} Gn TO 196
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F(JU,NP1y=0.

RJE(Ja) =0,
FJKyNPL)=0.
FIJD,NPL) =0,
FUJG,NP)) =0,
FIJTE,NPL)=aTDUGT
T=NPY

CALL LANGL?
F(JHS.NPI)-fNFH(Rpl)

FQﬁw####9#““90###09##Qdﬁﬂou##ﬂ“#ﬂ“%###ﬁ####“#“##ﬂ“u&#ﬂ##Q**#Q»%#GOQH*”*ﬁ
CHAPTER 10
C“““#“TRAN:PORT ANO ENTRAINMENT PROP&RTIES

196 CALL AUX (yU)

IF(IGTEP  cE. IEND) RME=0,

#4w+~TRATNHENT CUNTROL

94

97

94

CHRBRESTPICT ATTEWNTION TO VELOCITY ANO TeMPERATuaE CHAVG&S

TF(KINeME 2) GO TO 94

RMI= p(3)ﬂrAM3/Y(3r

RMI=RMI/ZPRY (JA)

RAT=ARS ((F(JU2)=F (JUs 1IN/ (F(JUINPL) =F(JUs1) +]1.Em 30))
AMGHNzABS ((FAJTE2)=F (JTEs 1))/ (F (UTE NPI)-F(JTtyl)*l E=30))
RAT= AHAxl(RAT.AMGN)

CTFURAT LT ULINT) RMI=RMI#RAT/ULIMI

IF(KEX.NE,Z) Gt TN 97

RME=R (NM1)#GAMNZ (Y (NP1) =Y (NM1))

RUE=RUE/PRT (JA)

RAT=ARS( (F (JU N)—F(JUoNPl))/(F(JU.NPI)-F(JU.I)*l t-30))
A1IGH 2 AHQ((F(JIE N)=F{JTE NPl))/(F(JTE,NPl)-F(JTE 1ivl, t-30))
RAT=AMAK] TRAT 9« AMGN)

TE(RATSLT ULINE) RME=RME®RAT UL IME

1F((nile RN&)*HK LT,PEI#DXLIM) GO TQ 96
0X~DxlIHuP&I/(RMI RMF

XD=Air+11X

coNTIHUE

IF(KASE.Er.1) G0 Tn 960

IF(ISTEP (rECIENDY GO :TQ 960

##aADJUSTHENT OF FORWARD STEP FOR JET TO.REACH NDUCT wALL

TF(R(MFL) ,LT44999#RDUCT) GO TO 960
TLNU‘IbTEP¢1

XEND2XO/YnyuT

WRPITF (045n8) IFND,XEND

Qﬁo CONT THUE
#UeaADJUSTMENT OF ForWaRD 'STEP TO REACH AXIS OF SYMMETRY

IF(KINSNE _ 2) GO TO 195 :
IF(PSIL.GT,RMI#DX) GO TO 195
NX=PeTl/Rnv]

X=X+ 0OX :

TAX=ISTEPL]

XAX=XD/YOT

WRITE (69507) TAX,XAX

CQ###Q#&###0“#“ﬁﬂ““ﬁ“#QQ“Q“““QQ“QQ##Q“#QQﬁ#%*%%%#“ﬂ9%9#9“%““%9#000#%0#0ﬂ

CHAPTFR 11
CuaasenyTRT
199 TF(ISTEP ,NE«O) GO TO 193

56

cAallL nUTP)
CALL oUTP>
CAl.L OUTP3
s To 113



193 XUD=XU/Y0UT ' \
IF (XUDeLT, XSTAT(KS)) GO T©
Ks=Ks+!l
call ouTe?
321 TF(XU“-LT XPROF (KkP)) GO TO 112
KP=Kprel ‘
caLl nuUTp3
112 JF(ISTEP NESIAX.AND+ISTEP.NE,IEND) GO TO 113
117 cALL OUTPAa
CALL NDUTP3
TF(IFIN.En. 1) GO To 1001 : :
C«uun»uew-u{uuanunuhmumt«uimuanoa#»##u»o#u##»dm-#0#nwad####uﬁuﬁans&aa#u#uaum
C #UUFORMAT STATEMENTS :
500 FORMAT(TF10e3)
501 FORMATIZ2F10e3e14) : :
507 FORMAT(/1HO9#==MIXING LAYEH REGION ENDS AT ISTEP ﬂ,IS’SX;*LENGTH 0
1F POTENTIAL CORE =#3F7,24% DIAMETERS#/)
508 FORMAT(/1HNDs#=<JET REACHES DUCT WALL AT ISTEP #y15, 3X.%DOWNSTREAM
_IDISTANCE =z#sF7,2.% DIAMETERS#/)
1150 FORMAT(IBTS)
1]G9 FORMAT(1IPTELL.3)
2705 FORMAT(/1HOs%=== NEGATIVE TEMPERATURE OF“,IPEII Jetr- CALCULATEU AT
INDDE® 13,2 AT ISTEP=®,19)
(‘u{pu#s&»ﬂ(‘b“##“(“ﬂﬂ)“Q\H#Qot&“ﬂuﬂﬂﬂ(t"”kﬂ#" iH)‘c##Q#Qw##(}#%%ﬂ'%#\#ﬁ#ﬁ“ﬂ%(b%%#%##i“rw
CHALPTFR 12 . 4
C““*””FONTINUATTON/TERMINATION .
113 JF(ISTEP,cELASTEP,OR, XU GE, XULAST) GO TO 1001
cAaLL STRID3
60 To 100
1001 CONTINVE
_ SToP
END

COMPILER SPACE
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SURRNNTINE AUX () ‘
COMMON/GENRAL/ACCCSALFAVOPDXsDXENTH (40) sF (10540) vFS10040) yGAMS,

l6aaMiN, G““(uﬂ)vI.IFIN INDP(10),INUI(IU)-ISTEP,IUTRAP ITESToyKEXAyKIiiy
PKRAD NYNEQ NPT, NPI,OM(aﬂ)voMD(ho)vROM(40)vVAST(10)yPEI’PSIF~PSIL’
3P (40)Y sR(4A)IRHO (A0) 9RJIE (1 0) yRJII(10) sRME s RMI, SD(40) 9SU(40) yWH(10)
4XD, xn.Y(an)vY“IF(ao)sYE YI:RJTE(10)¢RJTI(10), :
COMMON/CJ/JUrJK s JD s JHS s Jh s UG JTE 9 JLE 9 JUV 4 UB
COMHON/CFG/JHZ 4 JN2y JOH s JHZ0 9 JH 9 JO v JN2 .
rOMHoM/CTURd/AK ALMG+CMUSCMUINSICFEFL1ICE29CGLlyCG2yCRIT DUDY(aO).
4 JDUDYqo(AO)'tMUL(an)'tMUTcao;.IPD;PR(IO).PRT(lO)oRTW(qo)
COMMON/ZAUXST/ZTDA(40) +ULP
COMMON/CIRMA/SCR(40)

C##{H’di)##b##“#ﬂ#######%iHHriHHH#(}90####”########&##ﬁ#“###ﬂ##ﬂ#ﬂ“#“#“#“#““#
CutastdbAXTAL VLlnCITY

O 0 o0 o

o0

U IF(J.NE, Ju) G T 299 .

Bua AMIMNAR VISCOSTTY (APPROXIMATE POWER LAW RELATIONSHIPS)
---IGNOPF AToMIC AND RADICAL CONCENTRATIONS

DO 66 I=1 NPI .

SSUM= rq(JH;;I)*FS(JoayI)¢FS(JN8»I)¢FS(JH20oI)

E UL {1)=0
-==HYDROGE ,Ha) _ . ;

EVuL(I)=EwUL(I)oFS(JHZyI)“B.QZE-Ob“(F(JTE;I)/273.)““0.675
---nAYGFN’(09)

F“UL(I)-ENUL(I)+FS(J02-I)“I 92& 0J*(F(JTE9I)/d73.)*“0 735
-maNITROAGEH (N2) -

FMUL(T) =gmUL (T ) +FS(JIN2y 1) %1 ,606E~ 05#(F(JT&-I)/27J.)#*O 690
== ATER VAPAUR

FMUL{I)‘FNUL([)+FS{JH2091)“1 71E=- 05“(P(JT& I)/SOO.)““I 050
A9 FMUL(T)=EMUL(TY /SUM
##4DETERMINATIUN OF ACCELERATION PARAMtTER_'

ACC=ARS(ACC=ARS (ACC))

CALL YINT7.99+:YRSsJU)

ACC=, S”YRQ“ACC/A“S(F(Jle)-F(JUyNPI))

ACC=ACCH#un,2

IF(ISTEP,FQeD) GO TO 74

 ¢bquALUATION UF INTEGRATED PRODUCTION/DISSVPATION RATIO

IF(IPNeNE_2) GO TO 73
TF(ISTEP.LT-%) 60 TO 74
IF(ISTEP,FQ«5) GO TO 152
IF(MOD(TISTEP+10).NELD) GO TO 123

155 TPER= TPER7~TR TRI=0.

58

DO Y I=2 NP1
TRP=TR
TREEMUT(T)#OUDY (JI#R(T)
TRIZTRI+ ,SH{TRGTRP)# (Y (1))=Y (I=1))
TPERP=TRER

. TPER=RTW(T)®TR

56 TPERI= TPERI*.S*(TPFR#TPERP)*(Y(I)'Y(I =Ly

PLIMP=PDE

- PDE=TPERI /TRI
IF(ISTEP,NE«S) PRE=.5% (PDE+PUMP)
=28 )
ALPHA=«55 -
AHESTIN (3, 1al'w»<;n+~.5)>-l
JFAPPESLE 1) ALPHAZ.55+,2]34AR
Gelew{lamALPHARPNE) /W
G=G/ (les (PDE=) ) /W) 42
AsTea0THgh (1a=ALPHA) /W




123
73

T4
121

cMy=_ n9%Ge 05340ACC
6o Tn 12y
MYz, NY~, a4 %ACC
IF(IPNEQ.,3) CMU=.,09
60 T 121

CHU=rMUIN

RTCMU=SORT (CrMU)y
AKCDO=AK/FMUSRSG (75
TULP=F(JULT) -

c aa#AXIAL VELNCITY GRADIENTS

L i

"YDTIFM ® YDIFP
YDIFP = YiI*l) = Y(I)
DUDYr = DIDYP _ - - ,
DHDYP = ARS((F (JisI+1) = FIJUs1)»)/YDIFP « 1,E=~30) .

17

13

DLDY (1) = 0o
DUDYNPL) = 0.
puUDYsN(l) = 0.
DUDYSA (NPL) = a,
YOIFP = v(3) = v(2)

DUDYP = ARS((F(JUy3) = F(JUp2))/YDIFP  1,E=30) .
60 To {1y292) e KIN : .

DUDY (2) = (V. S8YDIFP + YI)/YI ¢ DUDYP
O Tn 3

DUDY(2) = YI/(n, S“YDTFP . YI)“DUDYP,v
DUDYSR(2) = Dupy (2)##2

DO 9 1 = 3. NM}]

DUOY(T)=(y(I+))=Y (1~ 1))/(YUIFP/OUDYMvYOIFM/DUDYP)'. B
G0 TE (4,5,5)4 KEX L

DUDY (M) = (NJSRYRIFP + YET/YE#DUDYP
oo To 17

DUDYIN) = YE/(0.54YDIFP e YE}#DUDYP
npDYgQ(N) = DUDy (N) w2 .
D 13 I=) NPL

DUDYSNIT)=NUDY (1) ##2
RTW(TI)SEF(JOo1) f(F (UK T)+10 £~30)

C ##8TURBULENT VISCOSITY FORMULATION

103a

1033

DO 1039 122N i
EMUT (T SCMURRHO () @F (JK» 1) /RTWATY
FUJUV D) ==EMUT (1) #DUDY (I} /RNO(I)

DO 1033 [=2¢NP]

TFAF{IUsT) oLTuF (JUyI=1)) FIJUV9I)--F(JUV,I)

C w#8ADD | AMINAR AND TURBULENT COMPONENTS

1054
1a581

1052
1060
10A1

104
lnhp

IF(CRITY 1059,1050,1052
DO 108l I=2¢N - .
GAM([)—tMuL(I)+EMUT(I)

GO To loe»

DO 1nk Tz=2,N .
IF{LNUT(I)-EMUL(I)“CHIT) 1060+10605106]
GAMETY=EMDLLT)

FUUT (1l =0

G0 To 106

GAMITY=EMUL (T) +ENUT ()

CONT yNUFE

EI(JT{I N

EMUT (NPYY = O,

C  #H4AXTA| PREQSURE GRADIENT (SOURCE TERM) .

GAM3eGAM(3)
GAMN=GAM (NMY)

59



111

00 131 I=l NP1

SU(T)==DPDX '

SD¢(I)y=0, ' )

RETUPN '

caaduuﬂnuouuo»»o*qouuua»w»»u»»»»auuqau#»aau#uu»o¢#»u¢*»#»»9nwuauaﬁauwwaw
CHtrarrd THRBYILENT KIRETIC FNERGY

299
2n1

21>

215

IF(J . NE.JK) 6D TO 399

DO 201 I=p,N
GAM(I)-&MHL(I)/PR(JK)*EMUT(I)/PRT(JK)
DO 212 1 = 1lwipP]

SU(I) = EMUT(TI)#DUDYSQ(I)
SO(Iy==~RTu (D) #RHO(])

IF(KIMeHE 1) GO TO 215
FJKR;-HJI}JU)/(R(l)“RHO(l)“RTCNU)
SUH(2)=l.EI0MFUK2

SD(2y==1,F30

TF(KFXeNE, 1) RETURN

FUKN=RJIE (JU) Z (IR (NPLY#RHO (NP1)#RTCMU)
SU(N  )=a) E3us#FJKN

SN (N Yo=1,E30

Pr TURN

G408 404030 00403530 040 90 01 4041 31 003020304020 0040 41 4040 00 440 43 4 0040 40 00 02 0 4P4H G001 90 6500 40 61 602001 0 00 00 40 00 000 00 040 00 40 00 5060 40 00 051
CousddDISSIPATIAN RATE

399

01

A1A

IF(J.NELUD) GO T 499

DO Bl I=za4N

GAM(T) ZEMGL (1) /PR (D) EMUT (T) /PRT (JD)

DO 810 I=1.NP] _ .
SU(I)-CEI“EWUT(I)*HTH(I)“DUDYSQ(I) : A
CE2=1,.92-_066T4#ACC

CIF(IpNa LQ 2) CF2=1,97=-,1336%#ACC : .

IF(IMN.EQ 3) CE2=1,9?
\U(I)--CEﬁQRHU(I)uHTM([)

IF (TN _NE« 1) GO Tn 817

<U(?)~FJKa»#1 S/AKCDA/Y (P) 41, b¢30

SD(2) = =1,E3D

IF(KFXeNE 1) RETURN

SN ) skt a#u], S/AKCDO/(Y(NPI)-Y(N Y)#1,E30

SD(Ny = =1,E39 . _ '

R¥ TUDN R

CQQ##OG”\H)##””QHQGHHH}ﬁ(}it##“”ﬂ#ﬂ“#“####ﬂ%H?*HH&“ 88 $¢ 3k S8 3F 31 42 3F 47 47 31 31 47 4P 43 42 47 35 4D 42 40 252 4P 4B 30 5k

ConanaSTAGMATION ENTHALPY
- 499

c
C
¢

60

TF(J,NELJHS) GO T0 599

u*#PhANnTL/SrHNIDT NUMBFERS FOR NEAR=WALL REGION (ROTTA)

=== AXISYMMETRIC FL.OWS ONLY
===N,B. SAME RELATIONSHIP FOR SPECI&S DIFFUbION

1F(KRAD.En. k) GO TO 331

TF(KFY.NE, 1) GO TO 331

DO 330 I=1.NP) . \
Yhizl =R(I)/R(NPY)
SCH(I)~.95-.ubayunYw

GO T 332

DO 333 I=140P1.

SCHT)I=PRT (JHS)

DO 301 I=o,iv

GAM(T)‘FMHL(I)/PH(JH ) SEMUT(I)/SCH(I)
00 3072 1=1,y NP1

S D(1y=F(JUsl)vep

DD 303 I=5.NM)



Fnc1glscH¢1)-),)»(fAH(I)¢GuM(1¢1)>/(YDIF(I)+1 E~30)
303 S D(DIYSFACL*IS D(l+l)i=g D(I)) %0,
DO 307 I:B N4 1

FAC2=(SCH(I)/PRT (JK)=1, )"(GAH(I)+GAM(I+1))/(YDIF(I)*I t-3o)

307 S 0(!)-5 O(I)oFAC?#(F(JK Iel)=F (JKyIy)

sh(l) ::}0
SD(Ny =0
NO 3n4 I=2,N
304 SU(I)-(SD(I>~<O(I 1))%#2,/TDA(I)
DO 308 I = 1y NP)
305 sD(Y)=0
S({l) =U,
SU(NPYI) =0
RETUE M
C{t#4“’#00\&ﬂ##‘HHHHM)t}#%ibﬂ#(i#b“##o##%##ﬁ#####it#uﬁoﬂiﬂia###oﬂﬁo09##4&0##9000&\%
CuwudtyaSS FRACTION OoF HYOROGEN ELEMENT
599 TF(J.NE.da) GO TO 699
DO 9n1 I=2404
-anl GAM(I)—tMuL(I)/PR(JA)*FMUT(I)/SCH(I)
_ DO 962 I=1.NP1
9n2 SULI)=SD{1)=0n,
. RETUBN
C(HHHH:<HHHH$(b\HH}#%HHHa#*«*ﬁﬁushivﬁdh}###-ﬁ‘Hv%niw'hi&{HHHHHH?#\‘h‘t##ﬁ#####i’#ﬂ&ﬂoﬂiﬂ’f
C #¥siEAM SQUARE CONCENTRATION FLUCTUATIONS (OF H ELEMENT)
~99 IF(J NE.Jr) GO TO 799 )
YDIFP=Y(3)=Y(2)
NCDYP=ABS | (F (JA43)=F (JA+2) ) /YDIFP+1,E~30)
TF{KIMWEQ,_ 1) 60 TO 711
DCDY&YI/(,S“YD]FP‘YI)*DCDYP
DCDYSA=DCHY*#2
SU(2)=C61aDCDYSY@ENMUT (2)
S0 (2)==Caa#RTW (2) #RHO ()
Stigly=4,
qD(l)--FGp*Rr4(1)#HHo(1)‘
G0 To 112

711 6?-(PJI(J)/R(2)/RH0(2))“*Z“CGI/CGZ/FJKZ
Si1(2)=62«]1 ,E+30 '
qn(?)“-l r¢30

712 DO 710 I=3,NMl
YOIFL=YNIFP
YOIFR=Y(T,1)=Y (1Y)
U(DYP-DLDYP
DCOYP=ABS ((F (JasT+1)=F (JA I))/YDIFP+1,E=39)
DeDYsos((y(lelyay (1~ 1))/(YDIFP/DCDYM+YDIrM/DCDYP))#02
qu(I)—CG1»DCUYqanMUT(I)

71n SD(I)-~Fb2#HTUlI)”HH0(T)

TF(KEXEQ,1) G0 TO 713
DCOY=YE/( S*YDIFRP+YE)#DCDYP
DCDYSQ=DCDY##2
SUIMY=2CG1#DCOYSQUEMUT (N)
QD(N)—-CGZnRTW(N)#HHn(N)
SU(NPY) =0
cn(NPI)--rGZ#HTW(NPI)“RHO(NPl)
RETURN

713 GNs(PJE(J) /RIN) JRHQ (N) ) #428CG1/CG2/F JKN

QUMY =GNSY E+ 30
SD(Nyz=) ,Fe+30
799 CONTINUE
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SUBRCUT INE bTR[nr
DIMEMSION AHL(An),HOMT3(“O)yOMS(au)vPBOM(ao).PGOH(QO);THL(an)

DIMEMSION A(40) 4R (40)9C(40) 9D (40 -

. COMMON/GENRAL/ACCyCSALFAGDPDXyDXSENTH(40) 2 F (10 40).%5(10.40).CA1?,
TEAMNGGAM (A 0) o Ty TFINs INDE(X0) o INDT (10) y ISTEP g IUTRAP y ITESToKEX oK lie
PKRAD GMIMEA NP L yNM1 4O (40) 2OMN (40) 9 HOM(40) vKAST(10) sPELPSIESPSII,
3P(40)-N(an)’RHO(AU)prt(lﬂ)vPJI(10)9%Mhynﬂ1;50(40)oSU(AO),wH(IO).
GXD G XY (40) 9 YDIF(40) s YEsYIZRUTE(L10) »yRITI(L10)

COMMON/CUS/JUsJK 3Dy JHS 9 JA UGy JTE » JLE » JUVy UB

COMMAN/CFQ/JH24JN? ¢ JOH s JHZOy Jr e JO 1 N2

COMMOM/AUXST/TDA (40) 4 ULP

COMMOM/WFeT/FDTFS(20,2)3sTS(2092) +BP(2)

COMMON/CPROP /1023 IN2y IH2090FACyNRyNSy Q04 WRO WSO, wTOyGASCON«GAMIA
(‘kiHHH)iH#iHHHHbiHHHHhthQu%##ﬂ####“##“ﬁu&#*######“##d&####\)iHHHHHHHt#CH#Q(H)\H)
Casstd STRINE (0)

C. «##cONTROL INDICES

FNTRY STRTDO

NP1=Msl

Nitl = N=1l

M (1y=0,

OM(MPL) = le

GAM3_= 0,

GAMNZO

ISTEF=0

TFIN=O

TUTRAP=2
C ##9ZFROING OF IMPORTANT ARRAYS

DO 363 J=14NEQ

KAST 1d) =0 »

353 RJE(J)=RJT (V) =0,

DO 3584 I=1.NP1]

_ DO 354 J=1,NS

54 FS(Je1)=0,

DO 3565 [=1+NP]}

DO, 355 J=1s10
355 F(JeT1)=0,

DO 386 I=1,NP1
354 FNTH(T) =0,

RETUPN
C###Q”ﬂ%#*##“v#ﬂ*““#%#ﬁ%*ﬂﬂ###ﬂ“##%##0#####%#“%0O““###ﬂ“#“&%##%#ﬂﬂvuﬂﬂww
r#u»y STRINF (1)

C ###OMEGA RELATIONSHIPS

FNTRY STRTD1

De lon I = 14 N

OMD(TY=0MI+1) =0 (])

100 OMS(T)YSOMII+Lyent (1)

DO 101 I = 3¢ NM)

BUM(I)=OM{I*1)-0H(I 1)

BOMTA(1)=ROM(I)#3,

101 ~ONTIMNUE

HOM(2) = AM(3) + OmML(2)

HOM{M) 3 5, = OM(N) = OM(NM])

N2 a OM(3)700nD(2)

03 = 1o =« OM2
OpMp3)ypep

OMS?2 =

NHS3 & OM(2)#ap

0Ns2 = OMg2/ (OMS2=0MS3)
OMS3 = 1, = (OMS2
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OMN = (OMD(N) + OMD(NM1))wu2
OMHIY = OMDIN)#82

ONN = UMNy (OMN « OMNM])
OINH] = 1, = OMN

Y(l)_nn - '

Rp(1)=lo

Rp((""lo

TNDE (JU) =1

INDI (JU) =1

RETURN

C%Q#ﬂ'#ﬁ##%ﬂﬂ#u#0“4““ﬁ4’G0“00“##Q““&Ctﬂ'“ﬂ“#####“#ﬂ“#““““###Qé#““#“‘ﬂ}ﬂ'w“‘hﬁ:v

Catui

STRINE (2)
FNTRY STRTDZ

c _oburrsT FOR NEGAT]IVF VELOCITI:S

1010

1704

1015

IF(LUTRAP EQ.T) GO Tn 1011

DO lal2 T = 2« N

TF(F(JUsI).6T.n,) GO T 1012

WRITFE(691200) F(JU,I) eI, ISTEP

FORMAT(/1HQs#eaa NEGATIVE VELOCITY OF»,lpEll 39% CALCULATED AT iNOQU
1F# I3.% AT ISTEP=#,15)

F{JU,T)=1_F=30

IF(IUTRAP ,GTal) TFIN=1

IF(IUTRAP 6T e2) ITEST=1

c o»uckosc-aTRrAH DISTANCES (Y#S AND R#S)
C ##9rDGE REGIANS ,

1n11

1614
1dln

1019
1013

121
1024

1025
1024
C  a#

C----

1017

RUP = RHO2) % F(JUs2)

RUL=RHO (1) #F (J1)a1)

RURAT = Ryl1/RuUp

0 To (1013s101441014), KIN

GO To (101As1019), KRAD

BP (1) = 0_333333 + 0. 66666T*RURAT

a0 TO 1013

AP (ly = (R(l)”(G.*RURAT¢1~)*3.“H(2)*(RURAT+1.))/(R(l)#R(Z))/6.
YI = PEI # OMDh(1)/ (3P (1) #RUP)

RUNPY = RHO(NPL) # F(JUsNPL)

RUN = RHOIN) # F(JysN)

RURAT = RIINP1/RUN

GO To (102091021,1021), KEX

60 T (1024910725), KRAD

BP(2) = 0 335331 + 0,666667T9RURAT

GO Ta lﬂen

RP(2) = (R(NP1)#(5,#RURAT+1,)+3,#R(N)* (RURAT+1.))/(RINPL)+RIN))I/6.
Y[ = pblnomp(u)/(ﬂp(»)*kum) '
HY#£Sy R#S, TUA#S AnND YDIF#S
cmmmmmemmamamm~ YOIF (1) =2, “(Y(I#l)-Y(I))/R(I*l 5).
Y(2; = YI

YDIFT1) = A3 $ Y]

DO 1017 1 = 24 N1

TDA(I)=PET#80M (1) /RUP

RiIMapy¥

RUP=RHO(TLL)FF (JUsI+1)
YDIFITI=PRI#OMD(TY#(1a/RIIMGL, /JRUP)
Y(Le1)3Y(T)*YDIF(1)*.5

TOA (M )-P[TulmM(N) /HUP

Y(NPT) = v(N) + YE

YOIF(N) = 2e # YE

IF(KRPAD.Fn.1) RETURN

G ##bpDIFICATTIONS Foit AXTAL SYNMETRY
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1123 1F(CeALFA _EQ.0,.) GO TO 1110
C o%eCSALFA -NF- ZERQ
rosn;-.SuFSALFA
 TF(R(1) eNF.0 GO TO 1105
c ##8R(1) .EQ, ZLRn
Do 1106 I = 2+ NP1
Y(I)—GQRTcABS(Y(I)/Gosoz)) , . ‘ ,
1104 R(I)=Y(I)#CSALFA ) o o

&0 To llo7 : S

C w#eR(1) NE, ZERO
1105 R1D2=.5%R11)

R1D2SN=RIDA®RINZ

DO 1104 T = 2+ NP1

Y(I):Y(I)/(R10?¢SQRT(ABS(HIDZSQ+COSDZ“Y(I))))'

110A R(I):P(l)¢Y(I)*CSALFA
1107 DO 1108 1 = le N .
1108 YDIF(I1=YDIF(I)#4,/(R(T)+R(I+1) )02 A,
60 To 1112 c
C. %f*CSALFA «En. ZERO -
1114 DO 1111 1 = 24 NP1

y(I=Y{I)/RI1)

1111 R(IL=R(1) , .

R1SQ=R{1l)and , 4 Ly T

DO 1109 1=29N ' S

1109 YDIF{1)=YDIF(I)/R1sQ
1112 Y1 = v(2)

YE = Y(NP1) = Y (N)

RETUPN
C#Q«n##%16u»ﬂ»-uu“%av45#(i#«lu}uu#9»&#00“#0*#“0#“Q‘HHHHN&#(hHHHHHNHH'ﬂ“#bﬁﬂa#@##““#a*
Consd STRIDE (3)

C  u##seMATN NUIERICAL METHOD

FNTRY 5TR103

IF (KIN ,FQe 1) CALL WF({1)

CIF (KEX ,FQe 1) CALL WF(2)
¢ #vePRELTMINARIES

3000 G=RMI=RHE ) .

PX=PF1/DX : I

PDG=, 254PX .

GDon 200G

PGDQ=004¢r04

RUID2=e50RM]

PANOM1) =0
c---------------—---THI, AHL, PGOM AND PBOM

THL()) = 0«

po 3010 T = 24 N

HL=RMTD2-GD4#0MS (1)

THL(T) = 2.%HL

AHL(TY = ABS(HL)

PGOM(T)sPGDA*OMD ()

3010 PROM(1)=PX#BOM(T)
C QG“QTART OoF J LOOP

NO 3320 Jg=1s»NEQ

IF(J NES 1) CALL AUX(d)

TTP=N,

PGomMp = 0,

GAM(NPL) 2 0. .
¢ w#asETTING up COFFFICI?NTS

AKAST = FLOAT(1 =KAST(J))
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kASTYI = KASTGI) « 1
INDEyI=INDT (J)
INDEXFSINDE (J)
DO 3004 I=29N
= () # TOAC(D)
sh(Ily = sp(Il) # TDA(D)
PGOMM = PrOMP
PGOMP = PgOM(]) # AKAST
TTM=TTP _ -
TP = (GAM(I) + GAM(I+1))/YOIF(I)
TTP = TP 4 AHL(I) + ABS(TP=AHL(I))
ACI)=TTP=THL (1) =PGOMP
BII)=TTMaTHL(1=1)=PGOMM
INDl=2/1
IND2=1/(NP1=1)
CINDEX=l+«INDl+IND2
G0 Ta (303,308), INDEX
303 60 To (304+30%), KaSTI1
304 C(I)=PD4® (BOMTI(T)#F (Jy 1) +OMD (I #F (JsI+1) «OMD(I=1)#F (Jsl=1))eSuUtl)
GO TQ 306
305 C(I)rDUOMfI)”F(J'I)*SU(I)
304 D(I)=PUOM(I)=SD(I) : '
¢ e#omCODIFICATTONS FOR BOUNDARIES
INDE¥=l+INDl+2#IND2
60 TQ (300493008+3002)y INDEX
3008 A(I)=A(I) JPGOM(2)#AKAST
B(I)=2Pe#RVI
GO TO (3009930064+3004)y KIN
3009 GO Tn {3011¢3003), INDEXTI
3Nl TT=2.4TS(Js1)
' B(I)—AMAxl(TT‘Utl).O )
C(I)eClI)~TTHFDIFS(Jsl)
G0 To 3004
3003 B(I)=0e
D(I);D(I).Z-“RMI
CUIN=Cll)+2¢%RJITI(J)
0 T 3004
3002 B(I)=R(I),PGOM(NM])#AKAST
A(l)=ml RME
_ GG To (3012930040 KEX
3012 G0 To (30139300%)y INDEXE
3013 TT=2,4TS(J+2)
ALY =2ANAXYI(TT+A(1)90,)
D =C{I)=TTH#FDIFS(Jsv2)
0 TQ 3004
3005 A(I)=0.
DII)aN(I)=2e%RME
FLIY=CL{I) =2 ¥ RUTF (J)
3004 D(I)=D(I)+A(I) «B(I)
C ###iDJUST FRFE=BOUNDARY VALUES
RUL a RHO1) # FJdusl)
TE(KINGNE 2 0RRULEN.ND.) GO TO 3006
CFldely = }F(Jol)osu(l)ﬂnX/RUX)/(l.-SD(I)*DX/RUI)
300a RUNPIoHHQ(NPL)4F (JUWNPY)
IF IKFXeNE 2 0N RUNPL.EQ.0De) GO TO 3007
‘ F(JnPLY = (F(J.NPL)¢SU(NPI)oDX/RUNPl)/(1.-50(NP1)uox/nuwpl)
C ##oSOLVE FOR DOWHSTHEAM F2S ‘
3n07 B(2)e(B(2)#F (Jy1)+C(2))/N(2)
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A(2)=Al2) /0 (2)
DO 3021 1T = 3+ N
T=D (V=B (1) %A (I=1)
AMIV=ALT) /T
23021 B(D) =(B(I)#B(I=1)+C(T))/T
DN 3022 10ASd=1,NM1
T=NP1=IDAGH .
3022 F(JyI)RA(T)H*F (J, Iol)oB(I)
C  a##8aADJIIST BOUNDARY VALUES
60 To (3210932203230}, KIN
3218 60 TO (30a,3211), INDEXI
37211 RMT=pMI+Tc (Js 1) _
RJII(J) & RJITI(J) = RMI®F (Jsl)
1F (PMT .aTe 0.) GO TO 307 -
Fidsl) = F(Je2)
GO To JLZO ' :
307 F(Jdel) = (RJTI(J) ¢ TS{Jsl)®(F(Je2) + FDIFS{Jol)))/RMT
. 60 To 3224
308 RJI(J) = TS(Jal) # (F(Jsl)=F(Js2)=FDIFS(J91))
T RJTI(J) = RJII(J) + RMINF (Js1)
_ GO To 322a
3730 IF(R(1).En.0.) GO TO 309
Feda1)=F (Jy 2)”OMSZ+F(J'3)“0MS3
GO Tn 322n
no F(Jv1)=F(Jo?)“OM2+F(Jo3)“0M3
3727 60 Te (331093320,3330), KEX
A 60 To (31ae3311)e INDEXE
3311 RUT==RME+TS(Js2)
RJE(Y) = RJTE(J) = RME®F (JyNP1)
IF (pMT .rTe 0,) GO TO 317
Fi(JeMmPl) = F(JyN)
60 Tn 332a ' .
317 F(JMNPL) = (=RJITE(J) * TS(Js2)*{F(JIN)+FDIFS(Je2)))/RMT
a0 T 3320
318 RUE(J) 3 =TS (Jy2) 4 (F(JyNPL)=F (Jo N)-FDIFS(J.Z))
RJITE(J) = RJE(J) + RMEHF (JyNP1) -
60 To 3324 _
3339 F(JeNPL)=F (Joi) #OMNF (JgNML) #OMNM]
3320 CONTINUE
Xl_‘:X[)
ACC=(F (JU,1)=Li1P) /DX
PSII=PSII=-RMI#DX
PSIF=PSIE=RME®DX
PEI=PSIE=pSII
ISTEP=ISTEP+1
RETURN
END

COMPTLER SPACE
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SUBRNITINE WF (K) ‘
COMMON/FFNRAL/ACC,CGALFA.HPDX,Px FNTH(40)'F(10v40).FS(10940);GAMJ.

YGAMNGGAM(40) o 1o IFINSINDE (LO) s INDI(10) s ISTEPyIUTRAPGITEST S KEX K I,
PKIRAONIMNEA NP L yNH Ly 0i4(40) e OMD(40) 9BOM(403) 9KAST(10) sPEIWPSIEYPSIL
3P (60) R (40) yRHO(40) sRIE(10) yRII(10) yRMEYRMI 9SD(40) 9SU(40) 4WM(10)
GXDGXUY(4nY s YDIF (40) «YEZYIZRITE(LO)yRITI(10)
COMMOM/CJQ/JU4JK9JD!JHSOJA'JGOJTEOJLE!JUV,JB
COMMONZCFQ/VHZ ¢ JO2 3 JOH y JR20 g JHy JOy JN2
COMMON/CTIRB/AK y ALMG «CMUAGMUINYCELsCE29CGL9CG2sCRITDUNY (40)
INUDYSA(40) 9EMUL (40) sEMUT (40) « IPDyPR(10) PRT(IO),RTW(ao)
COMMON/CWWF /YR (2) 3 IRUF (2YyEWALLYH .
cOMHON/chT/FDIFS(ZO 2)9TS(2042) 48P (2)
romMoN/CIpMA/SCH(ao)
C##########“#OHH&##ﬂ'########’»Q##“##########(}#####G#ﬁ#######QHHHHNHHHHHJQ##
DATA SHALF/ 04y
_ G0 To (10, 11).K
1n Ih
INz2
GO To 12
11 ru=NP}
IMN=N
}2 CONTJNUE
C “#4REFERFENCE QUANTITIES
HREF=ABS (F (JUy W) =F (JUyIN))
RHORFF=0,.6#* (RHO (IW)+RHO(IN))
RUREF =RHOREF #URFF
RPEF=R(IN)
RRURFF=RREF#RUREF
VIFEF =EMUL [ TW)
YREF=ABS (v (Iw) =y (IN))
RE=RUREF#YyREF/VREF
Abi= (FMIe (RME=RMT) #0M(IW)) /RRUREF
FFz=Sli (IW) #YREF JRUREF/YRFF
122 TF(RF.LT.132.?25) GO -TO 110
C #%8L0G LAY ASSUMPTION
121 CONTINVE
LAM=(
NIT=n
101 SHALF1=SHALF
~ YRP=RYR#SHALF
C ##ecALCULATION OF £ FOR RQUGHNESS
F=EWALL
IR (IPUF(K)Y LEQ.0) GO TOD 16
C u#usAND-GRAIN ROUGHNESS
~ 1F(YRPeGT_,3.3333) £=30,/YRP
16 FR=RF®E
o= sHAIFﬁua
SLOC=S+AMLEF
IF(SLNC.GT.V.) 60 TO 104
. SHALF=SURT (ABS (AMEF))
104 BEE=SORT (e¢LOC/AK)
ARG=FR* (SHALF« (AM/ (1,+BEE) +,S#EF) /SHALF)
TF(APGGT 11.%E) GO TO 106
6D To lla
104 SHALF=AK/ALUG (ARG)
IF(ARS(SHALF=SHALFL) ebTe o000l ORNIT.GT,10) GO TO lu2
NITeNIT+) '

. 68



. GO To 1oy
102 s=SHALF®es
BP(Ky=le/tle+BEE) .
G0 To 103
C *““LAHINAR FLOW
110 LAM=)
ANRE = Ali#RE
FRE=EFH#RE .
IF (ARS (AMRE) «L.T,,01) GO TO 111
FXPMRESEXP (AMKE) :
STORFaEXPMRE=1, =AMRE
AMRESQ= AMRE*A1RF .
SRE= AMRF#flo-STnksuwa/AMR&sn)/(EXpMpt 1,)
NUT 1= GRF*cTORF/AMResaoFRE"(STORt-.S#AnRESQ)/(AMREsQ“AMRE)
.60 To 112 - , 4
111 <RF-(°--FRF*(1.+AMR&/3 ))/(£.+AMPE).
NUT1=SRE® 7 ,5+AMRE /6, ) +FRE® (,16667+AMRE /24,
11> TF(SPEGT_ 1+E=30) GO To 113 :
SRE=] k- 3n
UT1=.33333
- 113 8=SRf/RE -
* AP (K)=0UT1
103 DO Sn00 Jz=19eNFQ
‘ FNIFS (Jeky=0
IF(J,FULUHS) FOIFS(JeK)z(Hul ) # ,SHUREF@#2
TF(J NELJ1) GO TC 200 '
TS (JoK) =S#RRUREF
G0 To 5000
c oa*GTAGNAfION ENTHALPY AND MASS FRACTION
?00 CONTTNUE
IF(RF.LT,132.25) GQ TO 210
IF(L@M.EQ,l) G0 TO 210 -
201 CONTINVE
PRRAT=PR (J)/PHT (J)
IF(KPAD.EM.2) PRRAT=PR (J)/SCH(N)
PJUAY=9+s# (PRRAT=],) /PRRAT##,25
SF=S/(PRT (J)# (1, +PJAYRSHALF)) . :
IF(KPALENn.2) SF= S/(SCH(N)“(I.#PJAY“SHALF))
GO To 213
C «##eLAMINAR FLOW
210 TF(ARSLAMRE) oLT,.01) GO TO 211
SF=AM/EXP(PR{J)#AMRE ) =1,)
G0 Tn 212
211 sF=1 /PR(J)/RF/(I.o.S“PR(J)“AMRE)
212 PONTTNUE
213 TS(J,K)=SF#RRUREF
500n CONTINVE
RETURN
END

COMPTILFR SPACE
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SUBHAUTINE LANGLEY
CQQQ“CHHH&‘HHHHHH’#*‘H)#!H:#i”“th(“t(HHHHHHH’#tHHHHf“&tHHt%I'Q'RHHH}““t)#u#%ﬂ“oﬂ##ihia»

DIMENSION CPMIN{T,60) sPTEMP (40G) yRCON(L0) 9STORE(L10) 9REM(10)
COMMQN/GENRAL/AGCCYCSALFAVDPDX s DXL ENTH(40) 9F (104401 3FS(10440) 4GAM3,
TGAMN,GAM (40) v T4 IFINGINDE (10) 9 INDI(10) o ISTEPyIUTRAPyITESTyKEX 9K 1ivy
TKRAD NIHEQoINPLyNML 0t (40) s OMD (40) 9yROM(40) yKAST(10)yPEIWPSIFEWPSIIy
3P(40).R(ah)9RH0(40)aPJE(lﬂ);RJI(IO)oRMEoRM19$U(40)qSU(40).wM(10).
4X0 o XU Y (4n) 9YOIF (40) o YEs YIS RJTE(10)9RITI(10)
rOMMON/CJc/JU.JK-JD,JHSde'JG,JTFyJLdeuvoJB
COMMANZCFQ/IN2 3 J02 ¢ JOH y JH20 g JH g J} s N2
pnumnw/csrAﬂ/HO(V).CPBAH(?.ﬁn),Hr(7cﬁu).RC(5.50>,I9TAR(40>.kACM
COMMON/CTHHd/nK.ALVG CMUGCHUIMNGCELoCE29CGL9sCG2yCRITIOUNY (40) s
IDUDYSN(40) yEMUL (40) s FMUT (40) 9 IPDGPR(10)sPRT(10) 9RTW(40)
AOMMONZCPROP/ZI02+IN2+sIH2030FAC«NRyNS s 7WQ0» WROWSOyWTOsGASCON ¢« GAMHA
(%ﬂu#ﬂ#%ﬂ#ua##“%ﬂ““ﬁ“ﬁu&“##“#“#“ﬂ#“%%##*0#%wﬁ#%#““QQ*#”%““#“#“Q“Q#Q“#QOQ
CHEPTFR 1
caoaooLOADINu OF EQUILIBRIUM coNSTANTS, ENTHALPIES AND SPECIFIC HEATS
FNTRY LANGLIL
¢ ##WREFERFENCE ENTHALPIES
DATA»(HO(J)vJ=1.7)/'2023.8.-2074.7.7205.69-60164.7,50616.5.57949.1
. Y 4=20723/ '
¢  w##cHEMTCAL FQUILIBRIUM CONSTANTS
DO 2n J=s1NR
"READ(G91000) (RC(JyI)9I=1960)
DO 20 I=1,60 -
CRC(JWT)=AMINL(RC(Jy1)01004)
.20 RC(JeI)=1n H#¥RC(Js])
c ““”CONSTANTS FOR GLOGBRAL REACTION
Do 15 I=1.60
15 RC (S, r)-nr(4o1)«LC(3.I)/(RL(I,I)*SORT(RC(?oI)))
‘¢ #eerONVERSION INTQ CONSTANTS FOR CONLENTHATION RATIOS
CATOSWMIJHD )Y ZWM (JHYaRR
A20=EMIJ02) /WM (JO) a2
A30=wM (JOH) /Wt (JO) suiM (JH)
AGOSVMUJH20) ZVM (JOH) Z78M (JR)
. AS0= UM(JH*O)/HM(JH?)/SQRT(WM(JOE))
DO BTV [=1400
RC(1,T)=Ro(1sTyeAl0
RC(241)=RO (2 1) #*A20
RC(3,1)1=RE(3s1)#430 R
RC (4, T)=RQ(4s1)%A40
571 RC(5, I)—Ro(bol)uﬂqo
c auprTHrLPIFc AND MEAN SPECIFIC HEATS
DO 3n J=1.,NS
CFA=4) BT, yWM ()
Ho(J)=H0(J)“CFA
READ (592000) (HT(JyI)el=1r60)
D0 30 I=1,60
_ HT(JWI)SHT (Je 1) #CFA
30 CPBAR(JsI)=e OL# (HT(Jy1)=HO{J)})/FLOAT(])
c ..
C au#]TERATION PARAMETERS
IBEGIN=3
TTMAX=12
CC=en1l
RPC= %
RPD= 1.'RPr

O
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FSTOICH=2 (#WiM(JH2) suM(J0?)
NRP=pMR+ ]

RE TURN

Cu09“#%%ﬂ##u”###““”h“Qu#“0#“###“900““ﬁa##0#““##Q#“#%#ﬁ#&b#“”##ﬂ###“#ﬂvu
CHARTFER 2
CowasoTNITIAL ENTHALPIES

115

FNTRY LANcL2
GNTH(I)-A,_
FACK=o V1#F (JTELT)
IFACX=FACX
FACS=FACX=FLOAT (IFACX)
DO 115 J=1,NS .
FHTL:HT(J IPACX)#FACS“(HT(J!IFACX*I)-HT(JvIFACX))
FNTH(1)= ENT“(I)¢FS(J.I)”FNTL
RFTHPN

CQ#b%&“#ﬂ##“#“##“#*##ﬁ%ﬂ%#0“%#““#G%#Q““0“*####9%“##Q###ﬂ####“u%#&#o&huﬂﬂ

CHAPTFR 3
Cuouuir NCAL MAsc FRACTIONS

c

c

ENTRY LAer3

e#& OCATFE POQIFION WHERE HYNROGEN CONCENTRATION IS STOICHIOMETHIC

621
1060

~25

A4

I4n
745

X= 1.-F(JA 1)

X=X#FAC . .
IF(FTJAy 1)/7(X+1,E=10) LT FSTOICH) GO TO 625
Do 62) 1= 1,NP1

X=lemF{Ja,1)

X=X#nFAC

PARN=RAT~1.E=10

RATSF (JAG T/ (Xe1.E=10)

IF (RAT LT FSTOICH) GO TO 1060

CONT INMUE

TLoCH=1=)]

1Locr=I

FACM=Y (Il )+ (Y (1))=Y (I=1))/ (RAT=PARA)I# (FSTOICH=PARA)
ap To 626

11.0Cp=0

jLLoCpr=1

DO 2eR TDM=lyNP1

T=NPl+l=10M ,

TF(I_LT.ILOCP) GO TO 740

a0 To 742 '

1=ILncP=1

TSMSAMAX] (F(JTE,1),2504)

a4 uONCENTRATIONS OF OXYGEN ELEMENT AND NITROG&N

?OA

XN2P0=le=F (JAWT)
X=0FAC*XNAPO
FS(JM29 1) =XN2PO=X
RAT=F (JA, 1)1/ (X+]l ,E~10)
DO 304 L.=14NS
STORF (L) =0

#“*FOUILTURIuM CONSTANTS AND MEAN SPECIFIC HEATS FOR UPSTREAM STATE

FACX=.014TSM
IFACX=FACX
FACS=FACX=FLOAT (TFACX)
DO 1085 [=19yNitp

1055 RCO“(I)=RP(LvIFACX)#FACN%(RC(LyIPACX*l)-RC(LglFACA))

CFACSRHO (1) YGASCONWF (JTEWI)#1 ,E~05
NO 1076 L=1hn

1154 RCONTL)=RCON(L)#CFAC
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RPON(HHP)-RCQN(NRD)”SORT!CFAC)
DO 337 Lai,nNS
317 CPMu(LoI)_CPBAR(L.IFACX)*FACS”(CPBAR(LgIFACX#l)-CPBAR(LvIFACK))
TTER=0
IF(oemOT o (T02.E0,0.ANDIN20.EQ.0)) GO TO 179
C @9eSOLUTTUN of ouaonavlc EQUATION FOR HYDROG&N-NITROUEN MIXTURES
FS{JRy 1) =qQRT (1,44, 4F (JA 1) BRCON (1))
FS(IH¢I) =, S"(FS (JH,I)~14)/7RCON(]1)
FS(JH?’I)=F1J“,I)-FS(JH'I)
0O Tn 268 .
175 CONTINVE
#auSTART OF YTERATION CYCLE -
vauDETERMINE LARGEST TERM IN EACH GROUP
wmeFAUATTION FOR OXYGEN ELEMENT
C Jdl=do? . . .
Fial= FS(Jog.I)
IF(FS (Y0, 1) oLT.FS(J0251)) GO TO 210
Jil=Jn
_ FM1=FS{JO,1) ,
210 IF(Fe(JIH2nay 1) ¥usn LT, FM1) GO TO 211 .
J1=JH20 :
Fiul= rs(JH>0¢I>nwso
P11 IF(FS(JOR, 1) ¥VROLE. FM1) GO TO 350
Jlzdn
Ftil= Fs(JOH,I)ﬂwRO'
350 CONTINUE
C ~==FOUATION FOR HYDROGEN ELFMENT
J2=JH?
FriazfFs(JH2,1) ,
JFIFS(JH 1Y sLT . FS(JH2» 1)) GO TO 212
J2=JH ' ‘ :
_ FLi2=Fs(JH,I) .
P12 IF(Fe(JH2A41)%WA0LTFM2) GO TO 253
NEENI-Y
Fp=rFs(JHa0y 1) #wn0
253 JF(FS(JOR,IIHUTOLEFM2) GO TO 3%3
JP=JeH
; Friz=F S {JOHy 1) #yTO
I 353 CONTINUE :
Cawn  PRECANTION IF H2¢ IS LARGEST OF ROTH GROUPS
TF (oMOT, (J1EQ, UM20,AND, J2,EQ.JHR0)) G0 TO 279 ' o
IF(RAT«GE, FSTOICH) Go T0 335 f .
Jlsdp? C i
Frl=fFs(Jo2.1) A
IF(FS(JO, 1) «LT,FS(JO291)) GO TO 622
Jl=Jo
. FMl=Fsivo, 1)
622 JTF(FS(JOH,II#WROLTWFM1)Y GO TO 379
Jizsdau .
FM1=FS (JOH, 1) #WRC
. GO To 379
384 JZ2=JKH? ,
FMP=FS (JH2 ¢ 1)
TF(FQIJHe 1) LT FS{JH291)) GO TO 361
J2=JH
FMR=FS (JH,T)
381 TF(FS(JOH I ®WTOLTFM2) -60 TO 379
JPraJoH

"oaa
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FMe=FG{JOH,y 1) #WTQ
60 To 379
279 CONTINUE . :
Cus#®d  PRECAUTION LIF OH IS LARGEST OF WOTH GROUPS
IF (a0 T e (J1oENLJOH AND L J2eEQJ1120)) GO TO 379
[F{(RATGE_FSTOICH)Y GG TO 367 -
Jl=sde?2 .
FM1=FS{(J02,1) .
TF(FS(JO,T) LT, FS(JO?:I)) G0 TO 358
Jl=dn E
_ Ful=sFs(Jo.l)
35R TF(FS(JH2n 1) ®Ws0, LT FM1Y GO TO 379
J1=Jp20
FH1=FS{JH20¢ 1) %WSO
.60 To 379
367 JZ=JH?
Fl’2=fS‘JH9,I) .
IF(F“(JHvT)-LT FS(JH2+1)) GO TO 381
J2=Ji
FripsFS(JHLT)
381 TF(FR(JHR2ny 1) #WQO LT, FM2)Y GO TO.379
NPEENTTEL : : .
FM23FS(JH209 1) $tw(20
379 CONTINUE
¢ ###OVER-RIDING szcauran
IF(F(JAYT) o G6T.,.9599) J1=JH20"
IF(F(JAsI) LTaaQ00l) J2=UH20°
Comwemaemrmnn e rnc e ranmcna~en~ cmimmiman HR CRH AS Jz.
TF (P NE L JHZ2LAND 2 NEJJHY GO TO 240
IF(J2.EQ,JH2) FQ(JnrI)-SQNT(FS{JHB.I)/RCUN(I))
IF(JPEQLJH) FS(JH2e1)=FS(JH, I)“#?“RCON(I)
IF(J1 EWyJHZ20) GN TO 233
IF(J]EQ.JOH) 60O TQ 427
TF(J1.,E0,J0) FS(JO2+1)=FS(JO, I)%V/#HCUN(R)
IF(J1.EQ,J02) FS(JOrI)=SORT(FS(JO2+1)/RCOUN(2)).
FS(JHRUs 1) =FS(JH24I) #SQRT (FS(J02, 1)) #RCON(S)
FS(JOHT)=FS(JOS 1) #FS(JH I)»ucoN(a)
GO To 290
233 FS(Jo2r 1) =(FS(JH?0, I)/Fs(JHayl)/wcow(b))#oz
FS(JOe 1) =cQRTIFS (J0241) /RCON(2))
FSIJOHY» 1) =FS(JO, 1) #FS(JHa 1) #RCON(3) ;
a0 To 299 ) P L
627 FS(JNI)=FSUOHL 1) /FS(JHe ) /RCON(3)
FS(JOPY D) =FS(JOLT)##2#RCON(2)
FS(JHRO 1) =FS(JUH,T)#FS(JOry 1) #RCON(4)

_ 60 To €94
P4n TF(J2,NELJHEOY 60 TO 250
(oo rmuc e me == on——- ————— cmmnmeman H20 AS JP .

TF(JILEQ,UNY FS{J0291)=FS(JOsI)#u2%RCON(2)
1F(J1.EQ,Jo2) F§(JO-I)-QORT(Fb(JOZvl)/RcoN(Z))
TF(J1NF,JOH) GO To 430
FS{JNe 1) =FS(JOH, 1) ##2/FS{JH209 1) #RCON(4) /RCON(3)
FS{JOPy 1) =FS(JO, T)##28RCON(2)

430 CONTTMUF
FS(JH221)=FS(JHPOT) /S ORT(FS(JDR.I))/RCON(5)
r%(JV.1)-<QhT(FS(JH?-I)/HCON(I))
IF(J].E0,JOH) GO Yo 290
FS(JOH;I):FS(JO 1)#FS(JHe 1) #RCON (3)
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a0 Yo 290
Cremrerccn e cran e ance e rantmneen=~= O AS J2 .
250 CONTINUE
TF(J1.EG,JO) FS(J02y1)=FS(JO, 1) #424RCON (2)
IF(J]1.EQ.U02) FS(JOrI)=SART(FS(JO2s1)/RCON(2))}
IF(J1.EQ,JH20) GO TO S01
FQ(JH.I)-FS(JOH 1) /FS(JO.1)/RCON(3)
FS{JHP 1) aFS{JH T )#s2#RCNAN(]) .
FS(JH2U TV =FS(JHeT)#FS(JOM ) #RCON(4)
) 0 To 299
501 rS(JH I)—FS(JH?O I)/FS(JOn.I)/RcoN(A)
. R(JHP 1) =FS (JH, 1) ##24QCON(])
504 FS(Jﬂ.I):FS(JUH I)/FS{JR«I)/RCON(3)
. FS(JN211)=FS(JO,1)##2#RCON(2)
PQO CONT INUE
C «%uRE=-EVALUATE LARGEST TERMS FROM ADDITIVE EQUATIONS
: . TF(RATLE.FSTOICH) GO TO 810 .
A3A CONTINUE
Frl=y .
TF (J1ME  JOH) FMISFMLI=FS(JOH, I)#WRO
TF(J]1.MNE ,JO2) FMISFM1-FS(J02,1)
IF (JY NELJO) FMl=FMlaFg(JGel)
1F (J) JHE ,JH20) FMl=FMl=~ Fq(aH?o,I)*vSO
FS{J)el)aFmel
IF‘J].E-Q.JHdU) FS’(JI.I)=FS(J1-9I)/HSQ
TF(J]1.EQ.JOH) FS({JleI)=FMI/WRO
IF(RATLE FSTOICH) GO TO-320 -
810 CONTTNUE -
FMpsF (JALT)
IF (J2 HE, JOH) FM? FM2=-FS (JOH, I)“NTO
IF(JP e NE L JH2) FMP=FMR=FS (U2, ]}
IF(JP . ME,JH) FMP=FM2aFS (JHs 1)
IF(J2NE,JHE0)Y) FM2=F1i2=-FS{JH20 1) #uwQ0
FS(JRel)=Fm2 .
IF(J2 . EQ,JH20) FS(J2.1)=FM2/un0
TF(J2. LR Jor) FS(J291)aFM2/WTO
_ TF(RAT.LE FSTOICH) GO TO 830
R20 CONTIMUE
ITER=ITER,]
1STAP (1) =TTER
1IF(ITFRLLT.IBFGIN) GO -TO 689
C laooyhNDER-RELAXATION OF MASS FRACTIONS
DO 6aR L=],NS
AHAR FS(L.T)=RPCHFS S{Ls1)*RPD#STORE(L) -
689 CONTTNUE
DO 325 L=14NS
325 RFMILIZ(FQ(LeT)=STORE(L)V/(FS(LeI)+1,E~40)
C +#vs| IMITS ON MASS FRACTICNS.
DO 339 L‘=_10NS _
FS(L I =AMINLI(FS(LyI) o]
339 FS(L T)=AMAXLIFS(LyI) 904} .
DO 326 L.=]1,NS
324 STORE(L)I=FSILSI)
RMAK=0e
DO 377 L=14NS :
IF(Fs(Lel) kTl lmn6b) GO TO 327
RMAX=AMAX] (RMAX,ABS (REM(L)))
377 CONTINUE
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C #»*CONVFRGENCE CHITERION _
IF(ITERGTITHAX ORABS(RMAK; -.. [ .CC) GO TO 208
GO Tn 175 :
208 CONTINUE
DO 345 Jz=] «NS
DO 345 Iel NP1
45 FS(Je 1) =ANAXL(FS(JeI) 90
C #®##TFST FOR POUR cOAVERGENCE
DO 8227 1=1skP]
87227 IF(IQTAR(T) «BT ITMAX) WRITE(6+8828) ISTAR(I)sIyISTEP - ° _
8828 FORMAT(10X,%#=~= POQOR CONVERGENCE (st9I24% ITERATIONS) AT NODE#yI3.%
1 AND STEP NO.#,14) . - .
RETURN
C#ie#*u###%%#”’ﬂ%###ﬂ(”b%#(&“###‘H&G%#ﬂ####{i#tth‘H&GO'&H&0#%#“““0#0000#0@00%&#0(:
CHAPTFR 4 .
C*“*”“LOCAl TEMPERATURES
FMTRY LANAL%
DO 9613 I=1eNP}
9n13 PTEMP (1) =F (JTE,1)
DO 405 I=19NPIL
SMC=0,
D0 40k Jz=) NS
FRTHITISENTN (1) =FS(Je [)%HO(J)
a0h SMCESMC+FQ (Ja 1) #CPMN (Jy 1)
4nS F(JTF D) =pNTH(T) /SHC _
C  #@RUNDER~RELAAATION OF TEMPERATURES IN REACTION ZONE
JLM=TLUOCM~3
ILP=7LOCP,.3
DO 149 T=1eNPY
IF (eMOT o (TWGELILN AND.ILLELILP)) GO TO 149
FUITE 1) = S¥(F(JTE, 1) +PTEMP (1))
149 CONTINUE
C  ##eFORMAT STATEMENTS
1060 FORMAT(7TF10.44)
2000 FORMAT(TF10.1)
RFTURN
END

COMPTILFR SPACE
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. SUBRENTINF UUTPUT
CQGQ#(HHH}tHHHHcu(&(&'HH:(HHHHHM?#4)»4“)##1““?*"\“}w(HtCHhhHHf{hHH?QCHHH?ﬂ(eu#fI(HHHt XV VR

DIMEMSION FLUX(10) 4JATITLL(L13) 9ATITL2(13)sAVRBLE(6+10) 9yASYMAL(7)
COMMON/GENRAL/AGCCsCSALFAZDPDXyCXENTH(40) 9F (10+40)9FS(10440) 4GA3,
JEAMNGOAM(40) o Ty IFINsINDE(L0) 9 INDI(L10) v ISTEPy IUTRAP S ITESTWKEX 9K Livy
PKRADGMIIEQ9MIPT oNM1yOM{40) «OMD(40) 4BOM(40) 4KAST(10) 4PELWPSIEWPSIL,
39(4“)'“(4P)'H“0(40)!RJF<IU)aRJI(IU)-hhthMI'SD(40)95U(40)9WM(IU)r
4XD g Xi1a Y (4n) 9 YDIF (40) «YE9YIZRITE(10) yRJTI(10)
COMMON/ZCRAD/RFLN%REXD 9 KASE
COMHON/CUR/JUa UK s JD s JHS e JN s JGe JTE s JLE yJUV e UB
COMMAM/CFR/JHZ 3 JN2 3 JDH ¢ JHE0 g JH 9 JO 3 JM2
COMMAN/CSTAR/HO(T) yCPBAR(T7460) yHT(7460) yRC(5,60),ISTAR(40) ,FACM
COMMON/CTIRUZAK ¢ ALMG s CMUWCMULIHSCEL 9 CER2yCOLICG2yCRITHDUDY (40)
TDUDYSO(40) EMUL (60) g FMUT (40) g IPDyPRE10) 4PRT{10U) yRTW (40)
COMUMON/OQUTPT/ZTAXIENDsYINSYOQUToYHASDYHMAYDDYHA S RDUCTIRPyKSyKTy
TKASENMN g XSTAT(220) 4 XPROF (20) « APLCT (201 s PRESS
COMMOM/TPLOTR/XTAXIS«XTPLOT(A0) o YTAXES(10) 9 YTPLOT(10940)
IYTMAY (L0) . YTSYMR{10) «0UT (40) 3 IPROF
FOMMON/CPROP /102 INZ s IH200OFACINRyNS s wGOeWROy WSO o WTOyGASCON » GAMIIA
CQQQ“”#“#ﬂ%0"#0##ﬂﬂ%#ﬂﬂ###ﬂ%%##ﬁﬂ“#%“ﬂ#ﬂ###%%#”%#“%###Qﬂaﬁﬁﬂﬂauh#ﬂﬁ#wﬂﬂw
c ““”INITIAL VALUYES oF INTEREST
FMTRY GUTPIL
FSTOTCH=2 #HM(JH2)Y /WM (J02)
FSTOICHEFQTOICH/ (1. +FSTOTCH)
"READ (R591153) (ATITLL(K)sK=1y13)
READ(G91153) (ATITL2(K)sK31y13)
READ(S91156) ((AVRBLE (Kel ) sK=196)9l.51910)
REY=[EHO (1) #F (Jiyg 1) #2,%Y (NPL) ZEMUL (1)
VNIX:’).
. DO 1016 g=19NS
10148 VMIX=VMIX,FS(Jel)/utt(d)
AMACH=F (Ji1y 1) /SORT (GAMMA#GASCONSF (JTE 1) #VMIX)
PRESS1=PRESS
HIN=F (JU,1)
HFIN=F(JU21>~F(JU~NP1)
CIN= thJH%.l)
TINSF(JTE,1)
c a»unUTPuT OF ALPHANUMERIC DATA
WRITF(6s)n2l) {(ATITLI(K) 9K=145)3) « (ATITLZ2(K) 9K=1913)
WRITF(O91a22) (Lo (AVRBLE(KyL) 9K=196)9L=1yNEQ)
WRITE(By1n23)
WRITF(691nP4%) CMUSCELCER22CG19CG22AK,ALMGYCRIT»IPD
WRITF(041032) (0M(1)4I=14NP1)
WRITE(G91n33) NRWNS
READ (591154) ((AVRBLFE(KyL) sK=]196) oL=14NR)
WRITE(B91a3%)
HRITF(6491022) (Lo (AVRBLE(KyL) yK=196)4L=1,NR)
READ(591154) ((AVRBLE(KsL) 1K=196) 9L =1yNS)
WRITE (0a1n39)
WRITE(G41022) (Lae (AVPALE (KyL) sK=196)sL=14iNS)
WRITE(0s1n36)
WRITF(De1APY)
READ(591153) (ASYMBL (K)yK=1s7)
Do 1oV g=19HEQ
1017 WIRITE (641A20) JyBR(JYsPRT (J) JKAST (J)
VRITF(O91a37) RFEY AMACHGYINyYOUT ¢RDUCT yPRESSIoUINCINSTIN

RE TUPM
L L L L R Ry R R R R IR E R R I R IR R R N L R R I R R R IR IR R IR R TR TR
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C #%¥GTATINN VARIABLES
ENTRY OUTP?
XUDsyii/YouTt
C w#uMPAN SQUARE FLUCTUATIONS (OF H ELEMENT)
CTF(I02eEQ, 0.AND,TH20,EQ.N) GO TO 165
C wadl0OCATK POITINN OF FLAME FRONT
C ===ASSUMING 2BATTLEVENT# VARIATION OF SRECIES CONCENTRATION ,
: DO lel I=z=1.NP1 A
RAT=FSTOIrH* (1,-FS (JN2, 1))
PARA=SFH2=1eE=10
SFH2= (FUJas D) =SQRT(F(JG 111 ) /RAT
TF(SFH2WLT.1e) GN TO 162
161 CONTIMUE
162 FACI=Y(I=1)+(Y(I)~Y(I=]1))®(l,=~PARA)/{SFH2=PARA)
Do le3 I=],NPl
RAT=FSTOICH* (1 ,=FS(JN2, 1))
PARA=SFH2w1.E~10
SFH2= (F (JAs 1) +SQRT(F (JGHY) ) ) /RAT
TF(SFH2.LT.1s) GO TO 164
163 CONT[NUE
164 FACE=Y(I=1)+(Y(1)=Y(T=1)14 (1 =PARA)/(SFH2~ PARA)
165 CONTINUE
PRORp=PRE&SL=P (1)
DLTIHE=(F (JU 1) ~F (JUINPL)Y ) ZUETN
CLINE=FS(JH241) 7 (CIN+1 E=30)
TLINE=F (JTEYL) /TIN
WRITE(De1n0b) ISTEP AU, X0 e DX s YHA s DYHAVDDYHA , YD X
wRITErbleO7)AKI.othyYINvY(NPl)9PDF,ACC,LfU,Cfé
WRITF(Os1008) PSII PSIE+PEIyRMIsRMEyFACI+FACEFACH
‘ MRITF(601A09) F (JUyl) sF (JAy l)oF(JTEol)sULINE CLINL.TLINt  PRORP
C w#dCHECK FOR FLUA cCNsERVATION
DO 1n27 J=l1sNEn
FLUX IS (F(JeZ)#OM{2) #F (JIN)# (LamOM(N) ) )82,
DO La2T T=2enM1
1027 FLUX(J)=FLUK(J) 4+ (F(Jo I)«F(J,I+1))“OMD(I)
DO 1a?28 J=1sNEQ
IF(KAST (U)) 19294102991028
1029 FLUX () SFLUA(J) =4 25% ((F (Jo 3)=F(Jdy2) )% (AM(3)=0M(2) )+
) (F(J,Nﬁl)-fcd NY)Y#(OMIN)=OM{NML1Y)) :
1028 FLUX(J) B S4FLUX(JIHPELePSII4F (Jr 1) ~PSIE#F (JyNP1)
WRITF(691A30) (JeFLUX(J)sJ=1sNEQ)
IF(KASE.En.2) MWMRITE(HA91155) RFLOWIRDUCTyREXD) P(l).DPDx
IF(KEXeNE, 1) RETURN
OF=RUF {JRe) /R (NP])
TAUE=RJIE [ J1)) /R (NE])
WRITE (6910100 INDE (JHS) oF(JTESNP1) »QF 4 TAUE
RETUPN
C##«ﬂﬂ*ﬁﬁwﬁuﬂ««uu#*ﬁu%uaﬁﬁaG«au#u&*nun#ﬂﬁ»%4%*uuﬂ*##uﬂﬂuau#a«nuuqun#ounn
FITRY OUTP3
C  #w#PROFILE VARIABLES
C oo o o e o oot oom gy o P 0 i e 0 T TS 0 e e e O S e s 0 e e Y e S P S N ey S % i e e S s e L S e SO g YR S e S B e e e W Y
C/ INFORMATYON (TEMPORARY) ON NEW OUTPUT ROUTINE,
G/ SURROUTINE PROFIIL ASSIGNS VALUES FOR PLOTs AND ALSO WRITES
Cr/ PROFILES., IT IS CALLED HY 4ea
e/ CALL PROUFTLIJPROF s TITLE «FIAST e ADD D1V eF INALyKPLOT» SYMBOUL)
C/ WHFRF JpRUFey REFERS TO THE FlJdel) ARRAY
C/7 JPROFGTeD MEANS USFE F{JPROFWI) ARRAY AND WwRITE PROFILE,
/7 JPROF . Teh BEANS 1USE OUT(TY+ARRAY AND URETL PROFILE,
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Cvs JPROF =0 MEAMS iv0 ACTION UNLESS KPLOTLLT.0

o Mell, WUT{I) ARRAY 1S OVERWRITTEN BY PROFIL.

Cs/ TITLE IS THrp NAME (OF THE PROFILEs PLOTTELC By SYMBOL,

c/ FIRST ANU FINAL ARE FTRST AND LAST VARIABLES WRIVTEN [N FROFILE
c/ ARD AND DIV MODIFY PROFILES FROM I=2 TO I=nN

C/ KPLOT.GTe0 WEANS ASSIGN YTPLOT(KPLOTsI) ARRAY,

C/ kPLOT=0 MEANS NO PLOT ASSIGNMENTS.

C/ XPLOT.LTe0 wEANS ASSIGN THE Y(I) ARKAY TO THE XTPLOT(I) ARRAY.
C/ - SYMHOL TS THE CHARACTER USED IN PLOT,
c-----——--n-—"---——------—--——-------—--—-----—---—-----------—-----—----
C #9#7ZFRO YTPLAT ARRAYS
IF (ISTEP ,GT. 1) GO To 401
DO 40?2 I=1,NP1
4n3 oUTLI)=0
DO 403 K=1,10
493 ALL PROFTL(0y1H®y0es009les04y KylH®)
4anl cONTINUE
#4#DISTANCES (Y) ,
C CALL PROFTLL D4aHY/Y (NP «R(1)90.9Y(NPL)sY(NPL)y=l,0)
C eu#usXiAL VELACITIES (JU)
DIV=F (JUG1)=F (JUyyNPL) +1.E=30
) cALL PROFYL (JU, /KUY VrLOvF(JU,l)--F(JU hPl)oDIV F(JUvNPl).l 1HU)
C #ousTAGMATION ENTHALRIES (JHS)
DIVaF (JHS, 1) =F (JHS,NP1)
antl P“UFyL(JHS.6HH STAG F(Jdbvl)y-F(JhSyNPl)vDIVoF(JHS-NPl)quU)
C  #u#TURBILENT KINETIC ENERGIES (JK)
0IV=(F (JU, 1)=F (JUIaNP1) 41 ,E~30) #¥2
cALL PROFTL(JKyaHK F . TU sF(JK91) 904y DIVaF (JKINPL) sy Sy 1HK)
C ““”DISSIP"TInN RATES (JD) _
.rALL_PROFTL(JD.ﬁnn DISSeF({UDel) 900l s F(JDeNPL) 9601HD)
##4DISSTPATIAN LENGTH SCALES (JLE)
DO 120l T1=24N
1201 F(JLF21)=caRT (F (JK, I))/(RTW(I)tl E 30)
F (JLf L] 1 ) "'n . .
F(JLF4MP1) =0,

NIV=Y (NP])
CALL PROFTL(JLE s HHLENGTH F (JLE 1) 90e9DIVyF(JLEJNPL)y 104 1HL)

C  ###ETURPILENT VIQCOSITIFS¢ (EMUT)
MRITF(©9628) (EMUT(I)sI=19NP1)
C »eaDENSITIES N
 MRITF(®9629) (RHO(I)sI=1aP])
C 9#@REYNPILVS <TRESS CORRELATION (JUV)
DIVS(FLJULL) =F (JIsNP1) 41 ,E~30) 82
S CALL PROFTLIJUV,6HYV  © sF{JUVy1)s049DIVeF (JUVINPL) 924 1HS)
C u##SPECIFS MASS FRACTIONS (JA) _ o
DIV=F(JAs1)=F (JAsNPL) +1,E=30
CALL PROFYL(JAGZTHF (JA9I) sF (JAsL) o=F (JAINPL) 4DIVeF (JAy NPl).3,1HA)
CHUBBBR M6, CONCENTRATION FLUCTUATIONS (OF H ELEMENT)
DIVEF (JAy1)=F (JASNPL) +]4E=30
chll PROFTIL (JG, THE (JG9 1) «F (JGy1) 9 =F (JGyNPL) yDIVF (JG4NPL1) 494 1HG)
c u#uAHSOLHTF YEMPELRATURES (JTE)
DIv= F(JTt 1) =F(JTENPL1)+14E=30
At PHOF?L(JTE.QHTEMPvF(JTE;I)»-F(JTEvNPI)'OIV|F(JTEvNP1)-H'1nV)
C  ##annTPUT OF INDIVIDPUYAL SPECIES CONCENTRATIONS ,
O 625 Uz W NS
A2S WRITF(O9656) ASYFBL(J) 9w (FS({JeI) o I=1anil)
uHIrF(bobpl) {ISTAR(I) 4 IaleNP])
C 0””PLOTTI“G nF PROFTLES

0

(@]
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605 IF(ISTEP,FQe0) RFTYRN
IF(IQThP.FQ-IAX ORLISTEP.EQLIEND) GO TO 435

IF (X1 Del.T XPLOT(KT)) RETURN
KT:KT&l
435 WRITF(631n91) XUsISTEP
CALL PLOTS(ATPLOT»35+NP1oATAXISYTPLGTaYTMAR L0910 YTAXES,YTSY H5)
C“Qu“u%#%#&%“%%#*&ﬁ1HH#%‘«%%%%&%%“%Q%%#%it*%‘HP%%H)SHH)Q%*i&%*s"c#&Q*ibo»ﬂﬁ%#innﬂ‘:%ﬂ-;:
C w##FORNHAT STATEMENTS
626 FORMATILH 4A64IPI1EL11.3/(7X91RP11E11,3))
627 FORMAT(LIH 4OHITEK 4 11I111/(7Xs11111))
628 FORMAT(IH +OHECMUT  91PY11FE11.3/(7Xx91P11E11.3))
629 FORMATI(LIH +OHRHO 91PLIE1143/7(7Xs1P11ELL1,.3))

1004 FORMAT(//1HUs”ISTEP=*,IS,1x,uxu=#.1PE11.3,1x.ﬁxuo=«,1p511,3.1x,nuA
1260y LPFL] (3¢l Xy ttYHAS# o 1PELLa3y 1 Xo#DYHASH#, JPEL1439 1 Ae*DDYHASS s IPELL,
P39 1X #YDX=#51PE1143)

1007 FORMATULX #KT #9129 IXg#KEXz#y [2, IXs#YINsty IPELIL 301Xy @Y (NPL)=®olF
1F11e3+1X, “PUE=“,lPEll-3o1Xv“ACC=#,lPEII.311Xs“CMu=“11PE11.3'IXv*CE
??:u,1pt11 3

100A anmrT(lx #PSTI=#elPEL]l o391 Xy#PSIES®#41PEL1.351XsaPEI=#y1PF11,391%,
)ﬂPMI~#'1PF11 3v1XetRME=#, 1PEL1.3, 1X9o#FACI=#¢1PEL1L1,3v1Xe#FACRa#y 1PE
21) .3, ]A.«FACM #,1p§11 3)

1009 FORMAT(IX HUL=# g JPELLle3al Ko #MIzty IPELL 3o Xy #TlmstylPELL1.3,1X000Ud/i
1I=“-lPEl1.3'lX’“Nl/MI=“o1PE11.3.1X,“71/TI=“,1PE11.3'1x'“PRnHP=“o1F
2F11.3)

1018 FORMAT LLX #INDE (JHS) =%, I2 91X, #TWALLS# 9 IPELL 430 1Xy#HT o TRANSF o =84 LPE
111.3,1 X9 #cHEAR STRESS=#41PE11,3)

1021 FORMAT(1H1+4X913A6/5X913106///5Xystm=wee OQRUOER OF DEPENDENT VARIABLE
15 1S#/)

1022 FORMATI(AX,IZ2s#, ,6A6)

1023 FORMATI(//1HUyt#=w CONGTANTS IN TURHULENCE MODEL#®).

1024 FORMAT (/46X CIU=04FB8.393X9#CE) =%, FB. 393X #CE2S#4FB8,393X,#CGlawsFo,
J3e3XK#C62=#aF i 343Xs #AKZ#9F 8.3y 3X g #HALMGS#9sFBe393X9#CRITS#FHE 393X
2uTPD=®12)

1025 FORMAT(/1HDs#== PRANDTL SCHMIDT WUMBERS ARE#/)

1024 FORMAT (4X, “J-“.I?.3X WPR{J)SH g FI 393X 9 5PRT(J)=H9FI 393Xy #KAST (J) =¥
l1.72)

1030 FORMATI(S5H FLUXy 7(1H(s12¢2H)=¢1PEL0.342X))

1035 FuHMAT(lHn,“-- NMEGA DISTRIBUTION ==#//(4Xy1P11E11.,3))

1033 FORMAT(/1HOs#= NUMBER OF REACTIONS =#,13y10Xy%= NUMBER OF SHECILS
1=¥#41I2)

1037 FORMAT(/1HO0 95X y#t== REACTIONS AREs)

1035 FORMAT(/1H095K #we CHEMICAL SPECIES ARE#)

1034 FORMUAT(Z/47)

1037 FORM@T(/IHOv*--'INITIAL VALUES ==#/5Xe%REY =%3]1PEL1ls3/5X,4HACH =¥
1T21PEIYe3/SX9#YIN sS#41PEL1L1e3/5X#YOUT =4y 1PELL1e3/5X9y#ROUCT=%y1PE1]
?. 3/5X-“PRr§b=“o1PE11 3/5Kv“U =%y 1PEL1143/5Xe%C =®y1PE11,3/54
34T =#,1PELYL,L3)

1091 FORMAT(4H1XU=]1PE10439BH, ISTEP=,16)

1153 FORMAT(1346)

1154 FORMAT(6AR)

1155 FORMAT CIX #RFLOW=# 9 1PEL1L 391X e #RNUCT=#9lPELLa39 X aREXD=#1PEL1L R,

) 1lx,"pﬂtSS=#olPEla.4,IX.”DPDX=0'1PEII.3)
COQ#‘H&“‘H&(N)Q'H&#Q“%‘N&#iubCﬂHHHHQ“00_0000“Q\‘Hh‘HHHH)(HHHHHHHHHHHHHHHHH»Qav‘-‘%wqtn‘&ﬂ
RFTUPN
EMD
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SURBROUT INF PHHFI((JPHOFvTITLE,FIRSTyAannIV,FLNAL KPLOT+SYMBOL)
COMMON/GENRAL/ACCyCSALFAWDPDA,; DX, ENTH(40) 9F (10+940) 9FS(10540),6AM3,
JAAME ,GAM (4 0) s T4 IFINg INDE(LU) sINDL(10) s ISTEP,IUTRAPITESTyKEXKIN,
PERAD  MYMEQ NP LGNME ,OM (40) 2OMD (40) s B30M(40) yKAST(10) yPEIWPSIEWPSILI,
3P(40)-R(45)vRH0(40)-RJE(IO)yRJI(lO)yRME,RMlosD(40),SU(40),WM(10)0
4XD X1 Y (4a) s YDIF (40) sYE9YIGRJUTE(L10) yRJITI(10) _
COMMON/CJe/JUs JK e JD s JHS s Ay JGy JTEy JLE» JUV, UB

COMMON/CFQ/JH2 02, JOH 9y JH2Q y JH 9 JO»JN2

COMMON/TPLOTH/XTAXIS XTPLOT(40)vYTAXhS(lO)yYTPLOT(lO 40)
lyTMA/¢10).vTSYMH(10>.OUT(40).IPROF

(‘-n------— ------------ D > TS w5 e Y P G G A W TP T D wp WA TR W g D TP o D W e W S P W ER O A e W e P P e W

c*ouv»susnnuTINr To wanE PROFILES AND ASSIGN TRANSVERSE PLOT ARRAYS
C-'_'-----------"""----""'---"---------‘-----------------------------------’"
. TP (KpLOT) 500,700,700
700 IF(JPRUF) 200,2004100

Inn DO 10l I=1,NP1
101 OUT(1)RF (JPROF, 1) -
200 YMAXz)eE~30
DO 201 I=14NP]
YMAX=AMAXT (YMAX,0UT (1))
201 oUT(TY=(ONT (I «ARD) /ZDIV »
1F (JPRUF ,NE« O ANDIPROF,FQ,1) WRITE(6,4900) TITLELFIRSTy(QUT(])yl=e
T.M) o FTINAL o
IF (JPROF NE«DLAND, IPROF LEQ, 2) WRITE (69900) TITLE, (F(JPROF, 1) yI=lyin
1P1)
TF(KPLOT) 5006004400
ann DO 4p1 I=1yNP)
401 YTPLOT(KPLOTI)=0UT(T)
© YTAXFS(KPLOT)=TITLE
YTSYMR (KPL()T) =SYMBOL
YTMAY (KPLAT) =YMAX
RETUPH
500 DO S0l I=1.NPL
501 ATPLOT(I)-(Y(I)+ADD)/DIV
XTAXIS=TITLE
_ MRITE(69900) TITLE,FIRST.(ATPLOT(I),I=2yN },FINAL
A00 RETURN
900 FORMAT(1H yA641P11E11e3/(TXy1PL11ELLL3))
' END

COMPILFR SPACF _ ' '
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SUBROUTINE PLOTS (X INDIMy IMAXGXAXTISyY s YMAX 9 JDIMs JMAX 9 YARKES,SYHMROL)

C-------—----—-----——--------------——------n---——-----------------------

c

SUBROWTINF FOR PLOTTING J CURVES OF Y(Jy1) AGAINST A(I)

C--------------------------------------—--—--------------------—--------

c

(s2BeNeXoNoNoNeNe NeNeNs No Ne)

X AND Y ARE ASSUMED TO BE IN ANY RANGE EXCEPT THAT NEGATIVE VALUVES
ARE PLOTTED AS ZFRQ

X AND Y ARE SCALED TO THE RANGE 0. TO 1, BY DIVISION BY THE MAX1Ms
MHICH ARE ALSO PRINTED

IDIM 1S THE VARIARLE DIMENSION FOR X,

TMAX IS THE NUMBER OF X VALUES

XAXIs STORES THE NAME OF THE X~AXIS

JDIM TS THE VARTARLE OIMFNSION FOR Y,

JMAX IS THE NUMBER OF CURVES TO 8E PLOTTEDs (UP TO 10).

THE ARRAY YAXES (J) STORES THE NAHE OF THE CURVES, ‘

THE ARRAY SYMBOL(J) STORES THE SINGLE CHARACTERS USED FOR PLOTTIWG

~-

A4 435 S0 0 41 40 40 38 £ 45 90 4 4140 08 S0 3 30 5 48 38 30 3 40 37 31 1 4 30 40 35 30 40 48 31 0 45 46 35 48 47 40 48 80 30 48 10 80 40 <2 45 30 40 4 40 € 48 B 4 40 40 40 45 b 4 48 4 S0 37 4

DIMENSION X{IDIM) sY(JDIMoIDIM) 9 YMAX (UDIM) 9 YAXES (JOIM) 9SYMBOL (JDIM)

1.A(101)

DATA DOT,rROSS,BLANK/IH,s1H+41H 7

Coante SCALTNG X ARRAY TQ THE RANGE 0 TO 50

1

?

XtipaXe1leFE=30
DO 1 I=1,TMAXK
TF(A{T) «GTAMAX) XMAXSX(I)

DO 2 1m1,TMAX

X(I)—X(I)/XMAX#SO.
TF(X{T)elLTale) X(I)=0,

Cuwvsd SCALING v ARRAY TO THE RANGE 0 TO 100

4

3

DO 3 J=1,JMAX

AYMAX'—'I .E-30

DO & T=1,7MAX
AYMAX=AMAXL CAYMAX Y (Jo 1))

DO 3 I=1,7TMAX

Y(JrT)SAMAXL (Y (JsI) /AYMAX)#100440,)

Cuedwe IDEMTIFYTNG THE VARIOUS CURVES TO BE PLOTTED

5

WRITE(691n3) XAXIS.XMAX
WRITE(691n0) (YAXES(I)sIalyJMAX)
WRITE(Os1nA) (SYMBOL (I)eTIm1eJdMAX)
WRITF(69102) (YMAX(I)sI=1ledMAX)
Dn 5 151,11

A(I)=0el#FLOAT(T~1)

WRITF(6+101) (A(I)sI=ly11)

cwwaee MAIN LOOP,. EACH PASS PRODUGCES AN X=CONSTANT LINE

Do 4n }=1,51
IF(I.,EQ.1,0R.I,EQ.51) GO TO 32
G0 To 33

Coonse ALLOCATF o OR & AS MARKER ON THE Y=AXIS

3>
30

3l

DO 30 K=1,101
A(K)=DOT

Do 3] K=115101,410
AlK)=CRUS¢

Couaaeal LOCATE , OR « MARK ON THE X=AXISy ALSO THE APPROPRIATE X VALUL

33

b

A(l)=nOT
A(101)3DOY
K=1=1

K=K=§

IF(R) 4R,aTs40

81



47 A(1)=CROSg
_ A(101)=2CRnSS
43 XL=0,024FLOAT(]=1) - -
Couu®e CHECK IF ANY Y( X(I) ) VALUE LIES ON THIS X=CONSTANT LINE
cueade IF YES Gn TO 41, OTHERWISE GO TO 42 '
DO 43 K=1,IMAX ‘
C IF(IFIX(X(K)*+1,5)=]1) 43441943
Ceaavs {QCATE Yy A(I) )
41 DO 44 J=1,JMAX
NYSY (JrK) 415
_ A(NY)=SYMBOL(J)
44 CONTINUE
a0 To 42
43 CONTINUE
Cowuds PRINT X=-rONSTANT LINE
42 YRITF(69105) XLy (A(K)sK=19101) XL
‘Couwtd PUTTING BLANKS INTO X=CONSTANT LINE
NO 49 K=1,101
49 A (K)=RLANK
.40 CONTINUE
_ bo Sp f=1.11. .
50 A(I)= 1¥FLOAT(I=1)
WRITE(Ds1n4) (A(T)9el=1s11)
_ RETUPN
100 FORMAT(L1IH Y=AXES ARF»5Xe10()1X9A10))
101 FORMAT(1HNs2Xs11F10.1)
102 FORMAT(1ISH MAXIMUM VALUES1PlOELlLl3)
103 FORMAT(LIHOA=AXIS IS sAB+17H (MAXIMUM VALUE =+1PEL0.3)
304 FORMAT(3X,11F10,1/1H1)
105 FORMAT(2H X9F6,243X9101A14F6,2)
10A FORMAT(TH SYMBOL,11X,10(1X,A10))
FND

COMPILFR SPACE
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SUBRAUTINF YINT(FRACSYFRACyJJ)
COMMON/GENRAL/ACCCSALFA, DPDA-DX ENTH(40)9F (10540)9FS(10+60)9GAM3

1GAMNGGAM (40) s Lo TFIN9INDE (10) o INDI(10) ¢ ISTEP,IUTRAPy ITESToKEXyKIily
PKRADJNINEQsNPLyNM1,OM(40) 9OMD(40) +BOM(40) yKAST(10) yPEI«PSIEWPSII,
AP (40} 4R {4N) yRHO140) yRIE(10) s RIT(10) ¢RME 9RMI 4 SD(40) »SU(40) yWM(10)
AXD XU oY (40)sYDIF (40) «YE2YIoRJTE(10)sRITI(1D)

COMMON/CUQ/JUyJK ¢ JD 9y JHS s JA UG JTE s JLE JUV 9 B
COMMON/CF e/ JH24 U025 JOHy JHAO0 s JHy JO s UN2 :

c—-----------p---—---------—-------------—-------_------------------.'-I——-

Cuavas INTERPOLATION SUBRQUTINE
C-r-~ﬂ---—-—-----‘“~---—-——-F—------------------h-----------*---------—-
REFDIF=FRACH*ARS (F(JJINPL)=F (JJs 1))
IF (RFFOIF _NE.O,) GO TO 10
YFRAC=FRAF#Y (NP])
WRITE(6y1) YFRAC
1 FORMAT(TH ISTEP=.1494H XUsS41PEL10,3,524 IN SUBROUTINE YINT, REFOILF=
10¢ SO YFRACSFHACHY (NP1)=4E10,3)
_ WRITF(692) FRAC,JJyNPL9F (JJ9NPL) oF (JUy1)
2 FORMAT(6H FRAC=,1PEL0.3y4H JJS9I1395H NPl=yl4,
1 11H FUJUNPLI= E10e399H F{JJdel)=sEl0.3)
_ RETUFRN ‘
1n IF(FRAC.GT.¢5) GO TO 30
Do 20 I=2,N ,
DIF= ARS(F(JJsI)-F(JJ.l))
IF(DIF=REFDIF)Y 20421421
21 T=2ABS(F(JJe D) =F (JJdy1=1))
TF(T) 22,23+22
25 T=(DIF~REFDIF) /T
23 YFRAC=Y(I)=TH#(Y(I)=Y(I=1))
RETURN
20 CONTINUE
35 D0 4n IDAGH=2,N
1=N+2=1DAcH
DIF=ARS(F1JJe I)-F(Jdv1)>
IF(DTF=REFDIF)Y 41441440
41 T=ABS(F (UJyI)=F (JJy I+1)) : .
TF(T) 42443042
45 T=(DIF=REFDIF) /T
43 YFRAC=Y (I)=T#{Y(I+1)=Y(I}))
RETURN
40 CONTINUE
RETURN
END

COMPILER SPACE
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