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ABSTRACT

ok Mok SIS R R

This report describes an analytical model for predicting the emission of
radiation from a jet plume in the mid-infrared spectral region. It is assumed
that the dominant radiation arises for the CO, molecule. Results are therefore
reported for the 4. 3-micrometer band of gaseous carbon dioxide which is
assumed to cover the spectral region 2050 to 2400 em™! (4,17 - 4.88 micro-
meters). The temperature range that is considered varies from 300° to
2100°K. The objective of the reported program was to develop a computerized
program for predicting radiant energy emissions which covld be readily inte-
grated into a flow field calculation. A description is given of both the radiation
model and the flow field model. The described program provides both the
spectral and spatial intensity distributions of the emitted radiation.
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Section |» INTRODUCTION

This report presents the results of the second phase of a program’ which
has been undertaken to predict analytically the spectral and spatial distribution
of radiation emitted from an inhomogeneous, nonigothermal system of hot gases.
Results are reported for the 4. 3~micrometler band of gaseous carbon dioxide (CO,)
which is assumed to cover the spectral region 2050 to 2400 em=! (4.17 to 4,88

. micrometers). The temperature range that is considered varies from 300" to

2100°K. It wae pointed out in the first phase [1] of this study that the program
was initiated because of current interest in being able to predict the radiant
energy emitted by a particular system of hot gases in narrow bands of the
infrared spectrum. The objective of the program was to develop a computerized

' computational scheme for predicting radiant energy emissions which could be

readily integrated into a flow field calculation, Such a program readily provides
botb the spectral and spatial intentity distribution of the emitted radiation,

In particular, this report outlines the current status of the program with
emphasis on modeling ..e radiation em -ied from the hot gaseous combustion
products of fixed wing jet aireraft i th mid-infrared portion of the spectrum,
it is well establirhed that one of the ma) .. “mrces of radistion emitted from s
jet aircraft is the radiation emitted from the nut jet plume. This is particularly
true when the aircraft {s viewed from » _(rection such that the hot tail pipe is
not seen. Since jet fuels are largely hydrocarbone, approximately 15 percent
hydrogen and 85 percent carbon, which are burned in an excess of air or oxygen,
then there 1s considerable COy in the hot exhaust gases, The CO, molecule
ponsesses a very strong radiating band centered around 4. 3 micrometers. The
radiation avising frcm this vibration-rotation band of CO, therefore represents
the wajor source of piume eminston in the inid-infrared spectral region,

The ultimate objective of the overall program is to be able to determine
the radiant energy available to a remote sensor from a particular target or
class of targets operating under a specified set of arbitrary conditions. This
overall problem then readily divides into three distinct phases: (1) flow field
description of the boi gawcous plume, (2) radiation model describing the emis-
sion characteristics of this gaseous cavironment., and (3) atmospheric modifi-
cation to this radiated energy, ‘The mecond and third phases have been previousiy
reported |1-4] on and will not be considered here in any depth,

“The results of the initial phase of this work are reported in a previous
work (1], which discusses the first phuse of the study leading to the develop-
ment of a general spectral emisaivity model for carbon dioxide.




This discussicn will be largely concerned with that portion of the program
which deseribes the method of coupling the flow field description of the plume
with the radiation model. In particular, the flow field description, which pro-
vides the temperature and concentration profiles for the radiating specie, simply
serves as an input to the radiation model which in turn is capable of describing
the speetral and spatial emission characteristics of the gaseous jet plume. An
outline of the approach that has been taken is shown {n Figure 1.
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7
TARGET SIGNATURE _ 0
AT SENSING DEVICE
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Section Il. JET FUELS

Jet fuels consist primarily of hydrocarbons with only small amounts of
other elements or compounds such as nitrogen, oxygen, sulphur and water.
These non-hydrocarbons are generally controlled very carefully to rather exacting
specifications for tha various commercial types of jet propulsion fuels. The
total amount of these non-hydrocarbons generally does not exceed 1 percent of
the fuel composition. Thus, for any practical calculation involving jet fuels, it
can be assumed that the fuels consist only of carbon and hydrogen. Both turbo-
prop and turbojet engines use the same types of fuels. These propulsion fuels
can be divided into three main types [5}:

1) Aviation kerosenes which have boiling temperatures in the range of
" 140° to 280°C. Such fuels with crystalline temperatures not higher
than -60°C are considered excellent jet fuels. They possess high
heats of combustion, low saturated vapor pressures, and good
viscosity characteristics which ensure normal functioning of the
jet engine under a rather wide range of operating conditions.

2) Wide range distillate fuels which include gasoline, kerosene, and
ligroine fractions and have boiling temperatures in the range of
60° to 280°C. This type of fuel is highly volatile and generally
possesses a high saturated vapor pressure. This causes high
altitude operating difficulties because of vaporization and boiling.

3) Heavy petroleum fractions which have a low vapor pressure. This
type of fuel is used principally for supersonic flight speeds; and in
naval aircraft and training aircraft because of its very hig}i flash
point. ‘

Table I lists the most common jet fuels used in civilian and military
aircraft. ‘

The C:H ratios listed in Table I were estimated from the empirical
relationship® 1

H%= 26 - 15p! \ (1a)
and
C%= 100 - H% | (1b)

where p!S is the density of the jet fuel at 15°C in g/cm®. The normalized
compositions were then derived by assuming the total molecular weight to be
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100 g/g-mole. In general, the C:H ratio increases somewhat with the heaviness
of fractional composition and as the C:H ratio increases, the amount of air
required for complete combustion decreases. The amount of air required for
the complete combustion of a quantity of fuel is easily calculated, and for most
jet fuels, the ratio varies from 14 to 15 units of air to one unit of fuel., This
can be illustrated by computing the mass of air required for the complete
combustion of a unit mass of fuel. One may consider a hydrocarbon of the form
CXH and assume that air is composed only of nitregen and oxygen., This is

reasonable, since the atmosphere is composed of the following major constituents.

TABLE II. ATMOSPHERIC COMPOSITICN

Specie Mole Percent
Nitrogen 78.09
Oxygen 20.95
Argon . 0.93
Carbon dioxide 0.03
Hydrogen - 0.01

This shows that nitrogen and oxygen compose over 99 percent of the
atmosphere by volume. It can therefore be assumed that the oxidizer is of

the form N AOB' For the temperatures and pressures encountered in a typical
jet engine, nitrogen acts only as an inert specie. Therefore, the following

burning or combustion process may be considered:

CH + (X + Y/4)0; = XCO, + (Y/2)HO . (2)

The mass of oxygen required for complete combustion of a unit mass of fuel is
then given by

Mass oxygen _ (2X + ¥/2) MO

Mass f T XM+ YM
ass fuel C H

(3)

th
where Mi represents the molecular weight of the i specie. In order to com-

pute the mass of air required, then it is only necessary to divide the above
expression by the mass fraction of oxygen occurring in the atmosphere. ‘This
is readily obtained by multiplying the mole fraction listed in Table II by the
ratio of the molecular weight of oxygen to the mean molccular weight of the
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atmosphere. This gives 23. 2 percent by weight for oxygen. Thus the mass of
air required for complete combustion of a unit mass of fuel is given by

Mass air 1 (2% + Y/2) MO

= . (4)
e 9
Mass fuel  0.232 XMC + YMH

In general, for the jet engine type of problem being discussed, an excess air
factor is used to limit the temperature of the gases entering the turbine. This
factor is generally of the order 3.8 to 4.0. However, at this point, the

oxidizer (air) to fuel ratio can be simply denoted as O/ F, and this can be
treated as a parameter, The composition of the combustion products can now
be obtained by first computing the coefficients A and B for the atmospheric com-

position N AOB' As previously noted, the mass firaction of oxygen is 0,232 and

can be computed from the composition N AOB by the expression
BM
SLELE ey TR ®
(0] +N

'The term "B" is uniquely defined by assuming 100 as the denominator. - A
similar calculation for nitrogen gives the result

NaOp=M548%.45° (8

The composition of the product constituents can now be obtained from the
reaction

(O/F)N,0p + C H ~ XCO, + (¥/2) B0
+ {(B/2)O/F-X-Y/4} O, + (A/2) (O/F)Np«  (7)

If it is now assumed that a unit mass of fuel is being consumed, then thé mass of
the exhaust products, Wi, can be written from the above equation, i.e.,

X (Mg + 2M)
Y (ZMH + MO)
Vi,0~ 2(XM + YMy)’ (9)

6
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B(O/F) - 2X - Y/2

W o= M (10)
0, XM, + YM, o} ,
A(O/F)MN )
W, = —_— 11
N, XM + YM,

For unit mass of fuel, a mass of O/F units of air is assumed to be consumed so
that a totai of (1 + O/TF) units is involved in the reaction. The mass fraction
of each product specie, @, is then given by simply dividing the exhaust product

constituent mass by the total mass. Thus
W, W,
_ i_ i
i ZWi 1+ O/F °

o (12)

so that the mass fraction of CO,, for example, contained in the exhaust products
after combustion is given by

_ X(MC + 2MO)
Co, (XMC + YMH)(I + C/F)

o (13)

Since the riole fraction of the combustion products is also of concern,
particularly if concentrations are expressed in partial pressures, then it will
be useful to consider the relationship between mass fraction, ozi, and mole

fraction, Bi. For an ideal gas mixture in thermal equilibrium, the total pressure
can be written as PT PNps where Ty is the total number of moles and understood

to be the weight of the gas divided by the mean molecular weight. If the total
pressure of the gaseous misture is now taken to be the sum of the partial
pressures present in the mixture, then for each constituent the partial pressure
is Piloni. Thus

Pi = PT(ni/nT) = PTﬂi ) (14)
or
W. M M
i T T
Pi = PT Mi WT = pTai Mi . (15)
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Equating these two equations yiclds the desired relationship, namely

M,
Bi = a’iT,[i— , (16)

where M’l‘ is the average molecular weight of the gaseous mixture which is
easily shown to be

1
T Za. /M, '
1 1

M (17)

where the sum extends over the number of gases present in the mixture, Thus
for any specie within the mixture, the relation between the mass fraction and
mole fraction is

o

Mi Za,/M,
1 1

(18)

Substitution of previously defined quantities into the above expression yields

Poo,™ Y+ 2(0/?) A+B) ° (19)
a0 =Y+ 2(0/21:; A+B (20)
ﬁNz T Y+ 22‘(AO(/OF{)F()A + B) (21)
Po, = $B+(Oz/(1:>)/p-> Z‘Z‘ . ;) : (22)

The results of the preceding discussion can be illustrated by considering
a specific example. The common hydrocarbon fuel CH, may be considered which
has a C:H ratio of 5,96 and consists of 14. 4 percent hydrogen and 85.6 percent
carbon. Normalizing the molecular weight to a value of 100 gives a chemical

formula of C7 1,;H 14. 5" The mass of oxygen required for complete combustion

of a unit mass of fuel is given by equation (3),

Mass oxygen - 14.26 + 7.1
Mass fuel 100

5)16. 0= 3.43
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The mass of air required for the combustion process is given by equation (4)
and obtained by dividing the above number by 0. 232:

Mass air - 3.43 - 14.8
Mass fucl  0.232 )

Using an excess air factor of four then gives an oxidizer to fuel ratio of 59. 2.
Since this occurs as a parameter in determining the concentration of the product
constituents, an O/F ratio of 60 will be used. The mass fraction of each of

the product species is then given by equation (12). Substituting into this set

of equations yields the following:

Product Mass Percent
CO, 5.14
H,0 2.11
O, 17. 20
N, 75. 51

Equation (17) can then be used to compute the average molecular weight
of the product gas mixture. This yields M,, = 28.85. Equations (16) or (19)
. T
through (22) then give:

Product Mole Percent
CoO, 3.37
H,0 3.38
0, 15. 51
N, T7.74

Finally, it will be pointed out that the CO, concentration present in the
exhaust products as computed above is approximately 100 times the normal
atmospheric concentration of CO,. The mole percent or percent by volume of
the constituents, when expressed as a fraction, also gives the partial pressure
of the specie when the total pressure of the gaseous mixture is one atmosphere
[equation (14) ]. Figure 2 shows the mole percent of CO, contained in the
exhaust products as a function of C:H with air to fuel ratio expressed as a

parameter,
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Section lil, FLOW FIELD

The flow field or plume model must be capable of generating the tem--
perature and specie concentration within the exhaust plume as a function of the
initial values at the tailpipe exit plane and the ambient conditions. Figure 3
depicts a typical jet plume along with the objective of the plume or flow field
model. An axisymmetric coordinate system is used to define any point within
the plume. The coordinate X measures the downstream position from the exit
plane of the nozzle or tail pipe and the coordinate R measures the radial position
or distance normal to the symmetry axis within the plume. The plume is divided
into two regions called the core and developed or mixing regions. The core of
the plume is a region of constant velocity and thermodynamic properties,
whereas the developed portion of the plume is that region where the plume
possesses property gradients in both the axial and radial directions. This
model is a finite difference flow field program which takes the conditions at the
exit nozzle; velocity, pressure, temperature, specie or constituent concentra-
tion, nozzle size, and ambient or free stream conditions, and then computes the
temperature and specie concentration throughout the plume.

OBJECTIVE: TO DETERMINE THE PLUME SPREADING
CHARACTERISTICS, IN PARTICULAR THE AXIAL AND
RADIAL TEMPERATURE - COMPOSITION DECAY
RELATIONSHIPS FROM A KNOWLEDGE OF THE GEOMETRY
AND EXIT CONDITIONS OF THE NOZZLE.

OZZLE
N TEMPERATURE
P (R,X) { PRESSURE
CONCENTRATION
CORE DEVELOPED X

REGION REGION

CORE OF CONSTANT
VELOCITY AND CONSTANT
STATE PROPERTIES

FIGURE 3. PLUME MODEL AND OBJECTIVE
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The primarvy problem isto consider the mixing of two streams which are
taken to be parallel but which possess different velocities, temperatures, and
chemical compositions. Only the basic features of the physical problem will
be mentioned in this limited discussion. These features ¢an be outlined by
considering a fully expanded axisymmetric jet exbausting into a uniform unbounded
parallel stream. This is shown in Figure 4 where it is assumed that the pressures
of the two streams are the same. The transport mechanisms that take. place
between the iwo streams include the transfer of momentum, the conduction of
heat, and the diffusion of species causing the two streams to mix. In the region
downstream of the jet cxit plane, three distinct regions exist. In regions I and
1T, the two streams retain their original properties. Region III contains a mix-
ture of the two streams resulting in nonuniform temperature, velocity, and
specie concentration profiles. The mixing process tends to reduce the difference
in the properties of the two streams. The flow itself can be either laminar or
turbulent, and the analysis of either can be accomplished by considering only

changes in the mathematical description of the expressions for the transport
coefficients.

MIXING
BOUNDARY

FREE
STREAM

MIXING
REGION

1.

v 1 1

FIGURE 4. DISTINCT PLUME FEATURES

For the systems under consideration, both the pressure and temperature
are relatively low. This results in the reaction time being much longer than
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the flow time so that mixing occurs before any reaction takes place [6]. This
frozen type flow can be analytically described by utilizing appropriate transport
coefficients, an equation of state, expressions describing the temperature
dependence of the species specific heat and enthalpy, and the conservation
equations for continuity, energy, momentum and species. A lack of basic
knowledge concerning the turbulent transport properties forces one to rely
heavily on experimental data for the eddy viscosity, eddy conductivity (Prandtl
number) and diffusion coefficient (Lewis number). The most difficult problem
was the adoption of a satisfactory eddy viscosity model to use in the basic
numerical program. A considerable amount of effort was expended to achieve
a satisfactory viscosity model for incorporation into the flow program.*

Typical results from the program are shown in Figures 5 through 9.
Figure 5 shows the axial values of the temperaturc and velocity decay for a
particuiar jot engine compared with the manufacturer's data, ‘This is for a
compressible axially symmetric free turbulent jet exhausting into quiescent
air at sea level conditions. Results for an inflight aircraft are shown in
Figures 6 through 9. Tigure 6 shows the decay of the temperaturc and CO,
concentration along the symmetry axis. This aircraft has a turbojet engine
and is assumed to be flying at sea level conditions with a speed of 280 meters
per second: The top curve is a normalized plot of how the temperature varies
with downstream distance along the symmetry axis. The ordinate is the ratio
of the axial temperature to the temperature at the tailpipe exit. At a downstream
distance of 35 feet the temperature has decayed by a factor of approximately
2.5. The dotted line shows the ambient ternperature ratio and at 35 feet down-
stream the axial temperature is 25 to 30 percent above ambient temperature,

The lower curve in Figure 6 shows a normalized plot of how the CO, concentration
varies with downstream distance along the symmetry axis. The ordinate is the
ratio of the CO, concentration along the symmetry axis to the concentration of the
tailpipe exit. This represents a concentration which is 105 times the atmos-
pheric CO, concentration (0,33 percent by volume). At a distance of 35 feet
downstream the concentration has decayed to within 10 to 15 percent of the
ambient value. Figures 7 and 8 show the radial distribution of the temperature
and CO, concentration at selected axial positions. These clearly depict the
diminishing core and appearance of the mixing region as a function of downstream
distance. The ordinate in both plots is the ratio of the plume property to the

free stream property. Figure 9 shows particular icotherms and the core region
(shaded) for the same plume.

* This basic program.was supplied to the author by Dr. A, Ferri and
Dr. P. Baronti of Advanced Technology Laboratories, Inc., 400 Jericho
Turnpike, Jericho, New York 11753, .
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The Advanced Technology Laboratories generalized frozen mixing
program (6] is written in Fortran IV and can be used on any large scale com-
puting system. The input instructions, a Jisting of the program, a typical set
of input data and a sample of the subsequent outnut are included in the appendix.
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Section V. RADIATION CALCULATIONS

After the flow field calculations have been made for a particular aireraft,
the radintion caleulations may be started. The mathematical details and descrip=
tion of the radiation model have previously becn reported on [1]. Figure 10
shows the geometry which is used for making the radiation calculations. The
plume is depicted simply as a truncated ice cream cone. The outer edge of
the plume is defined by the isotherm T/ 'l‘oo = 1.05. This was found necessary,
particularly for a jet exhausting into quiescent air, because of the slow exponen-
tial of the plume width in the radial direction.

A direction is then chosen in which it is desired to make the radiation
caleulations. This direction is indicated by o and called the aspect angle. A
plane is then set up to cut the plume in this direction. The aspect angle is the
angle between the symmetry axis and the direction that is chosen to make the
radiation calculations. Zero degrees is the direction indicated by looking
downstream along symmetry axis, 90 degrees is looking normal to the
symmetry axis, and 180 degrees is looking upstream along the symmetry axis.
Within this plane, various parallel lines of sight are constructed for actually
making the radiation calculations. The ~oordinate Z, measures the distance
of the line of sight above a line in the plane which intersects the symmetry
axis. The distance measured along a particular line of sight is indicated as
€. The t = 0 point is where the line of sight first intersects the plume surface
The coordinate X; measures the downstream position where the calculation is

heing made and R, is the radius of the plume at this point.
. Fal

v .

“Next the coordinates (X, R) are computed as a function of £, Zy, o, X;
and Ry along the line of sight.

*

1
/
R ={Z92 + [f sina - VR? - 23]2} 2 ;

’

X=X,+ fcosa

The increment A€ which divides the plume thickness into small segments is auto-
matically calculated by the computer. The flow field data have been stored in

the computer previous to calculating the cocrdinates (X, R) along the line of
sight, A two-dimensional interpolation scheme is then used to calculate the
plume properties along the line of sight. There is now a dimensional line
segment, the length of which represents the plume thickness, with the tempera-
ture and concentration of the radiating specie specified along the line. The
molecular band parameters are now computed at each specified point along the
linc segment.  The emission calculations can now be made.

IR
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It is not an casy task to calculate accurately the radiation emitted from
a homogencous gas. The problem is obviously more complicated when dealing
with an inhomogeneous gas. A modified form of the statistical band model
has been chosen for making the emisgivity calculations, For the inhomogeneous
calculations this was further modified by using a method similar to the Curtis-
Godson method. This method takes inhomogeneous gas which has a certain

transmissivity and replaces it with a homogeneous gas which has the same
transmissivity.

In this discussion only the results of the method will be outlined. The
radiating band structure exhibited by the hot plume exhaust gases is actually
composed of many closely spaced or overlapping spectral lines, In general,
to calculated the emissivity of transmissivity of a gas, three parameters must
be known for the absorbing or emitting molecule. The molecular band parameters
are dependent on spectral location as well as the state of the gas. These three
parameters are denoted as S, d, and vy where S is the average intensity of a
spectral line, d is the spacing between lines, and v is the line half-width. For
the inhomogeneous calculations, these parameters are combined in a particular
manner and an equivalent set of parameters is computed. These equivalent
parameters arc denoted by ¢ and v and shown below.

Y(t‘.
_ ' slm*uz)!
v = { 0T @) y[Pe,Tu)]dYoz) ,

Y s, Tw))dyu)

anTE]

r
I

0

These parameters are computed in terms of the basic band parameters and a
quantity denoted as Y which is referred to as the reduced optical path or
equivalent gas thickness. The reduced optical path is defined as

L P
Yu) = [=22ar
0 “e(?)

where ( represents the actual thickness of gas being considered, PCO is
2
the partial pressure of the absorbing gas, and Pe is the equivalent pressure.

The cquivalent pressure is defined by the relationship

P =P +bPry

20
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where Pt is the total pressure of the gaseous system, and b is a spectral

broadening coefficient which depends on the overall gaseous composition.

Tke transmission of the plume along the chosen line of sight can now
be computed as a function of plume thickness and spectral location A:

- 2
T\ L) = exp -2—V< 1 £ 1)
Ti v

This calculation is necessary since the radiation emitted from the interior of
the plume must be transmitted through a portion of the plume. At this point
the computer has available at each spectral point of interest the transmission
along the line of sight £, The plume thickness is now divided into a number of
small segments of thickness A/ i (Figure 11). Average plume properties are

assigned to each segment so that each segment can be considered as a homo-
geneous gas., The spectral emissivity is calcula@ed for each homogeneous
segment. This is computed from the equation

-2y(B,, T 1+80,T) Py
G(mat)=1 - exp °T(A T) ¥, T) P, " ’

where all the quantities on the right hand side of the equation have previously
been defined. The radiation emitted from a particular segment is then obtained
by multiplying the emissivity by Planck's black body spectral emission furction.
This is then multiplied by the transmission factor to obtain the radiation emitted
from the surface of the plume by the segment A! The result is indicated by

I (A, 0) and given by the relationship

6. Ci)\,-s‘r "
1 1

4

™ [exp(Cz/AT)- 1]

IL.(A0) =
1

This is repeated for all segments along the line of sight, and the results are
then summed to obtain the spectral radiation from this one point on the plume
at the spectral point A. This procedure is repeated for each spectral point

to get the spectral distribution of radiation, again from this particular point
on the plume, in the direction of &. The whole set of computations is now
repeated for severai points on the plume surface in order to obtain the spatial

distribution or the total radiation emitted from the plume in the direction of
the aspect angle o:

(A 0,Xy, 2y) = ZI [W/ (ecm -ster-um)]
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FIGURE 11. EMISSION MODEL

Figure 12 shows a comparison of the results of the homogeneous and
non-homogeneous calculations for a particular homogeneous gas. This repre-
sents the spectral emissivity of a slice of gas taken at the exit plane of a typical
exhaust nozzle.

Results from the program are shown in Figure 13. This is for an inflight
aircraft and for the same aircraft operating in a tied-down or static position.
Both curves are for seal level conditions and each is for a 90-degree aspect
angle. Again this is for a typical jet aircraft. The emitted radiation has been
integraded over the surface of the plume so each curve gives the spectral
diastribution of the plume emission.

It is intercsting to note that the radiation emitted from the aircraft in a
stutic position is larger than that emitted from the inflight aircraft. The 280-
meter per seconrl curve has a peak value of 1770 watts per steradian-micrometer
whereas the static curve reaches a peak of 2300 watts per steradian-micrometer.
This is apparently due to the free stream air which cools and reduces the size
of the plume. This is also indicated by considering the area under each curve
which represents the total emitted radiation. These values are indicated by
Figure 13, where it can be seen that the static value is approximately 30 percent
less than the inflight value.
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FIGURE 12, COMPARISON OF HOMOGENEOUS AND NON-HOMOGENEOUS
CALCULATIONS

The absorption dips occurring in each curve are due to the cooler

outer extremities of the plume absorbing the radiation from the hotter interior.
This effect is more pronounced for the static curve since the plume is larger
in size. The small peaks seen beyond 4. 8 micrometers are due toa much weaker

CO,4 band centered in this region.

Figure 14 shows data for the same inflight aircraft that was discussed

in Figu~e 13. Again this is for a 90-degree aspect. The results are presented

23
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in a different manner, in that the spatial distribution was not integrated over the
whole surface of the plume but only over the radial coordinate and then integrated
over the spectral region. The result gives the axial decay of the radiation or .
the radiation per unit length of plume. 74is permits the radiation centroid to be:

calculated which is also shown in Figure 14. The plume geometrical centroid
is about 7 feet aft of the tailpipe for this particular aircraft.
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One of the major objectives of this effort is to be-able to predict the
‘radiant energy that is emitted from a jét aircraft and is available to a remote
sensor This implies that the signature must be.propagated through the

‘ atmosphere which, in reality, aets as an attenuation filter. Therefore an

atmospheric transmission model [3] has also been developed in order to
determine the atmospheric modification to the emitted energy. It is a two-
component model that was derived from the well-known experimental data of
Taylor and Yates. Molecular absorption of H,0 was considered along with
other constituents of constant concentration such as. CO,, N,0, CH, and CC.

'I'he constituents of constant concentration were combined into a single species,
X0,. The amount of XO, was chosen to be 32 atm cm/km, which is the average
concentration of CO;, Figure 15 shows a comparison of the transmission model
with a set of independent measured transmission data. It can be seen that

the computer model matches the measured data quite nicely. The broad
absorption dip between 4. 2 and 4. 45 micrometers is due to CO, absorption. The
dip at 4. 5 micrometers is due to N,O, and the fine structure is due primarily to

H,0,




BT ei BY T A RRTOMNTRGRE L 4 vEh

120

=== PRESENT HODEL 1.8 km
100 ===MEASURED 1.7 PRCM H,0
Y Y agre X 92 PERCENT SCATTERING
. ‘v \»
Ze0 S 4
] \
z
2
Z 40 y
«
< !
. |
i 40 ' ‘
g [} r [} ' )
w | "n A
! i
20 t
i LR
|
0

3.0 3.2 34 3.6 38 4.0 4.2 44 4.6 43 5.0
' WAVELENGTH (um)
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Figure 16 shows a typical plume signature put through 1, 7, and 15
kilometers of atmosphere by using the previously described transmission model.
Thie shows the importance of the wings or skirts of the emission banc since the
center of the band gets completely absorbed in relatively short path lengths.

A comparison of the results of the present model with measured data
is shown in Figure 17. This is for a particular jet aircraft operating in a
static position at 100-percent power. The aspect angle is 10 degrees and the
measured data were recorded at 1 mile from the aircraft. The, theoretical
results were put through the above described atmospheric transmission model
to obtain the signature shown in Figure 17.
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Section V. RADIATION COMPUTER PROGRAM

A copy of the computer program is shown in Table III. A typical set of
input data is shown in Table IV. The first 72 data cards are standard input
for each run. These cards alternately list the molecular CO, band parameters

1
S/d and S/"’/d as a function of wave number and temperature. The first data
record on each card gives the wave number and the remaining seven records
list the band parameter at the given wave number as a function of temperature
in increments of 300°K (for second data record, T = 300°K;forthird, T = 600°K;
for eighth, T = 2100°K).

The next two daia cards are also standard input for each run and simply
contain headings (RADIATION) for the output data headings.

The next two cards are used to document the date of the run and the
description or title of the run, The first card contains the date (first 12
columns) and the second the title or name of the run (first 72 columns). The
next card must contain two pieces of information according to the format (215).
The first is the number of X-stations (NXS) that are desired in the calculations
and the second is the number of radial or Z points (NZPEX) desired at each
X station. (These numbers must be less than or equal to 60 and 8, respectively).
" The computer checks to insure that these limits are maintained. The coordinate
X messures downstream position in centimeters, and Z is the coordinate normal
to X, also meszsured in centimeters. The actual magnitude of these numbers
and their spacing is determined by the flow field computation Again NXS and
NZPEX count only the number of the points at which calculations are made. The
set of flow field data is next read into the computer. This is denoted between
statements 172 and 110 of the program listing. An axisymmetric coordinate
system is used so that any plume property is defined by the coordinates X and
R. Data from the flow field calculations are written on tape at specific X or
downstream locations. The number of radial points at each X position is
denoted (NRP) and each radial point defined by R(I). At each downstream
position where a radiation calculation is desirgcj,.ih’é temperature T(I,J) (I
denotes the number of the dowgws,t'réam'pds"’i”t'ibn, J denotes the number of the radial
position) in degrces-Kelvin, the radial position R(I,J) in centimeters, and the
partial préssure of CO, (PCO,) in atmosphere is written on tape. The num=
her of radial points at any given X position must be less than or equal to 25, It is
assumed that the total pressure anywhere in the plume is 1 atmosphere. These
quantities are not written or read according to a formatbut ratherinbinary notation.

Finally a card is read which contains two quantities, ALPHA and ISTOP
according to the format (F10.5, 15); ALPHA is the aspect angle in degrees and
ISTOP is either 1,2 0or 3. A (1) will terminate the run after the calculations
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TABLE III. RADIATION COMPUTER PROGRAM

- 03/11/70

TEST = EFN  SCLRCE STATEMENT - IFMSYF =
¢ TRACY JACKSCh_ 1/24/68 I
C CO2Z 4.2 MICRCN BAND PLUNE SPECTHAL RADIATICN PRCGRAM

o .CIMENSION X(EC)sREE0425) 9T 16Ce25) oFCC2(60925)SCCI3647) 4500203647
LIMENSTCN WAVAC{36)ohAVLHI36)9TT{7) ¢ TSPRAD(3€)

c.
c READ BAND PARAMETERS FCR (02 EMISSIVITY CALCULATIGNS

REWIND 10 e - :
e DO 1CO Imlee

READ(541200C) WAVAD(I)4 (SCO{1ed)ed=le?) ’ 4
RELD(59100Q) WAVNOLL) o ({SCU2(ToJd) odx)sT) 10

1CC wAVLh(11=10CCCo/WAVND(T)
CA0C0O _FORMAT(FT.147E%,2) ) : :
: M 161 J=1.7
T=d
TT()=300.*TJ
DO 1¢i I=1,3¢
161 SUC2(T,0)=S002(1+J1%SGN2 {1 ¢J)
CIMENSION DATE(2)e VITLE!12) JHEACACILE).

READ (541051} (FEADNG(J) sJ=1418) i 33

1051 FURMAT(12A6/6A¢)
READ(5¢10507 CATECT)sDATE(Z) o (TTILE(S) vd=iel2) 4C

1050 FURMAT(286/128¢)
WA ITE(60110C) OATE (11+0ATE(2)s (TITLECT) o1=1412) 47

1160 FORMAT(IHL 4CXe52HC2 403 MICRUN EANC PLUME SPECTRAL RACIATION PRO
TGRAM71K0 .62 X0 2A6/1FC3CX0128€)

. _WRITE(&,11C]) 54
llCl FORGATCIHGs 41HALL FLUME COCRDINATES ARE MEASURED IN CMs)
wh ITF(E,11C7) 55
11C2° FURMAT{ LHOy LTFWAVE NUMBER=(1/7CF) ) )
wRITE(E41102) 56
1163 FORHAT( 1HO ¢ 2CRWAVELENGTF={FICRGAE 1) ;
i WRITE(E01104) 57
T11C4 FORWAT{IHCs 41FRADI AT ION= (WAV TS/ SCeCNo—FICRCN=STERADIAND) i
C .
c AKX SaNUWAER X STATIONS
c N7PEXuhUMBLR 2 PCINTS AT EACH X STATICA
¢
__READ(5¢1001)_NX3NZPEX 58

16T FURMAT (21 5) R
_ 1E{NXS 6T, 6C) GU TG 11¢
IFINZPEX.GT.€) GC TC 171 j
6 T0_172
IO W iTE(6,112C) Y]
J112C FURMAT(LHLe 40K NUMBER GF X=STATICAS NUST "'BE_60 CR LESS)
“§Top .
"_11} WRITECE.1121) 65
1121 FORMAT{1H1, 26FAUMBER OF Z=PCINTS FLST BE 8 CR LESS)
sTeP

¢
€. READ INPUT TATA TAPL FRCM PLLME_FLCw FIELD PRCGRAM
¢ A< PxNUMBER CF RADIAL PCINTS
c N
172 CONTINLE -
_READCLCY (TETLELE) o1=1012) o X 70
READ(10) NGRUN 17
_.BN 1C2 Ix1eNXS .
REAGTIC) XU1)ohnP . a1
o READLIOMTULoJ)eRUT o) ¢PCO2(Ted) sdal otukP) 84
IFNEP LT, 25) GU TC 110 .
Gu_1C_102

113 NRPL=NRP+1
£ 111 KKsNRFle25
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TABLE III, RADIATION COMPUTER PROGRAM (Continued)

Te ST - LFnN SCURCE STATEMENT - [IFMS) -

——— R PSSO S

RUToRK V=R (] oANRP)
TCLoRK)=THT W ARP)

1L PCL2(1 KR 1IZPCC2LTNRP)
102 CaNTINLE

IPAGE=C 0

ALPIAZASPECT ANGLE IN DEGREES(O CEG=NCSE<CA] .
1502 1ol L JERMINATE FROGRAM AFTER SINGLE ALPHA CALCULATION

I15T0P=2,RETURNS Tu THLS POINT FCF ANGTHER ALFHA

Ao

1S10P=3,KRETURNS TG STVT 173 TO REAL MEw .SET FLOW. FIELD DATA

1€2 <EAD(S41ULCIALPHAL ISTOP
Wio FIRMAT(F10,E715)
ALF=ALPHAZS51,2951 -

e =CESCALP)
_SCaSlytatp)

PI=34141562€
B3 163 L2l 3¢ _ o .

160 TSPRA(LI =0,

XM LahXS=1 N . e -

TF(ALPFALEY 0eCoCRALPHALEGL80.C) NXSMIET -
C) 1C6 l=leNXSM]

Ixc= .
RuzF (1 X0e29) B - -

XuaX (IX{1)+4C1 T T T

TELALP ARG LEC.C) XU~XEANXS) - L

LPEXSNIPEX
BELZ 2RG/LPEX -

G 6L2 M=]oA2PEX ) -
T vap

PVDELIRCIM=TY
IFLALPPALEGoCaC) REZ2.8R11 42504 LLN=1, )-(a(nxs.n)-z.tml.zsnlzpex

IF(ALPPA,EQ.TE0.C) RC=(Z¥-1, 1+ TRINXS 25007 ZPEX -
c ,

(RIS ISIELELRII LRI 23 2 ) is-‘#t.tt“‘tt""‘t‘.‘l.."l“..ttt.##“t""“‘ LT

c CALCLLATF CCCROINATES XoR ALLNG llhE CF=S1CHT _AS FUNCTION: CIF lTS P

- € LERGTH

¢

SIMENSTLN CRUT0C) CXTTCCI CLITOC)
CELL=1Ce Z -

TFIALPPALEQ o CoColReALPHALECL 18T LC) DELLEXINXS)/98,
20C AL 0. . e

W 20 J=1e10C - -
HEN)

AvKzXL#SC-SCRT(RCARC=2G9200 ~
CP AND=SCRT(ICETGHAPRRAFR)

148
146

Ca(N)=XCHXL*CC e
S CLINYzXL o .

IFCXINIoLT oCu) GU 10 274
F(CXINDGGT XINXS)} GU TC 204

IF(ALPFALED 00040 sALPHALEC,180.C) GC T 203
G0 2C1 KaloMXS_ e o e [ —

Kl 2K ’ T
O IPACXIN) oL XN GC TE 202

201 CuNhT INUE
202 IFICRIN)ILGTREKIW2%)) GE TC 204

23 XLaxlLeDELL * ) ST o

DL TLG SMALLGINCREASE AS FCLLOWS

OO

T s R OTLL /2,
Gtr TC 200

2eq IHINWLTeS0) GC TC 2%
G I1C 259
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TABLE III. RADIATION COMPUTER PROGRAM (Continued)

03/11410

TEST - EFL SCURCE STATEMENT - IFN(S) =

~MELL TCG LARGESCECREAST AS FeilCeS. _.
2C5 CELL=CLIN)/TE, . e e e e e

PLLME THICKNESS NEGLIGIBLE &T THIS PCINT,MCVE UGN TOQ NEXT POINT
AFTER SETTING ALL SPECTeAL RALIAVILN VALUES EWUAL 10 ZERD

[z X aNelal SO0

TIF(UELL LY, CICE5) 66 TC 416 oo
G TD_ 220 e

C
CH#X 2R H0 kS nE #“#.!tlt.“ﬁ‘t“‘t#"&'*“l’t#tt‘#*‘tt.tﬁt!‘t##ttt#tt_‘f?!f*i' —

[ CALCULATE PrESSURE AN TEMPFRATLRE ALUNG LINE-JF-SEGHT AT EACH Xor
C v trema e i mane tmoemtvm b sam g5+ mmrmmemmts cermnemaam e e ae
CIMENSTON CTLICONCPILCC)
266 0 3C) J=1l.N_ B . o . e
L) 3C1 L=1eAXS
N'y=l . e e e e e e ———
[FUCXEINLE X(LY ) GO TC 802
3C1_CONT INUE e e
3C2 0O 3C3 L=1s2¢
L e
IF{LREJDILE oRINNGL}) GC TO 304
303 CUNTINUF ___ i e — .
3C4 Ck1=CRIJ)V=r (NN=] 4rt¥=1)
Ox2=R{NN=L oMM )= {01 oMV=1) ...
NR3I=CREJ) =R (NN ¢MM=-1)
Dl 4zRENNe MM )=R(NNy NV=1) = N
Cal=CA{II=X(NN=1)
CX23XIANI=X(AN=] ) e
TXLZTORR=1o MM=1Y 4T (NA=1 s P ) =T EAN=To P 4=1) } #DR17OR2
L IX22 TN M= LIS LTUNN M) =T (AN MM=~1) 1 2DR3/OR%
TCT I =TXLI#0 TX2-TX1 1#CX1/0X2
PX 12 PCU2 =1 ¢M¥=1 )¢ {PCC2{NA=1 ¢ ¥¥)=PCC2(NN-14M4=-1) ) 2UR]L/DR2

PX 25 PLO2UNN oMN=1 T4 (PCC 2 TAN  MM) = FCC2( Ao MM=11} ) ¥DR 2/ DR%

LCPLJI)=PXL eI PX2=-PXL ) ¥EXL/0X2 e

IF{CT(d).LT<3CCe) CTTII230C, :
3C0 TF{CPL{JILLT.C,00033) CPLJ)=G.09C32

C
L‘l‘ PERARRL AR BERERBDAEEEE FE B RN ISR AN KPS R R KRR SEE T IEXK SRR R RAERKL X KB XX

CALCUL ATE AT EAUH SPECTRAL FCINT CCNSICEREC THE BAND PARAMETERS

C
€ __ AT EACH XsR ALUNG LINE=CE=SIGHT .
[
CIMLNSION CSOE(3cy 100) o CSUDEI36,1C) | | -
00 4C1 K=l+N
. IR TsCTK)/3SC,
1F {IRTWLT 1) IRT=1
CT1=(CTUK)=TTCIRT) I/ 308, _ o .
o0 4cl = 103
CSCUlL oXK)IBSCCLLy IRTIFVTIR(SONLL o IRT#LYI=SCUCL W IRT) |
4C1 CSOD2(LeK)I=S0C2(Ls IRYI#CTLI#(SOD2ILIRT#1)=SCC2{L o IRT))
C
AR AL A AT AT RO AR AR IR BT BB ER SR LA SRON NP R AR C AN ASRA RN RR AR R R RO C
¢ CALCULATE TRANSMISSION. AT EACH SFECTRAL PCINT FRGY_EDGE UF PLUME
C T Xek ALUNG LINE~CF-SIGHT
c e e e e - .
DINENSION YELCC)eTRANS{36410C)
Yi1)=Ds
€O 5C1 K=2.M
5C1 YUKLaY(K=1)$0.6¢(CLIKI-CL(K=1)) #(CPUKI®CPAK=0).
D0 5C2 K=1l436
L TEASUK, 1) =1.C L o
P=0,
C=C.
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_TABLE IlI. RADIATION COMPUTER PROGRAM (Continued)

‘ - Q3/11/10

TEST ~ uFN  SLLRCEF STATEMENT =~ [ENIS} -

GO 5C2 J=2eN
Cr2).5¢(Y(0)-Y(J=-1 1))

Pvl CoSELCTLINSCTLI-1)
YO LI9SR TI3C)/PVT) . . 294

POCY”(C)U((K'J 11¢CSECUIK I
0'L0PY°hAM°(L‘GUZ(KoJ-l)OFSCPZIKJJ))‘_

C

AnGa=2,¢{u/P) (=1, #SCRT(L.+P*P/C))} 29%
5¢2 T<NS(KeJd)=t XPLARG)

Cessssancsan t‘ttl“‘.‘.t T o ﬁiktt““O.#“".3“"9“\“9."“#.3“.‘#“‘

o

LCALCULLATE TuTAL SPRCTRAL LMISSTENZUNIT-ARFS FROM THE PCINT
X ok Ca 20 IN ThE DIRECTICN CF ALFFS

301
QIMEASICH SPRADIZA.11) +ZB(S)INSTEFSIG) JUELTALLY)

INCE X20
G _TC €20

610 INCEX=1C0
62C I3tM)=20

THIALPHFAGEC,CoColIR¢ALPHALEC,18V.C) ZB(VN)=2RC
NSTEPS{v)=N

CELTALIMY=OELL
MX =M

00 €S K=1, 1€

_bLe SPRACIK.M)=C,

IELTAOEX. DT o5C) G TG €C2
'i l N"l

To 6oL K1, KM
PYISICTUK) ¢CT(Ke 1) )%0, &

XX =1438b, /P VT
Cu 6C1 L=142¢

el EalaNaNa Nl

LISV TY ={TANSIL K )= TPAS(L.KO!))ITPRS(L.K)
PrLzwAVLHIL)

PLKF ADZI190E, #(OWL*%8(=5) )/ (EXP(XX/FALI=1,) 334
SPRACIL M) =PLKRADSEYSVTIYSTRASIL oK )4SPRAV(L M)

335

"6C1 CUNTINLE
6C2 CONTINLE

BLAPT I HOITBCLUN S IBERRARRESIRINRARA KNI DIBINERRSSBENEIERREABESXFEL SR RN

PERFORM SPATIAL INTFGRATIUN ULVER FLUME SURFACE TC OUTAIN THE TOTAL
SPECTRAL EMISSILN_IN The DIRECTICN CF ALPHALALSC PERFGRM_AN

INTFGRATION GVER THE SPECTRAL REGICN TC OeTAIN TRE TUTAL RADIATION
THAT IS EMITTEC FRC™ THE PLUME AT ASPECT ANGLE ALPHA

VYXPL U Ye]

LB ivxel)=R{IXCe28)
D 7CO L=1s 3¢

SPRALILMX#1)2Cs
70 SPRADILMXe3)2Co

IFLALP IO FueleCaCRALPHALEC, 180,C) ZB(MX#1)2RINXS,25)
SO Tol L=l 3¢

3

L1 7CL P=goMXF]
TGl SPRACIL oMX+3)2SPRAUIL MX43) (2B INM)-2B(M=1) )o(SPRAD(LIM=1)#SPRADIL,

13 o
IFIALPFAL B0 .CoCoCROALPFALEC, 18I .L) GC TC 765

IF{IXIFQ.L) GL T 7C3
.0 762 121026

72 TSR ADTL) = TSPRAVIL 14 X T b=xX{ I=1 ) 0ISL/ 24V R ISPRADIL o MX 21 4SPRAG(L oY
Ix+2)) e .

7C3 r1) I1Ch L=al, 3¢
7Ca SPRACIL XS ) sSPRACIL,MX#3) . ) .

G TC L7
7CS i 1o Lzl 26

Ct 7¢CH ¥=2.MxP1
TCE TSPRANILI=TSPRADIL Y4 (BN ®ZA(M)=-20(V=1)82B8(M=1))eP[8(SPLADIL M)I+S
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TABLE IIl, RADIATION COMPUTER PROGRAM (Concluded)

B T FUNRVE TR0 V. X I —
TEST - Ekd SCURCE STATEMENT = IENIS) -

e ... o

IPRAD(L oM=13 )72,
7C7 00 7CY L=le3¢ — L
TC8 SORAC(L«MXPT)aSPRAD(LeMX43)

ERFIRANITRE SRR SRR AU CUR AR AN GRS A PR SR RA SR IS SR RGN NDEANA RIS SRR
WRITE_DESIRED CUTRLT

o000

1PAGE= [PAGE+] N
WRITECE 1203) DATETT I DATEC2) W LEACE 417
L1200 FORMAT (1M1, 62X, 20603CKo4HPAGEL2) . .. . . ..  _._ ..
WRITEC6012C1) (TITLECJ) od=1 o1¢) “if
WRATEC641285) NCRUN A e 422
1285 FUAMATI1HO, 60K THRUN NCzo414)
12C1 FusPAT(IHCy30X012A€)
ABXX =NSTEPS(1)1=1
ROT2=ABXXSOELTALLL) e L
WRITF(0+1202) ALPHAGXO$ROT2 %24
12C2 FNRHAT(IHL ¢ L4 _ASPECT ANGLE=4E1Co405%e 2CHDCRNSTREAY PUSITIUY=,E10,

144 5K 2 16HPLUME THICKNESS=oF13544)

WRITE( L 1SOCYINSTERSLS ) g d=lo¥X) e . [ L 3-8
1560 FURMBTUIMG . TH STEP S246Xe5112)
_ o ITECEa1 501 (DELTALLI) o Ju] o¥X) 43¢
15€T FURMAT(IH oGH CELTA Lzo7Xo9E1204)
o WRUTE(81203) (2B () ed=]o¥X) . 438
1203 FARVAT(IH o 17H PADIAL PCSITICN® €114 ¢BELZ o4 )
WX Em M e
WR ITE(6+12G4) (HEADNG(J ) o d=1+¥X3) %4C

12C4_FUSRMAT(JHCo1Th WAVAMBR  wAVLAGH,2X¢1B8An)
D) 1235 J=l43¢
L12C5 AR ITE(EL1206) WAVNCE ) oWAVLHIJ) o (SERADIJ K)o K=, ¥XP1) 4417
12C6 FORAAT({LIH o+F7.CeF943¢9E1244)
. . . CGIMENSIUN RUNITLAG6CY i
TRUNITLIDY =0,
. £u._125G J=2,3¢ e e .
1268 PINTTL TV =RANITLAT ¢ (wAVLH (J=1 1 =W AVLR(J) ) #GL S SPRADII=1, MaP L) +
1SPRAGLJoMXP1) )

WRITE(641251) RUNITLLE) ) 46s
1251 FIaMAT(IHO o 46HRADIATION/LNIT LENGTH OF PLUMFIWATTS/STER-CM)zeEllas

1)

M2 UTEL6,1201) 461

1267 FIRVAT(1H0 ¢ 2CX o S4HNCTE=THE LAST RACIATION FCLUMN ABOVE GIVES THE §
LPECTRAL RADJATION/UNIT LENGTH OF FLUMF SURFACE)

106 CONTINLE

IPAGE= [PAGF #1 . e

W ITF(64120C) DATE (1) oOATE (209 FACE &7l

MR UTECEL201) ATITLENI) odul o12) 472

,axrece.xzoe) ALPHA %TS

‘ﬂﬂ\‘D'O.
ooy 7C9 L=243¢
7C6 1T ADSTUTRAD (WAVLHIL-1)-hAVLH (L)) #{TSPRACIL-1) ¢{TSPRAC(L)))
LI IRAI=TOTRAD/2. I e e e
TWRITE(€91206) 4SC
. 12CG FURMATULHG 37+ nwAVNMUR  WAVLAGH _ SPECTRAL RACIAT 19h)
WRITECGe12LC) CRAVNGTIY o RAVLHTJ) ¢ TSFFAD(I) 9 d= T4 36) 491
1210 FORMATUIH +FT.CoF9e304XeE12.4) = _ B
WRAITEL641211) TOTRAD 5CC
CENTHC._ . ..
Ml 1252 T=1,NXSM]
1282 RUNTTL L)Y =RANTTLAEEI=X(1)*SCeSC
0 1257 I=2,AXCi11
1263 CeNTR=CENTRAAX(T)=X{1=1) )80 8%(RLMITLLI=1)¢RUNETLLL))
TCENTR=CENTA7TRTRAD
WRITE(Lo1254) CENTH 52C

12 ‘4 FRTFAT L 1HO Y GHCENTROID= o L1T o4}

G T0( l\.7ol03ol’2’ ISTOP

1C7 REWIND_10 e el . . . 52¢
STrp
IND
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TABLE IV,

2050e 2460E-03
2050, Le60L-D2
20h0s HeOD1E=-03
- 2060, He25E-02
2070s 14875-02
2070e  5400E~02
20804 1e¢5E-02
2080¢ 640GT7E=QZ
209Gs  beBVE-03
2090  Teb2F=02
2100e¢ 1481£-03
21ufte  TeBIE~02

Z11Ge . Fe55E-04-

2110, 84137-02
2120e  54655-04
2120s  Be4NE-02
2130¢. 4e83F-0%
21303 Be6BE~D2
216064 #4T9E-0%

. “2140s  8497E-Q2
2150e  &Le91E-04
215Ge 90240507
2160s 50228402
2167, 9460507
2170+ bBik-0k
2170s 94376502 %

LeBCE=-0%. 3440E-04
64B0E=02 1433E-01
1eN3E=03 5472E~04
1450E-02 1449E=01
1689E=03 9457E-00
Beh2E=02 1468BE<01
1eH9E=03 1430E-03
93256=02 1.84E=01
Tab3E~05 1eL7E-03
1e15E=Cl 24L6E-01
Tl 7E=04 2410E-03
1667801 1,55E-11
1026£=05 2332E-03
2;615-01 5400E-01
§e825=04 Yo 70E-03
24 148~01 5458€-01
6¢36E=-04 1413E-03
2e358~01. 5412E-01
70)05 05 lolée 03
Zu505-01 60665 01
TeB1E=ON 2.20: ~03
2.66f~01 Te “OE'Ol

BeS6E=QL PeTPZ -A3 3
2:¢as~01 weT1E-D]
1.th -3 weCAL~03

555-01 lo!lE =QG

3 6c21“ 03 .55 NGE D2

lo00e 1029:-0’
22166 2005003
P210e 143285010
2220s  1e792-02
2220e  leSH -’
2236Gs 3e108- Qf
2230 20655'“
2240,- ..ﬁa‘-ﬁ.

zzaog; 3.:15 <03

AE=(1)
- ST ST
- 22908 14AsI-00
223G, 255 1Em

). v e 72’—00
. . &3The BTGESRG 7
- 2320, T 3AE 1A

L 2%20e B3 Ieng

22130 1-61:‘01

233G, lcd#r‘“i

- 2350s, leRof0t
2340, leanEen]

23673, 147Fen)

- 23s%ih 1eB7F0RL
236G, (e T%Fen]

23004, leAnkn]

IB0e ZenEsTL

L 23 e. EBedliand

23:{e  YouibiOd

- 2100e  Je5H3RZF
230, 245770l
EA4%ug  Rawe [ ot} ]
2ivite 9.0‘§'f~
TGy el =01

<a.vu-lox S TZEGD

b.&)--ﬂ&
10658202
be P2 1E=GL
5055'-0°
EA“OF-OI
Y og2E D1

at »dge =0

LeGEE=DL,
10‘&F-ﬂ9
«‘HGE 11

T oceuAtEap

7e935=01
a.65F~Uu

2o 10E 00

LAOUﬁ-O!
257 E-ln
2492E=Q1
302000

Je£7022).

3565E- S
& o“5c "0]
& L'\E—’)‘\
5.!5&?“

5e25L500

I.S:L~OQ
5.9?&—904

TYPICAL'SETINPUT-DATA- - — =

44 10E~04
3.35E-01
6437E504
weT6E-01
14 06E=N3
4010€-01
Ye66E-02
4455E-01
2¢54E=-03
5¢05€=01
2465E-03
6+00E-01
1459E=03
7460L-01

2446E=-02

94738=01
4498£~-03
1024E=00
GeBoE=-0s3
Le60E=00
Te§2E-02
2403E= s00

2»91:'”0
e l6E~02 1

3415[' 9
1;055 Q1

&0 81EZ0C
3«)5&'01
Jgelﬂ-ﬂo
“4eG2EsQY
0090‘-00

.
1'04*-co
933265~
T ohSRLY
1001640} .
1 UE-O0
x.118$nn;

1. W3 JOESO1. /

8420F=04 54T0E~03 2460E-02.
7490E=01. 2490E=00 B+90E~00- -
1637E-03 9408E-03 3456E-02 ,

1400E=G0 3+50E-00- 1600E+01

2428E-03 1542E=-02" 40 76E=0Y

1628E200 4440E=00 :1s13E401
3481E+03.2013E~02 '6428E=02"

Fe632E-00 5¢23E-00"1425E401"

6401E=03 3.08E-02- 8430E-02 . ;
2406E-00 6+10E-00 1637E+01 4
1.06E-02 4428E~02 108E-01 ;
2754E=00 7400E~00 14%7E40] .
1373E=02 5¢86E=02 1e41E-01 -
3404E=00 7490E=00 1e¢57E+0L, .-
2.BOE=02 B8,055-02 1481E%01 - .
3455E=00 8L76E-00 1e66L+01 i
£438C-02 1315E-01 2431E<01 :
4419E-00 ‘94608500 14 75E401- - SN
6473E-02 1e63E=01"2¢956203~- -~ = _: - - .
4 eB5E=D0-1404E+0) "L GR2EF0).

1e01E=-0L 2425E-01 3473E-01

=00:-1512E401 1490E401

HE=Q) 3306E~0]1 4¢6BE=01. - :
5ehBE=00 1420E40] .1598E+01 ) . ;
2e2BE<01-4307E-01 5980E=01 - .
7425E2GC 1636E401 24038401 . . .
33326201 5336E201.T10EZ01. - :
8426E=00 .1539E+01..2705E+01.

ﬂ?\
S L

7.00E=0Y '8¢57E~0].
a3y 27E<00 - 1o4 TE401 2006E401

15.565-31 8403E=01 1400E=00 -

19058401 Ta56E401 24105401 o :
8.88 261" -1 11€-00 Le17E-00 >
1629€401 . Ye6aE+DL -2517E401"

T¢16E=00 1¢35E-00 1e36E<00 . . e
14325401, 1072:*0? 20?5&*0! -
1e4BE=N0 1 ¢61E-00" Va55E=00 -
1en8 A0y 1e81EHQY 2e35E+01 ’
700 1486E200 14T2E206

3F+0) Te83E+Q). 20“15*01 !
29228500 2.1;E~00 168TEZ0C . ' .
59e461 | 0&9C*Ol 203}5001 .
E1E=Q0"; 2#322-00 109SE‘¢0 ,
.9E401 T 855+Ol 2.17&401’ :

T428E-00 2036EZ0F 33 27E-OD 2096E-00 23498200 2506E>90- - ’ :
SACE-OU o $5JES00 11424540)  La5TELOL 14 78E+1.1396EROL ;

24405401 3¢525~50 3,54TwAL 31266400 236160 2410E=00" . :
ASTOES08 JinpEannt 13275421 TIISIRARY TeTEI0L 15TAESOY .

€ FALE-TQ Bl 0ET00 6 53T=00 1ehBE-0D"2769E00"2¢12E700. . .

207 6337537
T GER 00 7.a2=-ua e..7=-oo

I.bQE 04

Je 2? 0l

nlo“85*01"10585*51 ‘0595*014 . B ’

1.12?49. voc—no LR
“19-—0v‘3:nzt~ax I 21?301"1.12k&01 1 348061 1.305001
1ohaErd: BeZ50-00 50145700 346050y 2465500 2401C~00
Lc;PEVU{ lo((;%ﬂ! lol&&ﬁnl ‘.?18001 loZlE*D’ 10]95‘01
| RT3 553 r.97:—oo 5eNEELN0 345TE-00 2461E€E-06 1695E-00
lol&=30. I.l 40( 1e0ES4DY 1.10“”1 1s07E¢01 l,OOE*OI
10112‘01 ?o‘ E20n S 1< PD Te55E=00 24530~00 1+25€00
Yelufeirl Lalbkent a.csn-nc $70°%00 9422E-00.8452E200
nelaTH0L TLRIE=DR 5427E-00- .snﬁ—nﬂ 2360E<00 1a59E-50°
x.nl'*ox LT Ba51E- 02 1bE-qc 7361500 7422E5D7
SHOEI0] 15000301 50325700 3.20;- 50 . 20 12E-00" e k3L=00.
moql&*ﬂ& ToHOE=00 6o ETLS I 6533E-00 53 TVE-00 5e45E-00
1SEUS 0L £,50L-ND LaGGESCR 2559600 1467E-00 1409E-00
Sol DN eyl e NE-0Q-4eL0T-00 4412E-00 ;.675—00
FotniFmitt _Loguf-00 3e01Hr0 12TTE=0D 11G58-00-6330E-3]
Be:T~00 4e10F-"0 ZoBGT~00 2¢2CE-00 1490E-00 1.60E-00
%o TRmicg 1o T0F 01 1020E=00 Tod0E=01 448AL-N1"3e0IE<0]
PeatiZer 14905 400 14" 00 1220E=00 1,008-00 9500E<01.
TaE a2 LeGLE-NT 1,5CE-4% 1550601 14307-01 1,00E-01
eull=Zt Gebsu-Bl LeUuir N1 Be0NE=2) 8¢10£-01 BeQOE-N]

ETATIL RALTGTILN RADIATICH ZAVIATION  RADIATION RADIATICN
TR IATEG . REANLALICA AL TATIGN B
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tAinaa 4 ares

TR T e L
.

pew—

Py

are finished for a particular ALPHA, a (2) will return the program to accept a
new ALPHA and ISTOP, and a (3) returns the program to read a new set of
flow ficld data. The input data sequence is summarized in Table V,

TABLE V. INPUT DATA SEQUENCE

Card No. | Column No, Description Format
1-72 1-7 * Wavenumber F7.1
1-72/0dd 8-70 *7-8/d values (300,600,...,2100°K) 7E9. 2
1-72/even 8-70 *7-81/2/d values (300,600,...,2100°K) |7E9.2
73-74 1-72 * Printout headings (RADIATION) 12A6/4A6
75 1-12 Date . | 2A6
76 1-72 | Title 12A6
77 1-5 Number X Stations 15
6-10 Number Z points each X 15
78 1-10 Aspect Angle ‘ F10.5
11-15 ISTOP 15

* Standard for all runs.

A typical set of output data from the program is shown in Table VI. The
aspect angle is listed in degrees, the downstream position is given in centimeters,
and the plume thickness at the downstream position (X) is also given in centi-
meters. At each downstream position, the thickness along the line of sight is
divided in a number of segments to make the radiation calcuiations. The aumber
of such segments or zones is denoted by STEPS and the size of each step is
indicated by DELTAL in centimeters. - These quantities are automatically cal-
culated by the computer. The Z coordinate, previously described, gives the
radial position at which the calculation is being made at a particular downstream
location. This RADIAL POSITION is also given in centimeters.

The first two tabulated columns of data give the wave number (ecm™') and
wavelength (u). Next N radiation columns are listed, of which the first N-1 gives
the radiation emitted from the plume surface. in the direction of at the down-
stream location (X) and radial position (Z). This is given in watts per steradian~
micrometer-cm?, The last radiation column for which no radial position is indi-
cated gives the spectral radiation per unit lengthof plume surface, i.e., the firstN-1

-
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values of radiation have been integrated across the radial position coordinate.
The last column therefore has units of watts per steradian-micrometer-cm. The
next to the last line of printout gives the radiation per unit length of plume )
surface; i. e., the last column has been integrated over the spectral regime,

As indicated, this has units of watts per steradian-cm.

After the spectral and spatial distributions have been computed for each
downstream location at a particular aspect angle, the results are then integrated
over the whole surface of the plume. The last output page for a given aspect
angle contains this information as a function of both wave number and wavelength
This is listed as SPECTRAL RADIATION and given in watts per steradian-
micrometer. Next, a spectral integration is performed which gives the total radiation
emitted in watts per steradian, Finally the centroid of radiation along the length
of the plume is computed and listed in centimeters.
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Appendix
FLOW FIELD PROGRAM

This appendix outlines the flow field frozen mixing computer program
which is used to provide the input data to the radiation program. A typical
set of input~output data is shown, a description of the input data is given, and
-the computer program is listed. A brief description of the viscosity options is
also included for completeness. “

A
WIS oy

The viscosity option occurs on the second data card and is labelled
ITURB by the computer, where ITURB=0, 1, 2, 3, or 4. The statement
ITURB = 0 indicates laminar flow and the viscosity is given by Sutherland's law.
For ITURB = 1 or 2, the eddy viscosity is computed from the expressions

2 L H = 7K2 ri/o Po Uo , (ITURB=1)

p=K, rl/zlpoUu -0, U, | . (TURB=2)
where K,, the turbulent viscosity coefficient, is taken to be 0.0285. The
subscripts refer to jet center line and ambient conditions, and r,/2 is the value
of Rat pU = Y(p, U, -pyUs). For ITURB = 3, r,/2=| Ty g - To.s0|s where
Ty 50 is the valueof Rat U = ‘/Z(Uw + Uo) and ry g4 is the valueof Rat U =
(0. 01y + 0. 99Uo). The viscosity is then given by the expression

B H = Kz 1'1/2 Po Uo . (ITURB = 3)

T I

For the option ITURB = 4, the viscosity is computed from the expression

p=10"4+ X(pw U, + PyUg), (ITURB = 4)

EE AT (a-q';nv L gr

where X is the downstream position. The latter option is utilized for jet
1 aircraft plumes in the core region with this region being defined by the condition
d®U/dR¥ = 0 . Outside the core model 3 is used for aircraft in flight and
R=20
model 1 for static conditions. The program automatically selects the mode
outlined above when the input data specifies option 4. Table A-I describes the
input data sequence for the program. The thermodynamic data are obtained
from NASA document SP-3001, pages 308-326. A typical set of input data is
shown in Table A-II followed by the program itself in Table A-III. Table A-IV
then shows a few pages of selected printout or output generated by the input data
described in Table A-I. The initial page specifies the input data; the remaining
output gives the properties as a function of downstream and radial position.
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The only programmed error message occurs if the summation of the initial
specie mass fractions (indicated by SIGMA) differ by more than 1 percent from

unity.

The actual output from this program that is used in the radiation model

is written on magnetic tape. The program first expands the number of radial

points to 25 by defining the plume width to be that radial point where T/ T, = 1.05.
This width is then divided into 25 evenly spaced points and the properties deter-

mined at-cach peint by interpolation. Dimensions are converted from feet to
centimeters, mass fraction to mole fraction or partial pressure, and temperature

ratio to absolute temperature,

radiation model.

TABLE A-1. INPUT DATA SEQUENCE

The resulting tape is then read as input to the

0 = Axisymmetric
1 = T'wo Dimensional

Card | Column
No. No. Description Format
1 1-72 | Title Card 72H
2 1-56 Month (Jan =01,..... , Dec=12) I5
6-10 | Day 15
11-15 | Year (Last Two Digits) I5
16-20 | Initial number of grid points (if 15
the variable profile option is
used) or initial number of points
in jet (if the step input option
is used). -
21-25 { Number of species (21 maximum) 15
26-30 | Pressure option: I5
0 = Constant Pressure
1 = Polynomial Fit
31-35 | Viscosity option: I5
0 = Laminar (Sutherland's Law)
1= Kary poUy
/2
2= K2P1/2|P0Uo - DCUCI
3= Kzl‘l [)oUo
_.4/2
4=10 + X([)()Uo + pOUC)
36--10 | Flow option: I5

.
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TABLE A-I, INPUT DATA SEQUENCE (Continued)

Card Column
No. No. Description Format
41-45 | Input profile option: I5
0 = Step Input
1 = Variable Profile
3 1-10 | First print increment (ft) E19.8
11-20 | Final X for first print increment (ft) E10.8
21-30 | Second print increment (ft) E10.8
31-40 | Final X for second print increment (ft) E10.8
41-50 | Third print increment (ft) E10.8
51-60 | Final X for third print increment (ft) and
for terminating the case E10.8
61-70 | X initial (ft) E10.8
4 1-10 | Lewis Numbher E10.8
11-20 | Prandtl Number E10.8
21-30 | The initial radius of the jet in feet if the E10.8
step input option is used, otherwise
A ¥, the radial spacing in streamline
coordinates
31-40 | K; the coefficient of laminar viscosity E10.8
41-50 | K, the coefficient of turbulent viscosity E10.8
5 1-10 | Py | Pressure fit coefficients: E10.8
11-20 | Py If option 1 is used, P, E10.8
is the pressure in 1b/ft?
21-30 | P, | and P,, P,, P;, P, are blank. E10.8'
If option 2 is used, Py is the
31-40 | P; | coefficient in the pressure E10.8
polynomial as, follows:
4-50 | Py | b g o Y b xi E10.8
i
i=0
6 - Thermodynamic data for the difierent -
species being considered. There are
3 cards for each specie as described
below. The specie may be input in
any arbitrary order.
6a 1-6 Hollerith representation of the A6

specie (e.g. H20)
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TABLE A-I. INPUT DATA SEQUENCE (Continued)

Card | Column
No. No. Description Format
11-20 | Molecular weight E10.8
21-30 | T, . lower temperature bound for E10.8
e
31-40 | T_. upper temperature bouud for E10.8
. M e
41-50 | T, lower temperature bound for E10.8
2L it o
51-60 | T_.. upper temperature bound for E10.8
2H
fit 2
6b 1-10 | a, E10.8
Coefficients for low
' 11-20 | a, . temperature fits E10.8
21-30 |a; | E10.§
See NASA SP3001
51-40 | a, E10.8
41-50 | a, E10.8
51-60 | ag E10.8
61-70 | a, E10.8
6c 1-10}| .  Coefficients for high temperature E10.8
11-20 fits E10.8
21-30 E10.8 i
31-40 NASA SP3001 E10.8
41-50 E10.8
51-60 E10.8
61-70 £10.8
IF THE VARIABLE INPUT OPTICN IS USED:
7 1-10 | Ty | Axis value of temperature (°K) E10.8
11-20 | T, E10.8
11-20 | . The values of the temperature } E10.8
11-20 | . at each of the inputted psi E10.8
11-20 | . grid points are punched E10.8
61-70 | T, | 7 toa card from the axial value E10.8
and ending with the free stream
values (°K)
" 1-10 | T, E10.8
T, E10.8

ot
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TABLE A-I. INPUT DATA SEQUENCE (Continued)

Card |Column Description
No. No. Format
T, E10.8
61‘70 T13
™ 1-10 | Ty4 E10.8
Ty E10.8
Tyy E10.8
T Free stream value of temperature
e 0
(°K)
8 1-10 | U, E10.8
1-10 | Uy | The values of the velocity at E10.8
each of the inputted psi grid E10.8
points are punched
61-70 | Ug | 7 to a card from axial value E10.8
and ending with the free stream
8' 1-10 | Uy | values (ft/sec) E10.8
1-10 E10.8
1-10 E10.8
61-70 | Uys
8" 1-10 | Uy, E10.8
Uy, E10.8
Uy, E10.8
Ue Free stream value of velocity
IF THE STEP INPUT OPTION IS USED:
9 1-10 | a, | E10.8
11-20 | o, E10.8
21-30 | «3 | Axis values of species E10.8
31-40 | a4} mass fractions. E10.8
41-50 | as E10.8
51-60 | E10.8
6170 | oy E10.8
9! 110 | E10.8
11-20 | a4 | Values of species mass fractions E10.8
21-30 | o3 at each inputted psi grid point E10.8
31-40 | o4 are punched on one card per point E10.8
41-50 | o beginning with the axial value and E10.8
51-60 | «y ending with the free stream. A E10.8
61-70 | ay maximum of 7 species per card. E10.8
61-70 | aq The order of the species must
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TABLE A-1,

B8 o s Rt RIS R

INPU'T DATA SEQUENCE (Concluded)

Card Column
No. No. Description Format

61=70 | o, correspond to the order of the
61-70 | oy thermodynamic data (card type 6)

9" 1-10 |ao, E10.8
11-20 " | o E10.8
21-30 | g E10.8
31-40 | ay | Free stream values E10.8
41-50 |y E10.8
51-60 |y E10.8
6170 |y E10.8

IF THE STEP INPUT OPTION IS USED:

7 1-10 | Jet temperature (°K) E10.8
11-20 | Free stream temperature (°K) E10.8
21-30 |Jet velocity (ft/sec) E10.8
31-40 | Free stream velocity (ft/sec) E10.8

8 1-10 | o, ] Specie mass fractions in the £10.8
11-20 Ja, | jet. A maximum of seven species E10.8
21-30 ] a3 | per card. If there are more E10.8
31-40 |« } than seven species continue on another E10.8
41-50 | a5 | card in the same format. The E10.8
51-60 |« | order of the species must corres- E10.8
61-70 ]« | pond to the order the thermo- E10.8

dynamic data (card type 6) for
each specie input.

9 1-10 | oy ) Specie mass fractions at the E10.8
11-20 | o, | edge. Comments for card 8 are E10.8
21-30 | a3 | applicable. E10.8
31-40 | o, E10.8
1-30 |og E10.8
51-60 | ay E10.8
61-70 |y E10.8

10 1-10 | The initial radius of the jet (ft) E10,8

11-15 | Run number I5
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JABLE A-IIl. FLOW FIELD COMPUTER PROGRAM

03/v9/70

vAlNg - FFY SCURCE STATEMENT -~ [FA(S) -

MA 1Y, 06651010
C1EN PoXoeDPDXyPOUT oME o FE JDFPUUT o FoELPSE o CX o XMUT ¢ XNUL ¢ DEL 9 XMUK Lo X
VUK, o PRAT o PCNT JUE G RHCE o TE o XPIoREALF

COMACH TUUT ¢MPSI GMHALF oW INLTWIF INTSoAPSE o IPAGE I FRESS, ISTART, L TUKB
Lol TURAGIIET oNSYUAY JMONTH,MNYEAR B X2C . IVAR '

CvCN WTMULEL21 )0 COEFFP(S Do ALPFA(2L459) ¢HCUTISY ) SRTOTY (SN KT S0y ™" ~
LoTUSS) oMl 21 4SS ) o RALPHALZ2Le59) o PELISPIJRUCSY) 2UI5G) o XLELS9V 4T TLELL
2721 oSUMISO) o ETALSS) o XMULSS) 2AL59) o ARATT(59) JRHGOUTI59) ,UCUT(59) ,TOU
ITL 5 1aCPi 2l oSS e HSTGISF)4RHCLS9) oY USS) o XMAXII) ¢ XFRT () sCPBARLISY) oS
QIGMALSS Yo HBARCED) o AFTTSE2L 0 2eT) o TFITSI2144)SPECTIOL21)

REWiND 19

CALL InPUT

CatL INITAL v6651033

CAlLl FRDZ1

CALL Cuwput

FCUFINISGTLL) GU 1IN ]

Latl ExPLIC , 1

IFCIFINDSLGTLL) GO 10 1 TooTT T e w7

Go 1 7 _ 26651047

ENE . 06651048
,03/09/70

O~

FROZ? - EFN SCULRCE STYATEMENT - [IFMSY <= ~ ~

SUtF CUTINE INPLT 06650480
CUMMEN Ko XoOPUXo POUT oHE ¢ PE ¢CPUUT 4P oDELPS L oCX o XMUT o XYUL o DEL o XMUK 14 X
LMUX? oPRNT oPCNTJUEF o RHCE o TE o XP34RELLF

COMMCN LOUT o¥PST oMHALF oM INTToIF INISoAPST o IPAGE. I PRESSe ISTARY, LTURR
Lol TURAGIJET JASoMDAYNUNTHoPYEAR o LAX2C o IVAR

COVMCN WTMOLE(21) o COEFFPIS Yo ALPRAL21459) JHCUTIBSOFRUDTYTBASRY(S9) """ ~
1eTI56) oHI21 +55) s RALPHA (214590 4P S1(59)¢RULS59? sU(S9) o XLEIS9) 4TETLELL
221 4SUMES9) ¢ FTALSS) o XMUL59) 4AL59) 4 ARALTI59) 4RHGOUT(53) ,ULGUT 39}, TOU
3TC4910CPU2Lo5S)orSTOLIS59) JRHOISY ) ¢ ¥{59) o XMAX(3) ¢ XFRT {3) oCPBARLI59),45
416N (SS) o HBARLIES) ¢ AFTTST21 0247) o JFITSI2144),SPECICI2Y)

CUSENS 1ON YSJET(21) o YSEDGE(21)
IFiniS=0

IPALESG ’

1Lt 20

CX 2y 4O

R=13,5752932 i 06650502
REAI{SoLIITITLECL) o021 412) 5
READ(5 4 100)MCATH GMUAYONYEAR o MPS T oNS e EPRESS o I TURB yTAX 2D, TVAR ~" 7" ~— 77~ ‘12
NP S] £MPS -1 0665€528
REAIISLOULIXPRTIEL ) o XMAXAL ) o XPRT(2 )0 AMAX L2 ¢ XPRT {3) s XMAX {34 X 22
REANISe10CC) XLECL)oSIGNALLD oYJET $IMLKL ¢ XMLK2 23
KEINE5¢1620) (CUEFFPLTNo1321,45) 24
£G 50 JxleMS

RFEADI542000) SPECINII) o WTMOLE(S) o (TFITSIS G KY JKSLW4) "~ 7 mmmormemrms mm=en o 3
READ(S¢1000) CAFITSCJe LeK) oK=L o?) 40
READIS10C0) (AFLITSTSe2eK) oK3l4?) ’ 45
CUNT INUE

IFLIVAR NE.C) GU TC 40

READ(5e1000) TIET, TEDGEILIETLUECCE 5%
READ(5¢1000) (YSJETLJ) oJ21 oNS) B 1
READ(541000) (YSEDGELI) e Jx1 oAS) o 63
Cu¥=C.C o ’ )

P=COEFFPL 1) '

00 37 JxleNS

CUMCUMeYSIETLJ) ZaTYOLELS

RHGJ 2P 73951 7. 5CL/TJIE T/DLM -
IFUTAXZD.EQel) DELPSE=YIETSSCRTIRMCIOUIET) /FLCAT IMPSTI=1) 75
IFILAX20.FQ o)) NELPSIzYILTERIGIILIFT/FLCATIVGSTI=1)

W 38 1=z1.4PS1

TE1Y 2T UET

Lt 1) =UJET

' e dam ebte s iridmoas v i - s e -—ae
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TABLE A-IIl. FLOW FIELD COMPUTER PROGRAM (Continued)

TTTTOCYE LIS T i
38 ALPHALJL L) =YSIETIYD o
T MPSTsMPSIe2 TTTTT o
NP ST aMPSI-1 06050114
TUMPST }=TEDGE Tt T e
T{NP ST }sTEOGE .
e OTWPSTISOBDGE © =t - - e e e e — -
Ul NP ST )=UENGE
€O 39 Jsl.NS T
AUPHA(JWMPS 1) =YSEUGE (J) o
“39°ALPHATJINPS T} =YSEDGE(S) - e s e
G0 TC 60
~&0 ‘DELP STsVJET
NP S1aMPSI-1

- e 03709770
FROZ2 - EFN  SOLRCE STATEMENT - "TFK(ST =

i
T TREADTSVI0CO0VI TN, Ex . MPSEY)T T 114
READ (5410000 (UCT)o1=1,MPSI) . . X R ¥ 1
00 41 I=1,MPSI
READ(5¢1000) (ALPHA(Js 1) sJuloNS) o 3¢
41 CONT INUE -
€0 RETURN
Y FONNATIIZAG) Tt TS . C5A50646
100 FORMAT(1415) o
1000 FORMAT (TE10.8) e ~08ES0648
2000 FORMAT(A644X+5E1C, 8) ] _
T ENG " 06650649

X FROZ3 - EFN SOURCE STATEMENT <= [FK(ST -

SURRCUTINE FRCZ1 o _ e }
COMMCN RoXoDPCXyPOUT oHE o PE ¢ OPOUT P cOELPS Sy CK o XMUT X MUL s DEL W XNUKT, X~ —— "~ ~
LMUK2 oPRNT o PCNT ¢UE o RHOE ¢« TEo XP34 RFALF B . L
1 .. COMMCN 1OUT ¢MPST oMHALF o MINIT(YFENESoNPST S TPAGE, IPRESSS ISTARY ITURE "~
1ol TURA 2 IJET o NSoMDAY JMONTH, FYEAR o 18X2C ¢ IVAR
T COMRCEN "WYMOLELZYY, CUEFFPIS ) ALPHA(ZT 59T yRCUT (BT T,
1eTU58) sHI 21 4562 sRALPHA (214 59) 9<u59».uuts9).u«sm.xts(so».nneu
TT22V +SUMI59) s ETALS59) 1 XNU(59) 0 A159) 1 ARAT TIST) LRHGTUTTEST, UOUT U591, TOU -
3 ] 59).cmzx'sst.usm(sw.nuc(so).vtssn.xnaxm.xmnn.cvam(59).5 _
T 4IGMA(SG) HBAR(SG)JAFITSI21 0247 ) o TFITS(Z134)Y, SPECTO(2L) -
P=CUEFFPL 1) +X*(COEFFPL 2uxucussnts)ox-ccceswuuxtccerrms) 1)) 06651396
TTOPTRSCOEFFPTI2TeRS T2, 3COEFFPINFTHTISCU .
00 1 I=aleMPSI
TTROCTTUL)ESORTITLL) ) [
AAMLTU1)20.0 o 06651440
CN 2 J=14NS N - et
2 AWALTUT)=AWART(I )¢ ALPHALJS [)/WTNCLELY)
"1 RHOUTY=P/78951 7501 /TIL) Z6uAITLLY ~ 7 °
D0 20 I=1,MPS] N
D071C Jsl4NS R T
K1
IF(TILY.GT.YFITS(J42)) K=2 T T T T oTeT -
cpu.l)-(Asnsu.x.ununmltsu.u.zntumunsu.x.s»»ulm
TTLAFITS{OeR 04 ) e TTULYRAFITS{JeKoS) V)NV OLTOTET  AZWTRCLELJT
HEde I)R(AFITS(JoKe 6T UIIS(AFITS (UKol )+TIIIN(AFITS (J9Ke2) /24T 1)
TASCAFITSIJ0Ke3) /3¢ TUIDSUAFITSUdoKod) 24 ¢ TUIVRAETTS (T RV SY28YINY —" 77 ~= ===~
2%1 ,987%1,8/WwTHOLE( J) o _
10 CONT INUE T T T o
CPOAR( [)=0,0
= "HEER'{[)=0,0 : -
€O 3C J=1.NS e
CPUARL 1)aCPBAR(IIHCPIJo1ISALPHA LYo ]) ’ Tttt
30 HBAR (1 )sHBAR([)eH( Jo 1) ®ALPHALY, 1) ~
20 CONT INUE Tttt e

W e TR W TR Tt AR T T R R e e = P

o ANN e s
4 e
'

YU1)20,0 ' o 06651535
TR 2% 152,MPSI T50502+0
IF{1AX20.EQ.0)
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2% CONT INUE
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TABLE A-1Il. F1LOW FIELD COMPUTER PROGRAM ({Continued)

LV D1 2SOMT LY LI=1000200L LPSTOIPSILTI/RUILTIZUCT) ¢PSTET=21/RHOLE=1)/U06050241

200-101) 88
1" LARZ0.504 1)

LY 1D Y UL LD TELPAT UL /RANLEN/UCL) 01 /RHOLE=11/ULL=101/2,

1L TURN G AE o C) WU 7 «C

ECT I PRY)

£N 23 1=1,49S1

XN 1) sxMUK LeTLLISRGOTTILIZE 8L i elll ) oxMuT 06651549
xuLg ziMUl L) ——

Gu T0 160 ) 06651556
G TOE20045,6Ce100 3 e TLRA

LUMS JSORHD (L IOULL JoRMOINPSTISULNEST)) 06651558
LY 52 JaleMPat 06651559
{zMPSl=Je 06651560
Fierdtlzsull)=2uM) 5191452 06651561
ConT INLE - 08831562
CLL-Yild=tytt- “Y{LoLl))S(RHC(LIeL L)~ cu")ltﬂnC(lDOL(l)-RHL(lOIl‘U4106651563

FhuZ =" LFN  SCLRLE STATEMENT - IEN(S) = .

el ) T 06651564

656 XMLT sXMURZ2e L LoAuS EHnNLL)oull)=RECINPST)SUINMPST) )

v i e L) vy pond ot b | M7 ML GRS

G 10 100

(F(ABSIUL L) =Lt2) ) LTa5.CCzoULIL) ) GL~F3 1004
IFLUIMPST) JGT, 204,001 TC 1003

ITukB=1

ITLRA=] T
G 10 26

ITLRB23

ITUk A=)

Gu TC &6

RUxT =RPOL LY oL

RUNT sRHGI MP ST IsLINPSE) - -
X4UT sXOLRUNTORLXT) /9C0 .+l E~04

) 96 {s1,MP3§

XVut 1) =xmyt i 7

Gy TO 1L0 .

CUONT INUE

GuM=C, Sﬁtxuc(l)'u(llouHC(HPSl)'LlrFSl)i“""-' o
o 831 11=1.MFSI A

t= 11 ) T ) -

vzt 1-1

IF(RBOCLISULLD.OTCUM) [=MPSI=-]1]0] o B
IF(REDC1I®UL L) GT.DUN) (P2l-1 :

IF(RFOLT)sULT)-OUM) 831,832,832 ‘ T

821 CONTINLE
422 RUALFaY(D)-tY(I)-v{IM))e(RRCII)OLIT) - DUM)/(RHO(!)‘U(l)-RHO(lH)‘U(l

R

bt R R YL IR A O Y S i

IM)) |
G TC 733 |
CUNT INUF
DUME=d.50 (Ul l)eU(4PST)) ST TR mTI s mss s e 2
CUv22),99¢U L))o, 01eLiMPST)
Ciy 731 1=2,MPSIH
IF(EULI=11=-0UMLIs(L{T)=CLML ) LELCoO)IL=1
IFILLl1=-1)~CUM2Isl LTI =DLUM2) JLE.CoC) 2=
Cant INUE
RONEsY{IL)={Y(TL)=-YII1=1) ) & (UlTL)=-CONII/RUITIV=UITI=IT] = ° -
RiazY{12)=(Y{12)-YUI2=1)8(LI12)=-CUN2)7LULI2)-UL12-1))
RMAL Fs88S(SChF-RTAL) |
CU 233 [=1.VPSI -
XU D) s XMUR 2ORMALF *RHG T L) *UC )

B (ARALFS(RIALF=Y{MPS] ))aLT.CaICALL Exlt 231
XMUT =XMUL L) TR SmEmm T s o oo )
Y WE TURN V6051992
[N 6651603
FKIZ G ~ ELFN SCURCE STATEMENT - IFAN[S) = :
SUHCITINE EXPLIC 06651944

CUMMCN Ry XoBPUX P ILT orit o FE oBPOUT o F ¢DELPST o CXoXMUT o XMUL o DEL o« XMUK L X
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TABLE A-IIl. FLOW FIELD COMPU1ER PROGRAM (Continued)

T

3
! LMUK2 oPRNT oPCATJUEo RHCE o TEo XP3 4 RFALF
COVMCN LUUT oMP ST oMHALF oM INIToIF IMTSoNPST o IPAGE s [ FRESS, ISTART, t TUKS
10" TURA G EJET oNSoMDAY ¢ MINTHe PYEAR s 1AX2C 4 IVAR
€ 'MON WTPOLEL21),COEFFPLS )2 ALPHA (21555 sHTUTTS TV RUCTTISOTL,RYTSST — 7~
1 055D ohl 21 ¢ SS)oRALPHA 121455 oPSE(59) s RUIST) JULSS) o XLELSY)#TITLE(L
220 oSUMI59) ¢ ETALSG) ¢ XMU(59) 1A159) o ARALT(59) 4RHOCUTIS9) 4 UDUT (59 ) s TOU
ITE59 1o CPI2L o 55D HSTGL5S) JRHCISD) 9 ¥(56) s XMAX(3) e XFRT(3) LPBARESS DY
IGPALSS)\HBARISI)JAFITSI214247) o TFITSI214),SPECIDI2TY -
IF(LAX20.EQ.0) DX=CELPSISDELPSIOSIGMALL)/XMU(R)/XLELLD/12.0
IFLIAX2D,EQ. 1)DXSDELPST#324 SIGRA LT /XMUITTZXTETDIZRAGTTI 70T 76,0~
C0 1€ 1=2.NPSI 06CS0369
CIVIS=A(T¢1)eA(E=1)eAL1NSALT) : : 06050370
DELX*DELPSI#829SIGMALL ) /XLELEI/CEVIS/LLS
IF(18X20.E0.C} DELX=DELX*PSI(I)
CX=AMENLEDX JDELX)
TUOLFY & vi2) - vl
: IF(OX-DIFY) 16241624163
163 IXaDiFY/2.
162 CONT INUE

GRS LT

o7

Al 2w 5 o
o -

5w ——
‘
i

-
o

T

E 00 163 132,NPST - 06652000
! EX 13 CELPS I#+2/0X
F ~ IF(IAX2D.£Q.0) CXL=EX1#PSI (i) Sy :
. EXilw, S*(ALE)SAL I+ 1)) 06652002
s FX123,5(A(1)2AC1-1)) 06652003
= RUCT IR EXTI#LUT41)=UL 1) IeEXTI2# (LLI=1)=UL1))IZEXT4ULL) C6652604
E EX4=0.0 o - 06652025
L 00 2C J=1eNS
2 20 EXR4=EXQeCPLIGII#IALPHA(J ol # L =ALFHALS T=YTT " 08652078
» £X 2= EX 13CPBAR( 1) 06652029
e EXS=XLE(L)®ACT)/SIGMALT) - - - 06652030
EXEx JSH(EXSXLECT+L)SALI+L)/SIGPALT+1N) 06652031
] EX 7= S#(EXSeXLE(I=1}8ALT=1)/5I1GHALI-1)) - 06652032
9 EXEsCPBARL I )®ALL)1/SIGMALTL) 06652033
3 EXG= 54 (EXB4CPRARL 1+1)$ALT41) /S IGNALTH1F]" -~ == === —=-——-JEESIOTH
: FX10=, SX(EXE4CPBAR (T=108AC1=1)/SIGFACL-1)) 06652035
3 EX13sEX1-EXE-EXT : ©© -08652036
: EX 14sEXGREXS /4, 06652037

RTCE)=(UI T+ 1)=UT=-1))*82¢A(T)/ENZ/100151023% (TEXTHEXILISTUICII S (EX ~
llJ-Fxlhltftl l)&(ExZ-EXGmFXIOD‘lll))IEXZ
“00 40 J=xloNS -
40 RALPHA(J.l)8(EXb'ALPHA(Jlel)tEllS‘AlPNA(Jol)OEX7‘ALPﬁA(J'l-l))lEK
11 et T
RT(I)lRT(l)OCIOOPDXIRHC(l)ICPBAS(l)/25037.807
RUCT ¥=RULT)-CX*OPOX/RHA(IY 7L (L) o
160 CONT INUE 06652060
T TFUTAX2D.EQ.C) EX1624,0¢XMULL) #CX7LELPST7OETPFST
IF(IAX204EQel) EX1622,C*XMULL)*CXWRHCIL)ISU(L)/DELPSI®2
RU(1)=-DX*DPOX/RHOCII/ULL) ¢EXLOAILI2)-UII)NOUTIY™ "~ 777 7~ °~

NIE PLE G STl I e Al

o
33
ot
u
b

v DO 200 J=leNS

2 200 RALPHALJo 1) <EXLOSXLE(L {9 TALPHA(J42)-ALPHATY, 111/ SIGPATII4ACPRR (T, 1 7 °

s 1

- - © RTU1)=DX4DP DX/RHCE 1) /CPBAR(1)/25C3T. BOTFEXTS = e

3 111

1 FROZ4 - EFN SCURCE STATEMENT "S TIFR(SY = 7 77

2 k2

3 LFL=CX TooTTmm T 08652157

A IFCIFINISI5Ce 1e5C 06652138

, 1 IFINIS=1 ’ 56652139

] MINI T=MPS ]

+ MHAL FxMPS [ +MPS =1 . Tt 06652146
50 CONT INLE

9 T Xz XeCX o 66652156™ "

. 00 3¢ I=1,59 :

F D7 5 J=14NS N - -

, S ALPHALJ[)=2RALPHAL Jo 1) 6652162

» TEDaRTII) TT 06652164

k 3¢ UCH RUIT)

- 1600 "IF (MPST-MHALF 1595, 150041506 ‘“ T

F Y59 1F (ABSIUINP ST I=U{APSI) J=,0018UINESTI) 10014100441004

| 1001 IF(ABSITINPSI)=T(MPSI) }=,00L#T{MFSI)}10024100451004 ~ i

LA 0o | i et LR e 14
. o s e apn

£
-

_

PP

b AR LNRD
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TABLE A-lil,

we?

Do 1CYY I leAS
IrHtALPrAt DV PESTY =L a1 =3Q)

1CCs.1CCA, 2222

FLOW FIELD COMPUTFER PROGRAM (Continued)

06652336

1222 18 JABSEALPHALI GNP T1-ALPHALJoMPS 1))~ 001 ¢ALPHALJI 4MPS 1) 11003410030 1

1904
WL Cunt INUE 06652339
G 10 2004 06652340
1)C4 wP Ll svMPsTe) (6652341
NUBYRLTAY B 06682342
G 11N 2000
1500 IFINISa0 - 06632377 -
CaLL Fen2l 158
CaLl CCMput 161
LFLEFINES 6T o) Xt TURN
CELOSLsOELPSL#DEL PST 06652388
0 1600 I=llMINLT 06652389
ut t)suf2el-1) T 066872390 -
€ 1¢5C Jal NS
160 ALPHAL I, L)z ALPrALI 201 -1) 06652393
1aCL Ty =Tl2e1-1) 06652394
R X ILTR § 06652395
AP Sl eupy] -1 06652396
CY 170C LaMINIT, 59 08652400
- LV aTIMPSTY 56652403
SRS RERILTIN B
’ B0 LI5C JsleNS
AL PHAL S L) 2 ALPHALY 4MPS L) 066524G6
125C RALPHALJ 1) sALPHAL JoMPST) 06652407
RULL IsLiMPST) - TUTTTTTO8R2808
1700 Ut 1ysytMPSE) 06652409
00 180C 132456 06652410
1RCY P L) =PSECL=-1)e0ELPST 06652411
20L0 RETURN
ENC U6652428
FRLS - FN SOULRLE STATEMENT = IFANIS) -
SUBRCUTINE INLTAL i 06650651
CIVMEN ReXoUPCXoPULT ¢HE o PE r{)P()uloF.UELPSloCX.XMUBXFUI..!)EL.XMUKl.x )
INUK2 oPRNT oPCNT QUL s RHCE o TE9 XP 3 REMLF
COMMGN TUUT oMPST JMBALF o MINETL I FIMISONPSL o EFAGE.TFRESSs ISTART, 1 TURS i
Lol TURAGIJET oNSoMOAY JMONTHoMYEAR o §AX2C 4 VAR
COMMUN ATMOLEL21) o CCEFFPIS) o ALPHALZL 4SIT HCUT (5914 RUCTTTB914RT (59)
1leT159) QN(?I059)o‘U\LPMA(21059)095‘(59’9RU(59)'U(QQ)oXLsts",v'ltlE‘l _ o
221 0SUMES9) o ETAISS) o XMULS9) A (59) ,ARALT(53) ¢RHOOUTTISI T, UOUTTIS9Y S TCU
ITES9)eCPI21 045 o HSTGIS G oRHGIS9) 0¥ (5F) o XMAX(3) ¢ XFRT (3) ¢CPBARI59 ), S
QIGYALSG)I e HBARLS9) JAFITSI21 027D o TFITS(2L04) o SPECIDL2TY
XP1:C,.C
ITLRA=1AB St ITLRK)
criscx 0665C680
IFLAGL =0 )
) 220 [s1,%PS]
CUMA=0,0
G 1C JalenS R
1C SUMA DUYACALPHA({ J, 1) - TremommT T
§F (DUMALEQ 0. CILEG T 22¢C
14 LFEABSIUMA=L4)-,U0L113413016C
1CC wh [TELE,L1LICLMA LS 17
IFLACL =]
1LY FUOMATEL3nuSTGNA ALPHMATIPELS .74 120PUINT NUMHEKTS 0MIN PST) 0663C696
3 Cu 1S Jelens TTT - T
16 ALPHALJL I ZALPHALS 1)/ DLMA 06650698
2eC CONTINLE C665C699
IFUEFLAGL b 1) CALL E XLT 29
0N 228 122448 06650700
XFCIr=xi el 1) v6650701
SLCUAl 1)=SIGMALL) T 06680702~~~ —
227 PSELEYaPSTLI-1)eDeLPSI 06650703
CYvMy=z 3,05t -8 06650704

PaCLEFPPLL) OXSLLCEFFPI2)eXSICLERPFISIOXO(CCLFFPL&G)eXoCCEFFPISE)))

“~
£
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TABLE A-III, FLOW FIELD COMPUTE R PROGRAM (Continued)

00 9C 1=MPS1+%S 06650754
RTU1)=T(MPST) 06650755
YUY =TIMPSE) - T 06830756 T
00 B0 J=1,NS
RALPHA (Jo 1) sALPHAL{ J,MPST) 06650758
80 ALPHALJ1)=ALPHALY +MPST) 06650759
RUL]I)sUIMPST) © 06650762
SO Ul 11sUIMPST) 06650766
T WRITE(8e341 ) CTITLE(L Yo =0002) T X}
IFLIAXZ2DLEQ.C) WRITELG4616) : 7€
IF(1AX20,EQ.1) WRITE(6,£17) 72
WRITE(6,888) #¥INTHNDAY(NYEAR ) 13
WRITE(£4999) 14
A ITE(64609) , 15
TTTRRITEL6,611) ©T ) s - T8
WRITE{64612) . 17
WRITE(64615) 18
WRITE(64618) 19
IF(IPRESS=2) €CLe6C24604 ; - ”
601 WRITE{647C1)ICCEFFPLL) 31
B I TS oo G656STR%E
6C2 thIE(bo?OZ)(CCbFFP(l)olzloﬁ) 83
FROZS ~ EFN  SCURCE STATEMENT -~ IFMSY =" -~ = —77°°
T4 TONTINUE
WRITEL €4999) 90
WRITEC648GEISIGMAL 1) 4XLE(L) - st
WRITEL64999) 52
WRITE(€0809) TTURA ToTTTT T T T o ; '3
WRITE{ 64810 IXMLK Ly XMUK 2 94
"7 TRHIK 12 XMUKL #DUMMY T 0563CRES T
WRITE{ 64999) $5
00 171 f=1,2 T e tmer
171 WRITE(6,812) XPRT(T)4XMAX(L) 99
WRITE(6,999) Tttt - : 103
WRITECE4613) ULMPSE)TIMPST) 104
"RETURN T T
341 FORMAT(1H1424X¢3 3HGENE RALI 2EC chzsn MIXING PROGRAM/1HO,5X 412460
SE8 FORMAT(IHO s 24X o 4HDATEI 341/ 41241/ 012)
6C9 FORMAT ( 184 Vttucltv-(ﬁt/ssc».zoxtxzueutuAlPv-(atU/Ls))
611 FOAMAT{29H TEMPERATURE~{UEGREES KELVIN) 49X 2 2HPST=((SLUNSZSEC) 401/ ~ -
12))
12 TURMAT(22H CEASITY=(SLLGS/FT®e3) o 1EX ¢ LIHPRESSURE=TUR/FY32TT™ Tt
613 FURMAT(19H EDGE VELOCITY(UE)=E11.4+15X+21HEDGE TEMPERATURE(TE)=ELL
1.4}
615 FORMAT(29H VISCOSITY(MU)~(LBSSEC/FT##2)9X+12HRACII-(FEET)) -

676 FORMAT(33Xe LTHAXISYMNE TRIC FLOW)

617 FORMAT(32Xs 2CHTWD OIMENSIOMAL FLCh?

68 FORMAT{25H SPECIES-{MASS FRACTICAS))Y "7° ™~

8C8 FORMAT(16H PRANDTL NUMBER2F5.2¢24%¢13HLEWIS NUMBER=F5,2)

809 FGRMAT(18H VISCOSITY UPTION=12)

810 FORMAT(31H LAMINAR VISCCSITY COEFFICEENT=FS5,2,9X ¢32HTURBULENT VISC
10SITY COEFFICIENT=FT,.4)

812 FORMAT(12H PRINT EVERYF7.345H FEET421X+8HUNTIL XaFB,395H FEET)

T89 'FURMAT ( 1HO)

701 FORMAT (1HO+ 20X+ 23HCUNSTANT PRESSLRE PaELlS.T)

702 EURMAT(1HO 20X, 63HPULYNUMIAL PRESSLRE FIT ~— "PERIBSIXTFCHTX#*273D206650960 ~
l(X“B)OE‘(Xt‘A)IISXoZHAIlUEIS.7o3h B=LPELS.T93H C-lPElS Te3H Ds1PEOE6SCYI6L
215.7+3F E=1PE1S.T) 06650962

ENC 06651008

FROZG | - EFN  SCURCE STATEMENT - TFMIS) -

SUBROUTINE COMPUT

CIMENSIUN RJACK(60¢25) yPJACKI60¢25) e TRATEM(60025) o XJALRISOY -

COMMCN ReXoOPCXoPQUT ¢HE o FE ¢OPUUT ¢ PDELPSToCX 9 XMUTIXMUL9DEL (XMUKL X
LMUKZ ¢PRNT oPCNToUE o RHOE ¢ TE o XP3 s RIALF -
COMMON TOUT ¢MPST JMHALF ¢MINIToIFINISoNPST o IPAGE. LFRESSy ISTART, 1 TURB

53

P AT 1.
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|
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TABLE A-IlIl. FLOW FIELD COMPUTER PROGRAM (Continued)

COMMON WIMOLE (21 )4 COEFFP(5 ) o ALPHAL2]¢59) 4HOUT(59), RODTT(59)RT(59) .
1eT(56) 41l 219551 ¢ RALPHA{21459) 4 PST(59)4RU{SI) JULSTINVXCE(SOITTITLEL" "~
22)SUMIS5Y ) ETALS9) ¢ XMU(S9) ¢A(59) +ARAIT(59) yRHOOUTLS59) 4 UCUT59) 4 TOU
3TES9 )0 CPI2L o ES1oHSTGI59) sRHC(59) oY ISGY o XNAX[IVSXPRI(I)TCPBARL 59)7S— "~~~
GIGMALSS) HBARISG) 4 ARTTS(2142+7) 2 TFITS(21 440 4SPECIDL21)

[oLT=10uT+1 - 08650028

IF(XPI,EQ.VLC) %XPI=XPRT (1)

IFUIAX20.€0.C) GU TO &2 oo s o tttTooT T

D 41 [al.MPSI .

41 AL 1) =xXMUL 1) *RHC{ L) «ULT) T T e s cas e o 0 T

GO TQO 43

42 Al1)20.0 B

Al 2) =DELPST*XNL{ 2)

B0 44 123,MPST T s e e e

44 ALTY=XNUCT)SRHCUL) *UCT )oY (TIoY(L)/PSILE)
43 CONTINLE T TSI s s e e e

RBAK CL =X

IF(IFINIS.EC.C) G TO 60C : - s

€O 500 I=1,3

IF (RBARDL +LT.XMAX(11)GO TU 501 YT T e e

500 CONT INUE
60 To 8a8 . e e s e m an et o e o+ o 2 am 2o

5C1 PRNT=XPRT{L)

T IF(RBARDL «LT.XP3) RFTURA
00 6696 1=143
tF{RBARDL «L T XNAXUL)) GC TC 6688 T S ImSemess e T o e

6659 COAT INLE

888 [FINIS=2 T T T T me Ty e e
GL TO 555 ]

6688 XP3=XP3+XPRT(]) s ——
6C0 CUNT INUE

555 COAT INUE : T e e A

572 FURMAT(ELO.8415)

IF (X «EC.0¢) READ(S54572) ROCINORLA et 1

IFIX EG.0o) IXP2C

IF(X JEC.04) GC TO €C2 e

CHGX sX=-PREVX

CHPR aXPRT(1)=C,1 m—— e m o e

LE(CHGX oL ToCMPR) RETURN )

8C2 PREVX=X ' Btk i diet S e
IXP2 IXP+]

IF(IXP.,EQ.61) GO TC 999 - -

TTEST=1,05¢T(MPST)

XJACK( IXP)=X S e B

Cl 525 KUNK=1,25

RIACKL IXP o KUNK = Y{ KUNK) - . e =

SJACK=C.0

i PO 530 KONK=1,NS Come

530 SJACK=SJACK+ALPHALKUNK ¢KUNK) /WTMCLE(KCNK) -

FRUZ & - EFN  SOURCE STATEMENT ="~ LFR(3ST =

PIACK( IXP e KUNK }= AL PHAL 34 KUNK)} /W YFCLETIY7STACK : - E
TRATEM(IXPsKUNK ) =T {KUNK)
IF(TRATEMUIXP ¢KUNK) o LE . TTEST) GC TC -540°
525 CONTINLUE

540 IF{TIKUNK)}oGTL.TIMPSI}) GU TC 544 'é‘f“

- aw e s e mm— ———

545 PJACK( IXP+KUNK)}=GCs C0033
OYPsY{KUNK=1) ¢ v{2)

GU TQ 548

544 wTRL=ALOG (T (KUNK-L)/TI(MPSE) ~ 1.) T R § |
WTR2SALUG{TIKUNKY/ TIMPSE) =14) 122
wlTRP sALOG(0,08) e ¥ &
YTRl=Y(KUNK=1)

TTUOYTR2 =Y (RUNK'Y - =
YTRP { YTR 1& YTRI* (WTRP=WTR2 ) +YTR2OYTR2¢ (WTR1=-WTRP) )/ (WTRL-WTR2)
DY Pz SQRTLYTRP) Tt T 12¢
LTRI=ALOGIPJACK{ IXFPKUNK=1)=C,0CC33) 12¢
LTR2=ALUGIPJACK( IXP+KUNK)}~C4C0033) T R ¥ 1

BIRAS(2TRI=ZTR2)/{ YTR2#YTIR2~-YTRL#YTR])
CTRA=ZTR1 48 TRA®YTR1*YTR] T e

it




TABLE A-IIl. FLOW FIELD COMPUTER PROGRAM (Continucd)

PSACKL I1XP yKUNK =0, GOO33+EXP{CTRA-BTRAXCYPECYP) 131
548 RJACK( IXP oKUNK)=DYP
TRATEMLIXP ¢ KUNK) =T TE ST
IF (KUNK.EQ.25) GL TD 565
KUNK PL=KUNK +1
B2 Se4 TJK=KUNKPL, 25 T T
PIACKRT iXP s I JK 2P JACKL I XP o KUNK)
RIACKL 1XP 4 LUK 22K JACK (I XP yKUNK)
564 TRATEM(IXPy [JK)=TTEST
965 IF(1XP.NELS5Y) GL 1C 567

ATR=2Q,

CTR=°0 ) -

DU 566 1Jk32046)

TY =R JACK( "JK4 25} -RGO

ATR=ATR4TY
566 CTR=CTR#XJACK{1JK)

CTRxATH/CTR -
ST 568 TUK=1,6C o . -
H€8 RIACK( 1JK ¢ 251 =ROCHDTR*XJACK L TIJKS

DO 573 NP=1,6C

DN 573 iP=l424

IF(TRATEM{NP, [P) JEQ.TTEST) RJACK(AP,IP)=RIACK(NW25Y ~" ~" "~~~ = — == =~
573 CONT INGE
T DTS4 NP=224,6C T

TF(RIACKINP 4250 o LE «RIACK(NP=1925)) RJACKINP(25)=RIACK(NP~1,25)40,1
574 COAT INUE -

WR ITE(649000) T 1
900 FORMAT(1HL) )
90Cl FURMATIIH +4E12.5)

TTTUDY 516 MR=E1,60 ’ e
576 WRITE(6+9001) XJACKINP ) JRIACKINF 125) 4 TRAT tr(NP.ZS).PJACK(NP.ZS) o 195
11=2¢

00 577 NP=l,6C

XJACKINP) =X JACK{NP 1 %30, 48

DN 478 KK=1,425
"5T8 RIACKINPYKK ) ~RJACK INPoKK)*30,48 - B e
577 CONT INUE

FROZ& -~ EFN  SOURCE STATEMENT ~ = TIFNIST ™= Srmrmeot

S ———— - — -y —— -

T T.CIMENSION-CAT(25)4RAT(25),PATL2S) -
D) 750 NXP=1,6C
DO 751 NR¥.e1e28
IF(TRATCRINXP yNRP) 4EQ. TTEST) GU TC 152
751 CONTINUE
752 RAPAX=RJACK {AXPNRP) . .
T T "NATPL=NRP oo
DO T%53 NN=1,NRP
IF(RJACKINXPoAN) oGT,RAMAX) GO TZ 1754 -
753 CONT INLE e e
G0 TO 755 o N
754 NKP=NN .
‘RX=LRJACK (NXF oNRP=1) +RJACK (NXP o NRP#1)}/2,7" -
PTIs{TRATEMINXP ¢NRP=1) = r(MPsx))/(IRAteu(NxP.thox) TIMPS[))
IFIPTLLTeleC) PTL21,0
PT2x=ALCG{PT]) e 254
PT32RXMRX=R JACK({NXPoNRP=1) #32
PT«:RJALK(NXP.hapo1)ttz-uJACK(NxF.ARP 1)se2
PTS={PT13/PT4)*PT2
PTe=TRATEMINXP yNRP=1 ) !(VPSI) )
TRATEMINXP ¢ NRP)=TIMPST )4 PTE*EXP (PTS) : T . . 2023
PT 1= LUPJACK INXFoMNRP=1)=C,00033) }/ (PJACK{NXFoARP+1)=u,00G3%)
IF(PTLT.1.0) PTI=14D
PT2==ALOG(PTL) ’ . . 217¢
PTS=(PT3/PT4)*PT2 t T
PTE=PJACK INXPoNRP=1)-0,CC033
PIACKINXP ¢NRP 120, 00033 +PTHHEXP (FTS) : ommmmor o e 2712
RIACKENXP JNPP ) kX _
755 CONT INUE T
DELTRERAMAX /24, o . ..
T 00 T7%6 MRP=2,2% T -

<k p———————_ % X i W s - ..

—— e

e e it s 5 St & %P e s s

55
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TABLE A-III,

CNT=NRP-1
RATINRP)=CNTS*CEL TR
P12).,00033
TE=T{MPST)

CO 757 TJK=24MNATPL

IF (RATUINRP) LT RJIACKINXP(TUK)) CC TC 758

157 CUNT INUF

158 R1zRJACKINXP,[JK-1)
R2 2R JACKINXPs 1UK)
RX =R AT (NRP)
T1=TRATEMINXP ¢ lJK=1)
T2=TRATEMINXP ¢ LUK)
PLPIACKINXP ¢ LJK~1)
P22P JACK{NXP o LJK)
PT1={RXSRX-R1*R]1 )/ (R2*¥R2=RL%¥R1)
PT2=(T1=-T1) /L T12-T1)
IF(PT2.LT.140) PT231.C
PT2==ALOGIPT2)PT]
CATUNIP)I=TI4(TL=-TL)*EXP(PT2)
PTZ=(P1-P1) /(P2-P1)
IF(PT2.,LT.1.C) PT2=1,0
PT2==ALOGIPT2)ePT]
PATINRP)I=PL¢({PL=~PL)*EXP(PT2)

756 CONTINLE P
D) 759 JK=2.2%

FRUZ® - EFN

RIACKENXP o JK I 2RAT( UK)
PIACKINXP o JK) 2PATL IK)

756 TRATEMINXP JK)=2CAT (UK}
wR ITECIOMUTITLELT) ol=l 012}
WRITE(10) HURLN
060 577 NP=1,46C
WRITECL10)  XJACK(NP), I

R ITEC10) (TKATEHINP o JJ ) s RIACKINE 0 0J) o PIACK NP9 ) 0 Jdx1 4 25)

579 CONTINLE
WRITELE1TB6) XJACKINXP)
0O 780 JK=1,2¢

T8O WR ITELGoTBTIRJACKENXPoJK) s TRATEN (AXP o JK) o PJACK (NXPo JK)

T5C CUNTINLE

TE€6 FORMATIIH 4E1144)

TU7 FORMATILIH o 3E15,4)

567 DI 25 llzleMPSE
tsMpSliel=11
TOUT{E)=TLL)/7T(MPSE)
unLT Ll dsUd 1) 7ULPS T
RHCULTLT)=KHG (T} ZRHUIMPST)
HSTG{T )sHRAK( T JeUl 1)2ULT)/50CT5.€614
FOUT LT ) =HSTG( 1)/HSTGIMPST)
SUM( 1)x040
CO 11 J=)doNS

Tl SUPL D) =SUHL L) *ALPHALI. 1)
25 COMNT INUE

IPAGE=IPAGE+}
WRITE(620L)(TITLE(T dol=le]2) o IPAGE
WRITE(64721) ACRUN

721 FORMATLIHC, ICFRUN AUMBER14)
WRITEL€0102) XeUXe IGLT
WR ITE( e 608 )XNMLL o XMUT o RHALF
WA ITECE4609) FoDPOX
wRITE{ENLCT)
L 16 fsleMPS]

SOURCE  STAVEMENT <

FLOW FIELD COMPUTER PROGRAM (Continued)

295
30¢C

Cime e o ama—— e -

- o o s — Y e e e wmax

‘304
30¢

tFR(ST =

[ T . T T PR

316
323

R

b wem

328
321

335

- - - -—— — A mn - ~ —

336

. e e ame  Getae A e G g K R & G

SR T Y1 (/] {

06630055
06650086
J8386057
06650058
R TV Y { (/1. 1)

0665C061

- -k mmar % e e mew ta

tosescrayT
RS { A

388

59
388
38§
39C

Th o — - — ¢ B

e me mvam— e

19 WK ITEQ€02071 FoluuT (100 TCLT (1) oRFCCLT (1) (HOUTET) o SUNCTLY(104PSTLT)

11

K=MINI(ToNS)
WRITELO2CLICTITLE I olxlol2) 0 IFACE
W ITE(64108) (SPECINIT ) elnl oK)

00 2C I+l MPSI

ARITE(64208) LolALPHALJ 1) od=l oK)

29
T IFINS.LE.T) RETURN

394

T404
411

: 421
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