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ABSTRACT

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 CO2 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 - 1 (4.17 - 4.88 micro-
meters). The temperature range that is considered varies from 3000 to
2100°K. The objective of the reported program was to develop a computerized
program for predicting radiant energy emissions which could 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 I, 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, nonisothermal system of hot gases.
Results are reported for the 4. 3-micrometer band of gaseous carbon dioxide (C0 2)
which is assumed to cover the spectral region 2050 to 2400 cm - 1 (4.17 to 4. 88
micrometers). The temperature range that is considered varies from 3006 to
21000K. It was pointed out in the first phase I Il 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 providep
both the spectral and spatial intensity distribution of the emitted radiation,

In particular, this report outlines the current status of the program with
emphasis on modeling .aie radiation em ted from the hot gaseous combustion
products of fixed wing jet aircraft ii' th mid-infrared portion of the spectrum.
It is well established tht one of the maj .. -,-jrces of radiation emitted from 9
jet aircraft is the radiation emitted from the nt;t jet plume. This is particularly
true when the aircraft s viewed from * .trectton Puch that the hot tail pipe is
not seen. Since jet fuels are largely hydrocarbons, approximately 15 percent
hydrogen and 85 percent carbon, which are burned in an excess of air or oxygen,
then there is considerable COg in the hot exhaust gases. The CO2 molecule
possesses a very strong radiating band centered around 4.3 micrometers. The
radiation arising from this vibration-rotation band of CO2 therefore represents
the najor source of plume emission in the mid-infrared spectral region,

The ultimate objeotive of the overall program is to be able to determine
the radiart energy available to a remote sensor from a particular target or
class of targets operating under a irpeciffed set of arbitrary conditions. This

;:, overall problem then readily divides into three distinct phases: (I) flow field
description of the bos .gaseous plume, (2) radiation model describing the emis-
sion characteristics of this gaseous environment, and (3) atmospheric modifi-
cation to this radiated energy, The second and third phases have been previousty
reported 11-4J on and will not he considered here in any depth.

,'Tlie results of the initial phabe of this work are reported in a previous
work 11, which discusses the firl.t phose of the study leading to the develop-
ment of a general spectral emissivity model for carbon dioxide.



This discussion will be largely concerned with that portion of the program
which d(escril)es 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 spectral and spatial emission characteristics of the gaseous jet plume. An
outline of the approach that has been taken is shown in Figure 1.

EXHAUST COMPOSITION
PARTICULAR EXHAUST VELOCITY

EXHAUST TEMPERATURE
NOZZLE GEOMETRY

SPECTRAL RADIATION TEMPERATURE AND

MODEL CONCENTRATION PROFILES

SPECTRAL AND SPATIAL ATMOSPHERIC

EMISSION CHARACTERISTICS ABSORPTION

TARGET SIGNATURE
AT SENSING DEVICE

FIGURE 1. APPROACH OUTLINE
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Section I. 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 tho 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 .nd 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
1400 to 280°C. Such fuels with crystalline temperatures not higher
than -600C 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
600 to 2800C. 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 whi.ch 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 ,ery high 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
relationship5

H/%= 26 - 15p , (la)

and

CO= 100 - H% , (1b)

where p'6 is the density of the jet fuel at 15°C in g/cm3. The normalized
compositions were then derived by assuming the total molecular weight to be

3
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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
C xH yand assume that air is composed only of nitrogen and oxygen. This is

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

TABLE II. ATMOSPHERIC COMPOSITION

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 NA 0 B. 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:

C H + (X + Y/4)0 2 - XCO 2 + (Y/2)H 20 . (2)
xy

The mass of o:ygen required for complete combustion of a unit mass of fuel is
then given by

Mass oxygen (2X+ Y/2)M 0
= ,3)

Mass fuel XM C + YMH  '

th
where T4 i 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 i by the
ratio of the molecular weight of oxygen to the mean molecular weight of the



atmosphere. This gives 2:3. 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 (2X +Y/2)Mo I

Mass fuel -0.232 XM C + YM (4)

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 thb atmospheric com-
position N Ao B  As previously noted, the mass fraction' of oxygen is 0. 232 and

can be computed from the composition NA0 B by the expression

BM 0
f = 0.232 - (5)0 ~BM + AM

0 .'N

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

NA B N 5.48 01.45 (6)

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

(0/F)N 0 +C H - XCO 2 + (Y/2) H20

+ f(B/2)0/F-X-Y/4) 02 + (A/) (0/F)N2.' (7)

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

W X(MC + 2Mo)

CO 2 XM C +YM II  8)

Y (2MH + M0 )
1120 2(XMC + YMH),

(1



B(/) 2X -Y/2 (0
W~L M 0002 XXIc + )(M MO 0

A(O/F)M
W -- N11

N2 XMC + YMH

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

constituent mass by the total mass. Thus

W. W.w w
a. = = (12)

EW. 1 + O/F1

so that the mass fraction of C0 2, for example, contained in the exhaust products
after combustion is given by

X(MC + 2Mo)
CO=(XM + YMII)(1 + O/F) (13)

Since the mole 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, cai , and mole

fraction, /3.. For an ideal gas mixture in thermal equilibrium, the total pressure

can be written as PT anJT, where i7T 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 Pioni. Thus

Pi = T("T)= PTf (14)

or

P P =  -T = P T (15)

ii 7



Equating these two equations yields the desired relationship, namely

1 T 
(16)

where M is the average molecular weight of the gaseous mixture which is

easily shown to be

M 1
T - .' (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

a.
1 1 (18)

i a . /M

Substitution of previously defined quantities into the above expression yields

4X

'lCO2  Y + 2(O/F)(A + B) (19)

2Y
PH20 = Y + 2(O/F)(A + B) (20)

2A (O/F) (21)
N2 Y + 2(O/F)(A + B) (

2B(O/F) - 4X - Y

02 Y + 2(0/F)(A + B) (22)

The results of the preceding discussion can be illustrated by considering
a specific example. The common hydrocarbon fuel CH 2 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 C7.13H 14.3. The mass of oxygen required for complete combustion

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

Mass oxygen = (14.26 + 7.15 1 6 ' 0  3.43
Mass fuel 100 /



FF I

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
Mass fuei -- 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 2  5.14

H20 2.11

02 17.20

N2  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)
through (22) then give: T

Product Mole Percent

C02 3.37

H20 3.38
02 15.51

N2  77.74

Finally, it will be pointed out that the C02 concentration present in the
exhaust products as computed above is approximtely 100 times the normal
atmospheric concentration of CO 2. 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 C02 contained in the
exhaust products as a function of C:H with air to fuel ratio expressed as a
parameter.

9
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Section III. 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.

RIi NOZZLE

TEMPERATURE
P (R,X) PRESSURE

[ CONCENTRATION

tORE DEVELOPED

R REGION

EXIT
" PLANE

CORE OF CONSTANT
VELOCITY AND CONSTA NT .
STATE PROPERTIES

FIGURE 3. PLUME MODEL AND OBJECTIVE
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The primary problem is to 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 can be outlined by
considering a fully expanded axisymmetric jet exhausting into a uniform unbounded
parallel stream. This is shown in Figure 4 where it is assumed that the pressures
of the two streams are thp same. The transport mechanisms that takeplace
between the 'Lwo 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 exit plane, three distinct regions exist. In regions I and
11, 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.

SOUNDARYr

FREE
STREAM

IMIXING ~REGION

L.JET - -

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

12



the flow time so that mixing occurs before any reaction takes place 16 1. 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 Cxpenldd to achieve
a satisfactory viscosity model for incorporation into the flow program. '

Typical results from the program are shown in Figures 5 thrugh 9.
Figure 5 shows the axial values of the temperature and velocity decay for a
particular 4et 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. Figure 6 shows the decay of the temperature and CO2

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 temperture 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 temperature 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 C02 concentration
varies with downstream distance along the symmetry axis. The ordinate is the
ratio of the CO2 concentration along the symmetry axis to the concentration of the
tailpipe exit. This represents a concentration which is 105 times the atmos-
pheric C02 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 C02 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 ieotherms 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.

13
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The Advanced Technology Laboratories generalized frozen mixiig
program [6] is written in Fortran IV and can be used on any large scale com-
puting system. The input instructions, a listing of the program, a typical set
of input data and a sample of the subsequent output are included in the appendix.

*i 1
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Section IV, RADIATION CALCULATIONS

After the flow field calculations have been made for a particular aircraft,
the radiation calculations may be started. The mathematical details and descrip-
tion of the radiation model have previously been reported on 111. Figure 10
sho\\ s 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/T = 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 clirection is then chosen in which it is desired to make the radiation
calculations. This direction is indicated by n- 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 ais 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
syin metry 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 coordinate Z0 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
C. Thie = 0 poii-t is where the line of sight first intersects the plume surface
The coordinate X0 measures the downstream position where the calculation is
being made and l ) is the radius of the plume at this point.

-Next the coordinates (X, 11) are computed as a function of I, Z0 , a, Xc
anci 1R along the line of sight.

R = + f sin a - - 0

X = X0 + t cos a

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



-us

LUU

z

w
a

w I

CLC

0919



It is not an easy task to calculate accurately the radiation emitted from
n homogeneous 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 makinig the emissivity 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 y where S is the average intensity of a
spectral line, (I is the spacing between lines, and y 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 -ire denoted by p and v and shown below.

V d2[I,T (Y ) ,[P'T( )])dY=f d] [XY T( ) Y
0

yo ) S[AR T(£ )]dY(f )
A, j d[X, T (

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

y(Y) =f PO d

0 e(i)

where I represents the actual thickness 6f gas being considered, Pco_ is

the partial pressure of the absorbing gas, and P is the equivalent pressure.e

The equivalent pressure is defined by the relationship

P Pt+bP
C- Pt 02

2i)



where P is the total pressure of the gaseous system, and b is a spectral
t

broadening coefficient which depends on the overall gaseous composition.

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

TO,I) = exp{- -( 1 4--- i)J-2v ( l_2 I

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 1. The plume thickness is now divided into a number of
small segments of thickness Al 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 calculated for each homogeneous
segment. This is computed from the equation

E.(X ) 1 - ex 111 S(xP f
d (X, T) e YLIr

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 function.
This is then multiplied by the transmission factor to obtain the radiation emitted
from the surface of the plume by the segment Al. The result is indicated by

Ii (A, 0) and given by the relationship

i = [exp(C/ XT)-

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 X. This procedure is repeated for e~ich spectral point
to get the spectral distribution of radiation, again from this particular point
on the plume, in the direction of a. 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 a:

I(k, a, X0 , ZO) Z1 [W/ (cm 2sterpm)]
i
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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
distribution of the plume emission.

It is interesting to note that the radiation emitted from the aircraft in a
sta~tic position is larger than that emitted from the inflight aircraft. The 280-
nieter per second curve has a peak value of 1770 watts per steradian-micrometer
%%hercas the static curve reaches a peak of 2800 watts per steradian-micrometer.
This is apparently due to the free stream air which cools and reduces the size
of the plume. I'his is also indicated by considering the area under each curve
whio., represents the total emitted radiation. These values are indicated by
Figure 12. where it can be seen that the static value is approximately 30 percent
less thin thc inflight value.

2'2
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FIGURE 12. COMPARISON OF HOMOGENEOUS AND NON-HOMIOGENEOUS
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 ciue toa much weaker

CO 2 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
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FIGURE 13. TYPICAL TURBOJET PLUME SURFACE
EMISSION AT 90-DEGREE ASPECT

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. Thsis 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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FIGURE 14. AXIAL DECAY OF PLUME RADIATION FOR A TYPICAL
TURBOJET
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One of the major objectives of this effort is to be-able to predict the
4 zadiant energy that Is emitted from a je~t aircraft and is available to a remote
a eilsor. This implies that the'signature must be~propagated through the

• atmosphere which, ,in- reality, acts as an attenuation filter. Therefore an
-'atmpapheric transmission model 13) has also been developed in order to

determine the atmospheric modification to the emitted energy. It In a two-
~component model that was derived from the well-known experimental data of

Taylor and Yates. Molecular absorption of H20 was considered along with
4ther constituents of constant concentration such as, CO2, N2O, CH 4 and CO.
The cons ,tituents of constant concentration were combined Into a single s pecies.
XO1. The amount of X02 was chosen to be 32 atm cm/km, which Is the average
concentration of C02, 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 C02 absorption. The
dip at 4. 5 micrometers is due to N20, and the fine structure is due primarily to
H20.
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FIGURE 15. COMPARISON OF ATMOSPHERIC TRANSMISSION
MODEL WITH MEASURED DATA

Figure 16 shows a typical plume signature put through 1, 7, and 15
kilometers of atmosphere by using the previously described transmission model.

This shows the importance of the wings or skirts of the emission band 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 da*a

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, thebietical

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 II. 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 CO2 band parameters

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 300OK (for second data record, T = 300°K;forthird, T = 600°K;
for eighth, T = 2100"K).

The next two daa 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 measures downstream position in centimeters, and Z is the coordinate normal
to X, also mensured Tn 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 desired,.hW temperature T(I,J) (I
denotes the number of the downstrainpoiftion, J denotes the number of the radial
position) in degrcew-KclVin, the radial position R(I, J) in centimeters, and the
partial pressure of CO2 (PCO2) in atmosphere is written on tape. The num-
br 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 notwritten or read according to a formatbut rather in binary notation.

Finally a card is read which contains two quatntities, ALPHA and ISTOP
according to the format (F10. 5, 15); ALPHA is the aspect angle in degrees and
ISTOP is either 1, 2 or 3. A (1) will terminate the run after the calculations
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TABLE 111. RADIATION COMPUTER PROGRAM

TEST - EFN SCLkCE STATEMNPT - IFNWS -

TRACY J K Qh fr/24/68
C C02 ',.3 MICRCK B)AND PLUM'E SPECTE.AL RAUIATICN PRCGRAlM

CIFNION -X 16C)R( 609?5jq T6LP~J~ cjF ,j!
OIVEt.SICN WiAVNC4 36),hAVLHI36),T1(7).TSPRAO(36)

C READ BANDO PARA1JtTEPS FCR C02 EI4IS$IVITY CALCUjLATIONS

READ15@100G) hAVhOEI),SCO(IJ)9Jx1.7)
*... EA...~D5100 lmAVN0(I 3.(SCO2(I#J)J-It71- __________________

ICO vAVL'tI4U810CCC./%%AVNOUI

W x ICI J-1#7

TT(J )s3o0.*TJ
flO ICI Iult3t_______ ______________________

101 SllC2(hsJl8SO02(I9Jl*S~fl7(IJ)
CI':tNS .lDATE(2)9 TlTL!12).HEACfC(.3P) -_____________
KhAD)(591051 (h.EAOr4IJl .J=19181 33

13!1 FlJRMhT(12Ab/6Ak)_____________________
REAWl591050) CATE(1,AE2,TIL(h= 2 4.C

S 0.~ F~iRMAT(2A6/12A6)_____________________
..rkTE(69110C) OATE(L).OATEE2). (IIILEtth!1lZll) 47

11CC) FJRI'AT(IHI94CX*52HCU2 4.3 '!1CRO% E6IC PLUIVE SPECTRAL RACIATION PRO
1G"--fATM/1HC.62X,2A6/lI-C,3C)X,12At)

LIC1 FIIWMAT(1HC.AIHALL PLUME COCROINA7ES AtRE MEASURED IN CM.)
UR IT Ff6,1 ICD 55

11C'FtJR*,A I NO, I1hhAVdEhUlBER-( 1/C'))

1103 F,)RMAT(IH0,2ChAVELENGTI-(IPICROt.S))
.RIWE( 6 1 kq941 __ 5?

IiC'. -F0R-MAT f HCs 4114RAOIAT ION- (W'AITS/SC CF.-PICRCN-STERADIAN) I
C

C tXSsthUmHFR X STATION~S
C N7PFXa4MBIRZ POINTS ATEACH X SATIGN__________K

IOCI FOJRMAT 2151
IF(NXS.GT.6 C) GO TO 17C
IF(NZPEX.GT.8) GO TO 171
Gil TO 172 ____ _______ ________

17 0o hIITE(6oll2C) 6)4
*JI2C FUROAT(1H1940H NU?4BEK CF X-STATICIkS 10ST'bI 60 CR LESS)

..L1.RITE19:91121) - -69

1121 FOtMATlIH1q?6eINUI4$ER'F 'Z-PCINTS PLST BE 8 OR LESS)

C ME~l INPUTCATA TAP IMOM PILME PLC% FIELD PRCGRAM__________

C N.PxN0tWiEi CF R(ADIAL PCIhTS

172 (.__ nov____ T_____1_________L____E_

110 in NP1=410ORK7

rl) c? Ilq~A



T1ABLE 111. RADIATION COMPUTER PROGRAM (Continued)

ttsl - F $CURLEI SYArT'4ENT -IFN(SJ

kC 1. K I zkHNR~P)

(I IC.KK --T KP)CP

IC? L A.T CINUC
IP A(CE=G

c AL.lAzASPECT ANLt IN I)K~kEES(0 CIGahCSE-ClK
C CSCfiP=1.nCLL 'iER0'NATE PROGRAMAFTER SINGLE ALP~HA CALCULATION4
C IST0P=?.RETuHkNS TO THIS POINT FCA ANCTHER ALPHA

C CSC.3Pz'.HETURtKS 10 STYT 173 TO1 FEAI NEh SET FLOW- FIELU DATA

IC3 .LACI(591II2LPICA.CSIOP lZC

ALF=ALPHA/57.29578C ________ _______________________

CC zCOS C ALP I 1~
-SCASI'jCIAt P2 I 1
PCI 1 '.1592t~

NiX SM I a Nxs I ___ __________________________

IICALi'-.V ... R.LH.Q1OC NXS1012I
C) IC6 C-1.NXS~fl

ko -p C C X116 25 1 __________________

lFCAL-.VQ.C.C__xU-XttNXS) ___________________

OF~ Ll :.lC/LPE X
Ci1 6C2 *,A1l*KZPLX

C.-CA~'H.CuC.0__C:2.*RC1 .252. CU.-1.2*CRtINXS.2512.*RI 1.2Sfl/ZFEX

C CALCLLAIF CCCoIDCNATFS X9R ALCNG LINE-CF-S1H A UNCTION--OF ITS

41C __FhS_______Vi1__5_______f-CC________itl

U ILL --IC .
CFC~'~IA.L.C.CC~.LPH.EG.iI0C2 ELLaXItXS)198.- -

2CC -XL 20 . ___________________

Avk=XL*SC-SCR TC*C-l0WZJ) L4l--
12? C)SCR TIC C* 10+APR*A F 4

CA I. f N XL C 1 -

CC-CCW%).Lr.C.) Wu Tr) V.4

IFCALPHA '.U.0.OR.ALPHA.tiC.180.C) GC rI 203
PO 2CI l ,lX_
K( C 2K

-r X KF(X1N L t- .x (,V) I c r r2? 0 2
201 CUNINUE~iF
202 IFCCRC%2.GT.RCK,?522 GC TC ?C._____________
20A XL--'L+0L

C_______ ________

C W~ LI ti,(2 SMALL, INCH -ASE AE I-L LrhS ----7_____
C_________

ItLl --iill *'LLL/7.
r,0 TC 2uO _______________

; 1~ IN1 T .50) GC t 1 2-C'
G, ic 249 ______
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r-. ~ T~---- _____________________________________

TABLE III. RADIATION COMPUTER PROGRAM (Continued)

TEST E Ir SCUOCE SIAIE:4fNT -IFKISI

C ___L tj is E JJy5 _____________

C
2C', CELL rCLIN 1/7!.

C
C PLL'i1 TtIICKN SS NEGLIt;IHLr 41 T IS PCIKTd4CVE UlN TO NEXT-P'.IJINT __
C AFTFR SETT'ING ALL SPE(.TOAL RAIIAIILN VALUES E WtAL fU iE"RO

C

c t.ALLtLLATE t KFSSuRE ANtI Tk PFRATLPIE ALflN(, LINE-OF-SIGHT AT EACH X9R

3CI CNT ____

3c? ( 30 -I.5f.z(P NIP''1

IXK zT( NN- I'M1t (N1,'D-(INit4I ______

CT (J )=TXI+( X2-.TX1)*CXl/12X2

Rx 2%PCtj2IN-,I4I1,1)+CC2(NN-1 P : PCC2NN.4MhNaIv43I) *R4 IR

~~.1. I ~~CP(J2 PXI.(PX2-PX1)*t;X1/UX2 _______

-rtCT(J).LT.3CC.l CI(J);30C.
30II(CP(J).LT.C.00033) CP(J)=G.0uJC33 ________________

C CALCILATE AT E017 SPECTAAL-PCIT CCSIER i HE eANI) PARAMF.TEe.S
C AT FACH X*R ALUNG LINE-(:F-SI.GHTI_____
C,

01ILNSION CSfC(3c,100) CS00,1(36*ICLD_______

IN IsCT(K)/3ZCq._______________

i:T l~(CT(K -Tl( -IFRT) 1/30c.__________
Onl 4CI Lz'I,36

4C 1 CSV.02ILoK)-SOC2(L, IRI)+;Tl*(SOU)2(L,IRT+I)-S('02(LoIRT)I

C -- CALCULATF TRANSMISSIOiN AT EACH SPECTRAL POINT FIkCN EOG U k LM
C TO X, .~ALN IEC-S IGHT

C J __ WC_

Ol WE KbIC.N Y I C~o'7IKSt36t10C) -

Co 5^1 Kx2.K

0- E 5C2 .. 36
TRS(KsI)I.C___
P.O.
c.c.



ALEIII. RADIATION COMPUTER PROGRAM (Continued)

: F:4 S.LRCI S1ATLEEO I i FM( I

C. A v . tb' /5sLR II iC ~ *IVT) _____ 294

(~CY*(CAl(KsA-l)? :(K1+CCJ jA)

5 k2 T, NSI K .J) ztXP WWG
C

C LAILCuLATE TtJTAL SP1CTRAL LYISSICN/LNIT-APFA PROW THE PCINT
C -X . .r"C, IN ThE 01 RLCt 1CN CF AL FI-t _____________________

c 301

b2C Il 1 /
t~iALPh-A.EC.C.C.fJR.ALPHA.EC.180).C) MlAIHC
NS TE ps 1 4 =- ________4__

rl-LIAL Im) =0EL

006o K=1 ~6
EJC~ SP RA C X. C.

I I NJ L.XI C I GJ TG 6C2
t.." IrN- I ___________________________

PV I(CT(K )+CT fK,1J)*)0*._________________

D;~ 6CI 1=1.36
L,'l~Y~iTNs)(L,K)-TPtSgL.KI))/TR?$SjLtK)

PLKAI1.*(hL*l-5)/(XPT/P.L)-.)334 335
5 CikL.V)zPLKRAD EYS TY*I PtNS( Ku RL4.~ _____________

6C1 CU fI IM
c) C2 C(ONT INLE:_______

C

C PERFORM SVATIAL INTFGRATIUN LVER FLJP'E SURFACE TC OmTilAIN THE TOTAL
C SIFCTRAL CIISSILN IN Tht: DINLCTILA CF ALPHA,ALSC PERFORM AN ___

C lTI.GRAT~uN (PW4' THE SPiCffAL SEICN TO OcTAIN Il-C T R~.~AIT
c THAT IS PITTEV FKCL4 THE-PLLE'E A] ASPECT ANGLE ALPHA____
C

III 7CO L=19 36 -- _____ ___

SP;ZAf( L.4K41):C.
IC0 5PPAV(L,MX,3).C. -- _____________

r j 7C1
ICI Sl______L

IF(ALPf-AoF:.C C.CR -ALPItA.EC_..1dJ.LIl-GC TC 705 _________

1r1 7C2 .. L-I._________ if:

II ?C I r, I C4 L-I. 3L
1C'. SPCC(:L.iX.71).SPPACIIL,'X,3) -- _________

c.,v tC 70l
IC', c; 7Ca Lt.6___________________

IC6 ISM 301 L)=T SPRAO(L )+ Il 00 IZ$(.J)-leIM-l ILf *ZelI )*P M SPPADIL#M)+S
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TABLE III. RADIATION COMPUTER PROGRAM (Concluded)

Tf ST i7. ' SURCE SIATE'ILfT -- -s

?C? 00l 7C9 L-1,16

IPACPF- IPAUjtiI

-120. FORA( t2*A 3C~A~jjgE'LZ)...............
wIT E(6',12C 11(TlL El J) ,J=1,l 4 1

mR IT Et 6.2fi_CUPj- -

t285 FfJiMWATI1HO,6aX9?HRLN NL-914)
I.2C1 FukVAT(1HC,_3CX.12A61

Wk2 ITP(691202I ALP11A*X(I.RUT242
1C2fil -1s. AT H, 14HASP ECT ANG ,E vE 1C .4 X v CHDCWNSTk FA' lUS IT I UN. E 10._____
14#5X,16HPLUME T1ICKI.SSsFI0.4)
hR ITE(b,!1.50C (NSjQ§As(jp.4x 0) -__ 425

- .(ITF(e;15OlI)(OELTAL(J)JuIgl'XI _____43C

1ITC(b.1203)(ZH(JJ9J-1.RXI 435
120 .IVtAT(H 917H PAUIAL PCSITICNstEII.498E12.4)

w II E(tb12Cq) (HEAONG(J IJzlt'X2) 44.C

DO 1235 Jx1,3t _____

__12CS *RITE(6*1206eI hAVNC(J tkAVLIIJ (SFXAO(J#Kl EJ1LFXFPL)44
1206 F0KAAT(IH *F?.C.I"9.3*9E12.4)

12C UJNITL(I)u0.T()(%AL(-1 VH()*.*SKA(-s~~l

imkITE(JNX2lI RUNITLII 465

J2 51f. MATliHO46HRAIATIfN/LNITF~LPGH Ck LUPFIFWATTS/STER-CmNs. F-1.4

q E (6,1114- 1 __ ____ 467
120 IRM1AT(IH0*2CX*94HhC'TF-THE LAST RADIATION CCLUMN AB3OVE G1Vt:S THE S

lIHECTRAL HAflIATII1NJU,41T LENGTH OF FLUMF SURFACE)
1Cb CUNTN~LE

IPAGF=IPAGF~l___________
fiRITF(69120C) DATEM9),ATEM9).FACk 471

Ii IL( 691201II11 LE(J)_J11)____ 472
.oRITE(6.123e) ALPHA 47qa

17C FARVATI HQ.1&w ASPECTANLf-C'

._LAI±C9 L=2#3 __________

7Cc. T- le Ads TT(AOfIl.4AV LH(L- 1 I,-AVLHL *ISC-I i,(fTRACILI)
T' TkAJ-T0iTkA0/2. -________

;AITEit.12u9) 49C
12C9 PJRPAT(IHC,.371 wAVN#4t$4 IeAVLKGH 1PtECTI4AL RACIATION'e

WuITE(6il21C)(hAVNtIJoi,%AVLHIJ)I ,SPFA(J3.381,361 491
1210 FONNATIIH sF7.C.F9.3*4X9E12.4) ____

hq[T7E612111 70TRAO s ____

CE NT HsC _________

1252 k'jNI7LI1I=RLNITLII)*X(I)*SC*SC -

DO) 125*4 Ix.%t4
12!3 C NTI'sLENTM.*II )-X(Il-1*C.*(FLTITL( I-1).KUtlITLLIl _______

% eITE([Ls1254) CETk 52C
1254 F~AIHNE~RIzLI'

I21I lF.RATIHO.24I-T0rAL RADIATIEN tI.ITIE~aE10.4,11H I6ATTS/STER)
G1 TC( I.71039112i iSrOP

IC? REiIN,) 10 52;
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TAiILE IV. TY-PICAL'SETA~NPUT-DA-TA-

SDATA
2050:- 2:60E-O3 4.bCC-04,3.40E-04 4*IOE-04 8:20F-04 5*70E-0O3.2*60E7O2_
2050. 4 60L-02 6.60E-02 1.33E-01 3;35E-01 7 960E-01. 2.90E-00 8o.90E-00--
2010. 8-OIE-03 1.03E-03 5.72E-04 6.37E-04 1.37E-03 9.08E-0 *56E-02
2060. 5.2 E-02 7-50E~-02 1.49E-01 .. 761-01 l.OOE-00 '3.60E-0A*1OOE+OI1
2070s 1.87FrD2 1.89E-01 9 57E-0*. 1.06i-03 2.i8E-03 Ii42E-O2-4*.76E-0Ol'
2070. 6.06E-02 8.42lF-62 1.68E-0l 4.IOE-01 1#28E -00 4.*40E-00 1.I3E401
2080. 1.' 5E-0? I.)JE0 A.3AE-03 1.66E-o3 3.BIE!03 2.13E-02'6*2 -8E-02-
2080. 6.67E-0Oz '):2E-02 I.i4E-01 4..56E-01 1-.63E-00 5.231-00 1.ZSE01_

200: 6.31E-C03 !.63C-Oo !.L7f -03 2:54E-03 6.41E-03 3.O8t-0Z-,8*.3OE-02
2090. 7.',?F-A2 1.19E-01 2.56E-01 5 09E-01 2.06E-00 6.10E-00 1.37E+O1
2100. 1.81E-o3 1-.47E-O'4 Z.IOE-03 2.65E-03 1. 6-02 4.28E 02 1.08E01
Z1J0. 7.89E-02 1.6!E-06i 1.95E-1~1 6.OOE701 2'.E-00 7.OOE-60 1.14IEfO1
:110. 9.5rE-04- 1.26F-O.. 2N3 E-03 l.S59E-03 105-E-02 5.86E!-02. 1.4IE-0l
2110. 8.11"0Q2 Z!O1E-01 5.OOE-01 7.60C-01 3*0'.E-00 7*90E-00 1.57E3*O
.120" 5.6f'Z-04 s.o2z-04 i.70E-o3 2.46E-63, 280E-02 8.05E-02 1.8lE-1
21V. 6_.!4E-0Z 2*1'.E-01 5'.58E-01 9.73F-01 3:596-00O 8076E-60 1.6'6C+Ol
2130.' 4.8dF-04 6.96E-04 1.IBE-03 4.98E-03 4 3,8C-02 1'P1 .- 0 1. 3 E:01d
21304 8.6Z3E-IZ 2.035S-01- 6.121.-01 1.24E:-00 4.19E-00 '9 '6Ol- 0 0 1.*75E+01-
2146, .7 d E- 0'4 7iA0E-04- 1.13t-03 5 .5A:)-f3 '6.lcE-02 1.'63E~--2o95E4'q01 -
214Q. .8.97IC-02 2.50e-O1 6.6',E!-0) :.eOE -OO 4.85E-0-- 104E+O01 '12E01-
'1'-0. 4091E-04 7.61E -04 21.20C-03 1-.52C-C2 1001'E-01' 2.25E-ali 3 .7E-Oi
215'0. 4d- 22.66r-01I 7.40t -0I 2 0 1E -0 5.'6 3-00 'p.lHr+o01 19 0E+O I

216o. 5 2E;0 6.56c-04 7.7P8-0O'43 2 ~JE0 3.06E-kll 4*6 8 E -0 1,

-ISO; 6&0SL-04,1;46tC' 8.2-3I0E~ .2-1 36E-01.7-IOE_ OI
- -- - -- ~1d .02-(- 422-aL.4,E-03.9'E-6l0 '8 26E 00 .1;39E+01--205E401.

[96. 0.lLr0 Z6 01~0 ?!'!8'E-- 1.8'E 01 
1

7 6E -0l -7 eE."o I-O 8 s7 E01 I
20. 1l-c1 -4 90 -01 I .ZEUO0 4.81E00'.2' 00 1.47E401120EO

2200., 1.2ME-03 3,1-05~'i-(l72r 0 5.6tE 00 I 13E0

2210. 2:45E-03 1;.5izG2 11-66e-1 I.2 ' .3 111C0 .7E-06
lo:. 1.$7f0 6.97E761 2.C -Q 6.900 I;4 3 3 rE0 1 146'45+01 2i7E+01'

22200. 10E )-01 4.54e-2 4iVE-01 TirJ 4. 111'~0 .6E-60 -16E00 1'.36E-0
230. 1.57[-C' -3..E-0of jO 2r- 60 1.,5-40 1-8E0 1 O 2 W2 5E 401'

220 . O-O-( I 7..'"r-J,! 1.7 30'- 'o'g-A- j.E-4)o J2-6iE-00_ 1.5SE-b0'

-c 2p,7 i30 -o 02~0 9-f .~12 171 I 8El0O 1 205601-

224.0i- .O0 662~4 '10 46)zE I.09 IE02'10

-: _ -- I-60
- ~ ~ 1~0O '6~ J.65--f" -24E-0 2.07Et0

Z3T1 ~ ~~ ;9,1- 1 5,O~ o1-1;24601"' 2.~l Z.4 *1 liGE
220'; .St- 4&-3 I.'t0 4-136-~ .5-02OCO

227~0: .&h _Y.-26t-0 2.7 00E!O S.0- 37E- 00 ;6E-! 2.61'9t;bO 2.5E ,0'0
-A. .5JF-Inq A.02'. 7 1 1 ,~' 7iO .0E~ 1.~6~ ;1140 14i5~:' 5.~tf02~ 6 00 2.+3600 1.26E 00

723.. e~.4E'6T1 2 i 342.--01 3 .3 ZO, S.7 n 0 26i O-8.52Eo3O-

i;6 .'1~i~~E0 1.0E~ 6d,7F.Pll V3C0 5.' 00 4E

* -. ~i-~O .4'0o ',.53nE-c4)d 4.bE-O0 4,.12E -nO ?.676E-00,

2 A'. '.-F . IVt0 .' -. 4 12E01 :1 0* .4.E O E-01.

24~.' ~ -~Z -~*~.2 .~t-li 1.tJEJ 1.O-1'.1.3Or0 1,O01

f:7"-0 5.8"0 *7L0 .1--) 0C0

239,I1E'',I1." E 1'IEn ''7Ed .OE0

L' 0 iO)5(f -02Y q , E0



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 fielddata. 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/odd 8-70 I7-/d values (300,600, .. , 2100OK) M.2
1-72/even 8-70 7-St2/d values (300,600,..., 2100OK) 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 VT. 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 fle line of sight is
divided in a number of segments to make the radiation calcuiations. The number
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 thewave number (cm- t ) and
wavelength (ps). 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 2. The last radiation column for which no radial position is indi-
cated gives the spectral radiation per unit length of plume surface, i.e., the first N-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 de.scription of the viscosity options is
also included for completeness.

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

1A = K2 r1 1 poUo , (ITURB= 1)

A= K2 r,/2 PoU - p.U , (ITURB = 2)

where K2, the turbulent viscosity coefficient, is taken to be 0. 0285. The
subscripts refer to jet center line and ambient conditions, and r 1 is the value/2

ofRatpU = U/'(p.oU. -p0U0). For ITURB = 3, rw/2=1 r0..99- r0. 50 where

r0 50 R = 1/2(3 + UO) and r0. 99 is the value of R at U

(0.01U0o + 0. 99U0). The viscosity is then given by the expression

A = K 2r1, p0 U0  . (ITURB = 3)

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

= 0- 4 + X(PO U0 + P0 U0), (ITURB = 4)

where X is the downstream position. The latter option is utilized for jet
aircraft plumes in the core region with this region being defined by the condition
d2U/dR =0 . Outside the core model 3 is used for aircraft in flight and

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-IH followed by the program itself in Table A-Ill. 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 onlk 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-each peiiht by interpolation. Dimensions are converted from feet to
centimeters, mass fraction to mole fraction or partial pressure, and temperature
ratio to absolute temperature. The resulting tape is then read as input to the
radiation model.

TABLE A-I. INPUT DATA SEQUENCE

Ca rd Column
No. No. Description Format

1 1-72 Title Card 72H

2 1-5 Month (Jan = 01 ...... , Dec = 12) 15
6-10 Day 15

11-15 Year (Last Two Digits) 15
1(-20 Initial number of grid points (if I5

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: 15

0 = Constant Pressure
1 = Polynomial Fit

31-:15 Viscosity option: 15
0 = Laminar (Sutherland's Law)
I = 1/2r!, P0U0

2= K2rt/2ipUo- eUel

3 K2r1/2 P0 U0

-i= 10-1 + X(P 0U0 + PU)

36--40 Flow option: 15
0 = Axisymmetric
1 - Two Dimensional
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TABLE A-I. INPUT DATA SEQUENCE (Continued)

Card Column
No. No. Description Format

L 41-45 Input- profile option: 15
0 = Step Input
1 = Variable Profile

3 1-10 First print increment (ft) El. 8
11-20 Final X for first print increment (ft) El0. 8
21-30 Second print increment (ft) El0. 8
31-40 Final X for second print increment (ft) El0. 8
41-50 Third print increment (ft) El0. 8
51-60 Final X for third print increment (ft) and

for terminating the case El0. 8
61-70 X initial (ft) El0. 8

4 1-10 Lewis Number El0. 8
11-20 Prandtl Number E10. 8

21-30 The initial radius of the jet in feet if the El0. 8
step input option is used, otherwise
A %I, the radial spacing in streamline
coordinates

31-40 K1 the ooefficient of laminar viscosity El0. 8
41-50 K2 the coefficient of turbulent viscosity El0. 8

5 1-10 P0  Pressure fit coefficients: E10.8
11-20 P1  If option 1 is used, P0  El0. 8

is the pressure in lb/ft2

21-30 P 2  and P1, P2, P 3, P 4 are blank. El0.8t
If option 2 is used, P, is the

31-40 P3 coefficient in the pressure E10. 8
polynomial as follows:

41-50 P 4  P (lb/ft2) = = Pi Xi E10. 8
i=0

6 - Thermodynamic data for the different
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 A6specie (e. g. H20)
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TABLE A-I. INPUT DATA SEQUENCE (Continued)

Card Column
No. No. Description Format

11-20 Molecular weight El0. 8
21-30 'IL lower temperature bound for El0. 8

fit 1

31-40 T1H upper temperature bouad for El0. 8
fit 1

41-50 T lower temperature bound for El0. 8
fit 2

51-60 T 2H upper temperature bound for El0. 8
fit 2

6b 1-10 a, El0. 8
Coefficients for low

11-20 a 2  temperature fits El0. 8
21-30 a3  . E10. 8

See NASA SP3001
M1-40 a4  E10.8
41-50 a5  El0. 8
51-60 a6  El0. 8
61-70 a7  El0. 8

6c 1-10 Coefficients for high temperature El0. 8
11-20 fits El0. 8
21-3(Y E10.8
31-40 NASA SP3001 El0. 8
41-50 El0. 8
51-60 El0. 8
61-70 El0. 8

IF THE VARIABLE INPUT OPTION IS USED:

7 1-10 To  Axis value of temperature (*K) El0. 8
11-20 T1  El0. 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 El0. 8

S61-70 T 7 to a card from the axial value E10. 8
and ending with the free stream

values (*K)

7' 1-10 T, E10.8
T- E10.8

.14
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TABLE A-I. INPUT DATA SEQUENCE (Continued)

Card Column Description
No. No. Format

T7  E10. 8
61-70 T13

7" 1-10 T14  El0. 8
T1 4  E10. 8

T14 El0. 8
T Free stream value of temperature

e (OK)

8 1-10 U0  ElO. 8
1-10 U0  The values of the velocity at El0. 8

each of the inputted psi grid El0. 8
points are punched

61-70 U6  7 to a card from axial value El0. 8
and ending with the free stream

8' 1-10 U7  values (ft/sec) El0. 8
1-10 El0. 8
1-10 E10. 8

61-70 U13
8" 1-10 U1 4  El0. 8

U 14  El0. 8
U14  El0. 8
U Free stream value of velocity

IF THE STEP INPUT OPTION IS USED:

9 1-10 a1  E10. 8
11-20 a 2  E10. 8
21-30 a 3  Axis values of species E10. 8
31-40 a 4  mass fractions. E10. 8
41-50 a 5  El0. 8
51-60 a 6  El0. 8
61-70 a7  El0. 8

9' 1-10 a, El0. 8
11-20 a 2  Values of species mass fractions El0. 8
21-30 a 3  at each inputted psi grid point El0. 8
31-40 a 4  are punched on one card per point El0. 8
41-50 a5 beginning with the axial value and El0. 8
51-60 a 6  ending with the free stream. A El0. 8
61-70 a7  maximum of 7 species per card. El0. 8
61-70 a7  The order of the species must

45



TABLE A-I. INPUT DATA SEQUENCE (Concluded)

C t'cl rd Colun

N o. No. Description Format

6 1-70 (7 correspond to the order of the
6 1-70 a7 thermodynamic data (card type 6)

W" 1-10 a' El0. 8

11-20 a E10. 8
21-30 ". El0. 8
.31-40 a4  Free stream values E10.8
41-50 a5  E10. 8
51-60 a6  El0. 8
61-70 a7 El0. 8

IF THE STEP INPUT OPTION IS USED:

7 1-10 Jet temperature ({K) El0. 8
11-20 Free stream temperature (K) E10.8
21-30 Jet velocity (ft/sec) El0. 8
31-40 Free stream velocity (ft/sec) El0. 8

8 1-10 a Specie mass fractions in the E10.8
11-20 a2 jet. A maximum of seven species El0. 8
21-30 a1  per card. If there are more E10.8
:1-40 a1  than seven species continue on another El0. 8
41-50 a5  card in the same format. The E10.8
51-60 a order of the L;pecies must corres- El0. 8
61-70 a7  pond to the order the thcrmo- E10.8

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

1-10 a1  Specie mass fractions at the El0. 8
11-20 a 2  edge. Comments for card 8 are E10.8
21-30 a 3  applicable. El0. 8
:1-40 a1  El0. 8
41-50 0,5 El0. 8
51-60 a, El0. 8
61-70 7 El0. 8

10 1-10 The initial radius of the jet (ft) E10. 8
11-15 Run number 15

-16
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JABLE A-111. FLOW FIELD COMPUTER PROGRAM

4 AIN 1 - I 1F 14 CUI4Cf STATE04ENT - ZFNI~tUi97

c ~4A P?. 06651010
C l"cNP. . POX PUT H ( E sF&JUIsF.ILSI CX 94UTX4L0L XMVLK19X

C JP4r,4 imiI1T opsi's HALf WN[ I. I F I I Ss SI atPAGE, I RESS, [START, ITUk8
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.185 0LIP I1 sX1A XR 2 .vA ( )#PT(1$MX')x2

R A)5 0CI L 1l tG A( )Y ( oI K #X 923
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TABLE A-III. FLOW FIELD COMPUTER PROGRAM (Continued)

36 ALPHAJI)mYSJFTfJl
MP SI .MP SI+2
NP St .4PSl- I 060SO1 14
r()'PSIITEOGE
I N'PSI IsTEOGE

-- rv sI~dUEWGE____ ______

01 NPSI IsUEflGE
CO 39 JsI#NS
ALPNA(J9MPS1UYSELJGEIJ I

39-ALP4AtJ9NPSI1-YSEDGEIJS -

GO TC 60
-QUOEEPSTmYJET

NP SI MPS!- I

FRO12 - EFN SOLACE STATEMENT _U - - 09?

REAn(S.1000) (U(IIIqlppSI1 121
00) 41 IuI.MPSI
READIS910001 (ALPHA(J9I)9JxINS1 _______13C

41 CONTINUE- ____

60 RETURN_______________________
Y* RUM IlZA6) U6SO646

100 FORMATI1415) _____1.

1600 F&IRMAM(E 10.65
2000 F,3RMATIA6.4X.5EIC.65

FROZ3 -EFN SOURCE S~EEd ~~3

SUBROUTINE FRCZ1
COMMCN Re XX.OPCX 9POUT *HEP E OPUItP tOELPS 1lC! 9kUTxWCU,0E~MK
1IMUK2.PRNtPCNT.UERHOE ,TE.XP3. RIALF ___

COI'MCN LOT9P1AAF9IITY opf.#T7-~ .ffRt-~-i - '
__1IIURA. IJETtNSoMAYM0NT~i4PEARIA)flC.IVAR ________________

CLTWAC4 WTf4OLE I21), CIJEFFF(5*)g p rirU1 r, OTI95R
1.t1595.H12151,ItALPtA(21.59),PSI(595.RU(59),Ut~I91XaE(g5,TITLEI

3T(595;CP12159HSTG(595,3H01595.V159).XMAXI35,XFRT13).CP8AR1593,S

P=WUEFFPI1S+XICOEFPt2)X*CJEFFPI3S+X*ICCEFFPI41+X*CCEFFP(5S)55 06651396
WOKr0EPI11WC2%C0FFP 3~~Ti Ue~.rt I+ *G~FIPI5144.11 06651397

00 1 1u1.mpsI ________

-- Allot T' I)SQ tTf*T( 1)5 6________
AWdAITI 15s0.0 066SI440
CO'2 Ja1.NS-

2 AWAITI)aAwAITI).ALPNAIJ.15/WTI'CLEIJ) ________________

DO-IC J-19NS -

Kul1
IFITII).GT.TFITS(J,2)) Ks2....................--. .

CPIJi).IAFITSIJK,15+T(15*IAFITSIJK.2).eT(II*IAFITS(JK.35,rilsi1
1-A'trSfJ#K 94 1+1It )*AF I tSfJvK95) 111101. )1O*1.N/WTMCLEIJVs
- 14JISIAFITSIJK,6)+TiI)*IAFITSIJ.K,1).TI.I)*IAFITSEJKZ5/2.,TiiS

2*1 .987*1.8/1TD4OLF(J)
1O'CONT INUF

CP BARI 15z. 0 ____________ _____

Co 30 JuleNS
CPtAgiII5CPIBARCZ),CPIJ.l)*ALPHAIJ.15 ..-----

30 IiBAR(I 5uHBAR( II5,NIJ. 11ALPI4AW J15
20 COKTINUE

Y(1180.0066SIS35

IF(IAX 20. EQ.0 5
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TABILE* A-Ill. FLOW FIELD COMMUTERI PROGRAM (Continued)

lv ISMIV( 1-11"Z#201 L SI *I PSI I11lIt J " 1 PI I1/ ftH0I1-l)/UO6OS0241

I (I Ax 2o.'-0 1L

"Y I I *Y(-N -Cl~II (, I" R~~1 4C II)1/Hl(l11U -l12

Z ~X'4 LI, I .,)
WI 2 3 1zl .14PSI

X" LL - 1.Mu( I) _________________________

4(,,, 10 120.4S tO j)II. 066SIS56

L) Sl1 J.M4I1J(lMfUPSDISI 
066SI5S

I - kill S I -J.# 1 
06Sl56O

I F I t~ I I I st II I- )'4) I1 S% 2 ____066SIS60

51 C.'NTINLF_ 
06S16

Fi't,l 3 - L F,4 SCLISLr S1ATEMIENT - IPMS)

60l f0 100
10t.1 If (AaSIUI 1) -U(2) ).L i.j.CC290 I) I G( -t1O 1004

IF IMAPSI ) *GT. 20. 1 uo C)c 100i

ITLR P. I

GO T C 26
Uf Cl II MA.8-

IT 114 A- 3
CAI TC 60

1,)C4 t.%T .C&O( r4)SIUINPS

X4UT.X*(RUN1,LX)/)(C.*L.E-04

99 X-ILII=XMuT
Go TO 110

26 L'.!tT INUI _______ _____

;IM C.5.I.L'(1) *uI11I*MHC(N4PSI 1 $. 1'PS1I~
CO8 1 II1*MPSI

IF(kHO(I)sUIII.GT.UM) I-J4PSI-I1 -

IFIRI4OII2'tIt).GT.OU'I IPO=I-1 _____

IF(MI'OIII*U(iI-3U4I 831,8329832
8 !1 CONtT INLE
eli? RrAL FzYlI I-(Yj I 1-Y(tpo )$I(II4) LM-UM/ (140(t *U( I)-RHOI IMI*Uf I

III) I
Gil IC 733

cC 0,10 114LF
r~m'.3.5* .IIj.1ip I I

01I 7 fl I.2.,4PSI

IF (I LI1-1)-CUP'?) 1 (UIII-LP2).LE .C .CIIZxI

73 1 Cl:.% I .'4U1-

M'I&L F. ISI .Ph-I(IAr)

.efl 1LI)XMUl,2#RHALI-*;ZI4II1)*UI)I
It I4H %lI#I,$ ALF-Y(P'ISI I.(,.C.01CAI.L EXCIT 231
XALT -XmtlI I)

10~ .E Wkf44 066S 1592

F K014 SCUttLE STATEMIENT -IFIN(s) )610

Su~'.T ft XPLIC 066SI1944
Ciu,-ACN .XGPt.X.gP 1LT~eUtFI ,)LPUTFOELPSICXXI4UTXMtJL.OLLE4)KtX
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[I TABLE A-I11. FLOW FIELD COMPUl ER PROGRAM (Continued)

IOUK2 9PRtNT oPCNT .UEv R14CE 9T* XC P3*RI DLf
COI'MCN ltUoP1MAFPNTIIloPS*PGFIS.SKT!ut
1ITUA* IJkTsNSvOAY #MONTH@ PVEAR #I A 2C I VAR ______

lr 'Uj0N hT~lEI?51),C0CPHA25S)DP$A(2f5ItRUT)IgI5i9CCTTI5,17TITLE(I

i,*SU4S9)*ETAISC#IoXMU159)@AI59)thbA[T(59),PHCOUTC5OI~tJOUT(59$'TOU
3TI5,)CP(1!cq)HSTGi5',4C(59)'r(5)XAX(3)XFT3,CPBA(,9gl,

IF(IAX2U.I U.01 OX=C(LPSI*OELPSI 4SIGMA(1IIX'U(1 )/XLt:I1)/t2.0
IF I I AX2.E0. DD~vDELPS 0*2* SGA ( I /U(7YT17 Tf77UTT56.WV--
CO IC 1=2*NPSI 06CS0369

C- -(+I+~-)+(1Al 060S03'70
CIVISaDELPSI*,A*IG AI I)/XAEI I/C S/
tF(IAjC2O.EIJ.Cl IELXxOELX*PSIII)-

10 CKxAfPINI0X.OELX)______
-0IFY ii Y121 - YM1
IF(OX-OIFY) 1629Ie2*163

163 cxan[FY/2.
162 CONTINUE

00 103 Is2,NPSI 066S2000
EI& O~ELPS I** 2/Ox_____
IF(1AiC20.FQ.OI EXlzEXIOPSIIU_____
EXl~w.5*l(If1A1 1411) 066S2002
FX12a.5*(A(l1sA(I-I)l 066S2003
RUt! I.if-X1*LEi,)-Uti)),EX12*IL(1-1)-UCZI))/EXIUI C66S2G04
EX'.0.0 - -066S2025

00 2C JuI.NS________
20 FX=4EX4*CPtJ,I)IALPHAIJ.1-ALPHA(Jr-url'--- -. - -'u~z T

FX2-EXI*CPgAR( 1) 066S20 29
EX5=XLE(1)*A(I)/SIGMAIII 066S2030
EX6=-.5*IEX5.XLEII121*AII.1)/SIGDAIII111 066S2031
EX7u.5*IFX5.XLEI-1-)*AiI-l)/SIGPI(-1IlI 0 66S2032

EXe-CP8ARlI I A( £I0SIG4A( 1) 066S2033

EX1Ou.5*ILXe*CPBAMI!-1)*AI I-I3/SIG'A( -1))06S23
EX13sEXI-EXk-EX7 - -066S2036

EX I4zEX4*FX5/4. 066S203?
RTClI (t(1,)-U(1-1fl**2*A(I)/EXZ/100151l;Z3,tiEX9,EX1I3*rtK,11),(EX

'00 40 JxltNS -----
40 RALIHA(J.1)2IEX6*ALPHAIJI.1)+EX13*ALPHA(,II)*EX?*ALPHA(J.1-1))/EX

RT(liaRT(I)*CX*i)P0X/RHC(I)/CFBAIFII)/25037.807
RU(I)sRU(I)-CX$OPOX/RNU(I)/UlI)

IGO CONTINUE 066S2060
TF(IAXD.EO.Cl EX16u4.0*XMUII)*C)I1CELPST7uLbI,
IF(IAX2U.EQ.11 1Xl6s2.O*XMUII)*CXWRHCII)*UIII/DELPSI**2
RJ(1)-DX*DP0X/RHO(1)/U(I1IEX164ILI(2 -UItll)4UflF -. -
DO) 200 JsI9NS Jl /IIA- -- LHUi --200 fALPNA(J.1l-EX16*XLEI11,*ALP4A(J@2)-ALP4AIJ1tI5UAl'A~tt

RT(I)xDX*DPDX/RHCI1I/CPBARI3/25C3T.507ERT6I *llti-III bifjMlLl*

FRO14 -EFN SCLRCE STATEMENT-4-

CFL=C( 6sX3
U-C IFINIS15C. 195C 366S2138

I IFINIS-1 06652139
MINITzMPSI
MHALFxMPSI.MPSI- I 066S21 46

50 CONTINLE

00 3C 1.1.59
01 5 Jal.NS

5 ALPHAIJ.1II:RALPHAIJ9I) C6652162
T(DI)=71I) 066S2164

3C Ul II=RLUl) _____

V0 'IF(IPSI-MHALFl9999I500,I5(u0
1001 IFIAaS(TINPSI)-1ilPSII)-.001*TIPFSII) 102,004;10o4
1091 IFIABS(T(NPSI I-uI4PSI) )-.UITlPFSIfl )O0t.1o04.104

51



TABLE A-Ill. FLOW FIELD COMPUTER PROGRAM (Continued)

I( C 2 (k) L C)3 J - I .'.S

I ALPtAJ .P'PSD-I.1a1C1 ICCJ*CC3*1221 0662336

CiL"I.OCLPI 'I iSPI Q66S2388)-OI*LHAJMPI110910*

W i) U2t1 4 ___

ILK ) LPIAC,).LI-t.2t 066S239

(4 10 20' 066SI340

I C, -1.I -7OC, I # I G66SZ34
*Ji~rMPSI066S2342

CALL CCLMPSID16

10 vS -t I IL'PSI 4E S 06652409
W0 160C I-Is.5NI 066S2310

I co I'It.st J-I.0E P16521

ttC 0 66S234

IH3t~ -41NIT 066S0 5

~1HA(JQ.Ht)l.5.HALjPSA?1I) . tOq.U(bbU1SX249,TTL6

oil 18C 12S 066S2410

IC Ntit6111 CP'~ 17 N NLL SAEET V S

IS CON AL'AJINAL~I~lOl 066S0651

Il-I ICLAG,1T.PCN.l CALL jE? 29 A

CoImI IOZTI 13 uL*IIFII.PIIFCFR-! ' -RY-ttF6 SO I
IC"fA H'St5 tOA.O~iPVEllXClA

.Pt I) 1#HSI ti-I.RiL'SI 06650703(5)t(5)oLE59oTTLI

IT(u513.011 -E 06650704)o(glXAX3oXR(3*PBKS9*

52,-(9#4iR Si#tIS2*2~ o~ tI14 oP~ i(i f*



TABLE A-111. FLOW FIELD COMPUTER PROGRAM (Continued)

00 9C lamps[*V; 066S0754

. .( I .. ... .... ..- ___ 06650755

Nil 00 80 J.1.NS
I&ALIPHA(J. 1)ALPHAIJ*MPSI) 066SO158

80 ALPIIA(J.I)*ALPI4AIJ*MPSI) 066S07S9

RU (I)'u(MPSI 06SO6

IF(IAX2[D.EQ.C) WRM1k6#616) 7c
I~lIAX20.EQ.Il hRITE(69617) 72

%R IT F( 6 8886) PCNTN.I'0A'V.lYEAP ?3

IT E (6 609 ) ___________

WR ITEI 6*6121)7

~: I WRITE(6*615)
IF ( IPRESS-21 MCI6C2.604

; t601 WRITE(6*701)CCEFFPl1) _______1____S
-Go 00flf kek

6C2 W1IE6702)(CCEFFP(JII*5) 83
FROZ5 - EFN SCUNCE STATEMENT' I IFMST '-

wRITE(6.808lSIGMA( 1).XLE(1I 91
WR IT E 6*9q9 92
WRrrE(t#809) ITURA '
WRl IT F(698 IO)XILK ~I XU2 _________94.

- XM4U( I&XMtJKI*DUAMY ~-
WR ITE 6999 95
00 171 1-1,3

171 WkTE(6*8121 XPRT(tl9XMAXcl) 99
6RITEIA9499) - 103

34.1 IOPMArCIHI.2.X.33,IGENEKALIZEC P"CZEN MIXING _PR0GAAM/1N0,5X9I2A6) V
S*ES-ORMATl:.HO,3'.$4HDATE13,1N/,I2d1 /'121
6C9-FORMATt ItlfWLO.CITY-lPT/SECl s2OA, 'HENTHALPY-18TU/L.811
611 F0ORMAT(29H TEMPERA TUil: -(UEGREE S 1EV NI9X; -SISUS E)loI

121) 3__________

_6T12UAMAt(22H CEA\SITY-(SLGS/FT**3i~d6)X1'9IPffSSURC-lLR/ k**lT-- -
613 FORMAT(t9li EDGE VELOCITY(UE)aE11.'.,15X92IHEOGk rEMPERATUREtTE)uElt

615 FOFRMATt29H VISCOSIIYIV.U3-(LB*SEC/FT**2),9X.1Z1IRACII-(FEET))

61-6 FORMAT(33XtlCHAXKSY2li~lO86 FLOW

1lX**33*E*I**4E)/15XZAS I.73 BRCTNIPES73 IES7,HDP06C
SCS FRMAT16 EsPE1S.7) 066509620#3LEISNMB~F52

10 FORT 6 -LA1INA V SCC UKT C STAIITE *9X32TRENT - 1lSIS
EOIT - FFCOMPUT- 065100

1 OMK 2 H TPRNT EERYFI.~X35HFEI92X9HUT X=S3HFET ~

701 FORAT N2X92HCUSNT PRES'V E At0PSJ15

102 UAMA(IH9?CX63HULVNPIALPRESLREF53I(*3K*X*)I~2AIL1..HBLES7HClES73 zPO6C6

215.931-E-IPIS.7 066O9I



rABLF A-HI1. FLOW FIELD COMPUTER PROGRAM (Continued)

COMMON4 hTMOLE(21lCOEFFP(5),ALPHA1159),HOUT(59)%ROOTT(59h*RTl59)
IsT (59) ,H( 21959)*RALPHA (21#59) PSI (5919RU(59)IUC5f'XC(59-T ITcLen---
22hSU4i(5q),ETAl)9I,:MU(5q),A(b9),AhAI159b#RHOUUT(59),uaUT(59),TOU
3T 91Cf2 5 *HT(9 RC5)059 Xl'()9~r3-'P~f 9)S -
41GtJA(5q)tllBAR(591,AFITS(2lt.2,7) lFIrSl21,419SPECIO0(21)
IOULT-IOUT.1
IF(XP3.EQ.U.Cl XP3zxPRT(I)
IF(IAX2V.EO.C) GO TO 42
1 ) 41 I.MPSI
4Al l)zMU( I)*RHC(l)*U([l
GO TO 43___

42 A( 11-0.0
Ml 21 =DE~LP S I*XiL ( 2
CO 4'. Ix3,MPSI

44 Al I)Sxx)'1( I).RHC(1l*U(T)*Y113*Yl Il/PSII)
4.3 CONTINLE

RBAkCL -X
IF(IFtNIS.EC.C) GO TO 6C
CO 500 1=193
IfV(RBAROL ALT. XTAX(lIfIlGO ITO 501

500 CONTINUE
GO TO 888-

5CI PNNT-XPRTII) ___

IF(I&8ARUL.LT.)1P3) RFTURX

!FlRIIAROL.LT.XO4AX(I)) GC rc 6688e-
6699 CONT INLE
088 lFINISx2

) GO TO 555
6688 XP3=XP3,XPRT(1)----

6CC CONT INUE
555 CONT INUE
572 FURMATE1.89151 

6IF(X.EC.O.) READ(S,57Z) ROCshORLh
IF (X.EQ.O.I 'XPxC_________

IFlx.EC.0.l GC TO W0 ____

CH Gx X-PR EV X
CM PR-X PRT I)- C . I-
IF(CHGX.LT.CMPR) RETURN

SC2 PRF.VX-X
IXP. ZXP.1
TF(IXP.EQ.611 Gil TC 999
TT ES 1.0 5* I00PSII
XJACKI IXP)-X .- ----

CO 525 KUNK-192b
AJACKI IXP*KtUNK)-Y(KUNK)
SJACK-C.O
0O 530 KONK-19NS

530 SJACKaSJACK4ALPHAIKONKKUNKIWT.CLE(KC;NKI _______

FR(JZ6 - EFN SOURCE STTf4pT-7-fR.77

SPJACK(I XPKUKALPA3,KJK)/WitC~ti)7 SACK-
rf AT EM(I XPvKUK )-T(KUNK)
IF(TRATEMlIXP9KUNK).LE.TTESTJ GC X-540'

525 COINT INUE
540 l~lT(KUNKl.G;T.T(MPI~Sl GO IC 544
545 PJACKI IXP9KLK )'C. 00033 ______

OYPsY(KUN4K-1) + Y(2)
GO TO 5411

544 qTRIzALOGMTKUKK-LI/TIMPSI) - 1.) .-

riTA2mALUG(TIKUK)/T(MPSl -1.) 122
wTIP sALOGIO.05)-
YTRI zYIKUNK-Il_______________
-YTK2.VIKUNKr _______________

YtRP.(YTP1*YTRI*(WTRP-hTR2)+YT2*vTR2*(WTR1-WTRP))/lWTRI-WTR2I
OYP- SQRTIYTRP I ----------..--

ITRI=ALOG(PJACK( IXPKUNK-1)-C.0CC33) ____12e

LTR2xALOGIPJACK(IXPKUNK)-CoC0033I
BTRAszI TRI-ITR2)'( YTR2*VT9t2-'VTH1*'TRI) _____________________

CTRA-ZTRI,8TRA*YTA1*YTRI........-_____________________

54



LI-
[ TABLE A-Ill. FLOW FIELD COMPUTER PROGRAM (Continued) N

KU.%KP1aKUNK41
00' 564 IJK-KUKKPI,25-

PJA(;K iXPdIJK):PJACKIIXPKLNK)

564 TRiTE?411XP, IJKlzTTEST

D0 566 IJ K- 20,6
TY=8RJACK( JK,25)RODT*JCCJ

00 573 NP-ls6C
DOI 573 P-1924
IF(TKA1EMINP9.I).EQ.TTEST) RJACK~i\P,P JAC( NP'5 25Y--" -

573 CONTINUE __________________
DO5174 NP-2s6C
IF(RJACK(NP,25).LE.HJACK(NP-l,25)) itJACK(NP,25)=PJACK(NP-t,25)+O.I

574, CONTINUE
WR ITE(6,9000) 195

9L)CO FORMA~T(IliIU
90CI FORMATII ,4E12.51 _______________

-N)-5176 NP-1,6C
576 WRITE(69O01) XJACK(NPhRKJACKINP,25brTRAeP(NP25,PJACKINP,251 199

11=25

XJACKINVI.XJACK(NP)*30.4e ___________

00 577 KP:1.6C

- ICIMENStON -CAT (25)9RATI 25),9PAT125SI
00 750 NXP-196C
DO 751 NR. :i 25 C 5

751 CONTINUE
75 At$A XwJACK I N PNKP)

'NATPL-NRP ----.-.-.-.

DO 753 NN1,9N4P___
IF(RJACK(NXPqh).GT.AlAX) Ga TZ 754

753 CONTINLE
GO TO 755

754, NH(PsNN
4 RX=IRJACK(NXFNRP-13.RJACK(NXP,NRP4I))/2.-"-- - - '- --

PTls(TRATEM(NXPNRP-1)-T(MPSI)I/(IRATIP(NXFNKP,1I)-TIMPSI)I
IF(PTI.LT.I.C) P7111.0
P12s-ALCG(PTI) 25',
PT 3sRX*rX-R JACK( NX Ps NP- I 1 #2
PT4=RJACKINJXPNKP4 1)**2-HJACK(NXPNRP-1) **2
PTS-lP73/PT'I*PT2
PT6- TRATE P('XP #NRP-1 )- Tl 1PS(
Tr(ATE 4NXI~,NRP)=t(flP61)+PT6*EXP(P75) '263
iTI(IPJACKINXPNRP-1)-C.u0033) )/(PJACK(NXF,NRP+1)-u.00033)

PT2--ALOG(PTI) 27C
PT 5-(P13/PT,) *PT2_
PT6=PJALK INXP.NRP-I1-O.CC033
PJ AC K( KXPNRP )zU.00033GPT6*EXP IFTS) 2- 72

755 CONTINUE
ULLT~zRAMAX/2',.____
DO 756 NRPu2#25 ----.-.
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TABLE AI11. FLOW FIELD COMPUTER PROGRAM (Continued)

CN Tz:RP- I
R~AT( IRP)CNI* DEL TR
PI -3 *0003 4
TtI g(mPSI
Oi 751 IJK.,NdATPL
IF (AT(NRP).LT.AJ4CK(NXPvIJK) CC TC 75f

15e RI1'RJACK(NXP.IJK-U -

R2 -JACK( NXP. IJI
Rx --kAT IRP )
I .TA TLMI4N XP 9IJK-U I___________
T2.TRAT.'(NXPoIJKI
Pl .PJACK(NXP9IJK-II
P2=PJACINXPvLJK)
PT1KIX*RXI*Rt)/IK2*R2-R1*gl)
PT2=(Tl-Tl)/(T2-TiI
tF (PT2.LT.* .0) PT2-'1.C _________

PT2%-ALC1G(PT2)*PTl 5
CAt(NAP)xTI.(1-l I )*F.XP(PT2) 30C
PT2s (P I-P 1) /1?-P: ) -.-- . -.

IF (PT2.1. 1.G) P1291.0
PT2z-4L0G(PT2)*VTI -. *0
PATfNRPI:PI.(P1-PI )*6XP(PTZ) 305

756 CONTINUE
Oil 159 JK=2.Z5

FfcuZc - E H4 SOIURCI- S1AMEAENT - -

J AC K INXP. J K $ 04A IJK I
PJ ACKINXPtJKI zPAT( JK)

759 TRAT EMNXPJIxCAT (JK)
wRIlTE( I0IETIILEI I) .1:1,12) 316
hRITE1 10) NtjULN 3 23
CA) 579~ NP%1.6C
WR TE( 10) XJACK1(NP),II
hRIT 10)(TkAE4tINPJJ),HJACK(NPJJ),PJA(UKtNPJJ),JJ'1,251 321

579 CONT INUE
hRITE(6,7e6),XJACI(INXPI 335
01) 70 JK=192!

P700 -iRITEI6,787)RJACK(NXPJK),TPATE (N)0'JKI.PJACK(NXP.JI 339

7TE6 H-IR'ATI11H *111..)

56? lOd 75 I:1,~mps!

T0Ut (I )TfI )/I(MPSI)__________

R41CULt II =KuHG( II/RH()(.PS) '06ISO056'
HSTC.(t )xHHAkI)4-U( I)*UIII/50075.614, 05
1-OLTII )zHSTG( t)/HSTG(MPSI) -066SO058

CO 11 J-).9NS_____________
171, SUVt( 11-SUM IIitLPi4A1JI) -0660C061,

25 CONTINUE
IPAGEs IPAGE+1 6Sc8

WRtTE(697211 NCRUN 3 d
121 FO RV A T I11 10 I-R UN KUP014E R .I14)

WR'I IE 1 *102 ) X~tx *UXs 0UT
L IWRITE0e,.60)XLL9X00UI.RNALF 38a

.I T Ff6 9609 1 F*OPO X 0
.~ IrE(6. IC7 I.I39C

1d 0 I&I.mpSI .----.

K=M1NiJf?#NS)

w"ITF(6201)(TITLC(1),Iw1,1Z),lFAGE 
-

k itE(691081 (SPEC 11)1 191 411
00 2C I'1.MPSI

20 #ORITE(692081 l,(ALPtIAfJ~l)tJutP) 421
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TABLE A-Ill. FLOW FIELD COMPUTER PROGRAM (Conclu ded)

K041 KOI 14 ,NSI
hKRITE(6,2011(TITLE(12.Ia1,123,IFPACE 3

34 WRITE(6*2081 tsdALPHA(JII ,J'th,) ____________447

KxMINO(21,NS)
wHRITE(6,2Q1)(1Iri[:(I),tl1,12),IFAC*E45

35 W'R11E(6,2081 l9(.ALPHA(JtII.J-15#9) _______ 7?

99 F tZ EFN SOURCE STATNV tiPt( F

107 FORMAT 3HPTAX4HU/UE 9 lX,4HT/1iE,9X8HKHC/HUE,9X.4H/HE,1IOX95MSI

I102 F.AMAT(3HOXuE13.5,1OX.8IIOELTA XaE13.5.1OX,6HSTEPSslI
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IL
64UCASFE


