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INTRODUCTION

Practical, mass-produced rocket propellants usually contain trace
amounts of impurities such as potassium, sodium, or calcium. Even with
very low concentrations (~ 100 ppm), these low ionization potential
species are sufficiently ionized to contribute a substantial number of
free electrons to the exhaust. Iu the presence of these impurities or
additives, the rocket motor exhaust flow becomes a weakly ionized
plasma. The exhaust plume becomes electrically active and affects the

_ propagation of those electromagnetic (EM) waves with wavelengths in the

microwave raqage or longer. The exhaust plume can act to attenuate and
scatter incident waves which are intended to carr' information to or
from the missile. The exhaust plume reflects and scatters waves which
contribute to a radar cross section in addition to the contribution of
the missile body. This class of interactions is the exhaust plume
radar frequency (RF) interference problem.

Plume RF interference has an extensive history because it is a
potential problem for nearly every missile system. Past problems have
been resolved by a judicious combination of experiments and analysis.
A comprehensive summary of this work has been published.!™3 This
earlier work identifies the importance of two major components of the
problem: (1) the exhaust plume flowfield and composition, and (2) the
interaction of the EM wave with the flow. There has recently been a
step forward in our capability to deal with the first issue. The first
version of the JANNAF Standard Plume Flowfield (SPF/1) Model has been
released to industry.“ This code allows an improved description of the
exhaust plume that can account for both the inertially dominated reginn
of the plume (inftial expansion) and the turbulent mixing with the

lvictor, A.C., “Plume-Signal Interference, Part 1. Radar Attenuation,”
Naval Weapons Center, China Lake, Calif., June 1975. (NWC TP 5319,
publication UNCLASSIFIED.)

e . “Plume-Signal Interference, Part 2. Plume-Induced Noise,"
Naval Weapons Center, China Lake, Calif., May 1972. (NWC TP 5319,
publication formerly CONFIDENTIAL, declassified 5 April 1977.)

3JANNAF Handbcok, Rocket Exhaust Plume Technology, Chapter 4. Plume
Electromagneti. Interactions, April 1977. (CPIA Pub. 263, publication
UNCLASSIFIED:)

“Dash, S.M. and Pergament, H.S., "The JANNAF Standard Plume Flowfield
Model (SPF),” Aeronautical Research Associates of Princeton, Inc.,
N.J., April 1981. (A.R.A.P. Report No. 448, publication UNCLASSIFIED.)

3
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ambient air. Very general chemical kinetics are included.* Moreover,
there is a potential to provide some initial predictions of turbulence
quantities of importance to scattering of RF waves by extension of the
SPF to 1include equations for the evolution of the second-order
correlations of passive scalar quantities (i.e., the g-equation).®

This report describes a step forward in dealing with the second
category of the interaction of the EM wave with the flow. It describes
the Naval Weapons Center Plume Radar Frequency Interference Code
(PRFIC) which is intended to unify the calculations performed by
previous, separate codes and to utilize the flowfield as predicted by
the JANNAF SPF,. The combination of these two codes offers the
potential for improved predictions of RF plume interference.

This report contains a physical description of plume RF phenomena
and includes examples of both the flowfield calculation and EM
interaction predictions. The PRFIC user's manual 1is provided in
Appendix A, and the 3oftware documentation, in Appendix B.

PROPAGATION OF AN EM WAVE IN A WEAKLY IONIZED PLASMA

Propagation of an electromagnetic wave through an exhaust plume is
modeled by a plane, periodic wave of the form®

E ~ eikx e-iut (1)

The wavenumber k is complex in general., We express it as k = 8 + ia,
where 8 1s a phase constant, and «, the imaginary part, is an
attenuation constant. If this form of the wave is substituted into
Maxwell's equations, the resulting dispersion relation is obtained.

*In the laminar 1limit, {i.e., there is no effect of turbulence on
reaction rates other than the influence of the mean flow.

5Khal:ll, E.E., Snalding, D.B., and Whitelaw, J.H., "The Calculation of
Local Flow Properties in Two-Dimensional Furnaces,” Int. J. Heat Mass
Transfer, Vol, 18, 1975, pp. 775~791.

SMitchner, M. and Kruger, C. H., Partially Ionized Gases, John Wiley
and Sons, N.Y., 1973, pp. 156-61.
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is the plasma frequency (vy = wp/2n = 8,97 nd/2 Hz, ng in m™3). v,, is
the electron-neutral collision frequency

N
Vep = Vel 2: x4 Qg (4)
i=1 .
where vg is the electron thermal velocity (3kT/me)l/2, n is the total

particle number density p/kT, and x4 is the mole fraction of species i.
Qi is the collision cross section, which can depend on the colliding
molecule and temperature (or equivalently, electron velocity). The
summation is over the total number of species i = 1l...,N. For the
calculation given here, we used Qi = const = 1.5x1019 p2, It is
useful to note that Vg ~ p T-1/2,

ATTENUATION AND PHASE

The plasma frequency is the natural frequency of oscillation of
electrons 1if displaced from their equilibrium positions in the force
field of the heavier ions. In the absence of c¢ollisions, the
attenuation of a wave depends discontinuously on whether this natural
frequency is greater or less than the wave frequency. For the special
case of no collisions, if w, > w, the electrons can respond
sufficiently rapidly to neutralize the incident wave. k is purely

imaginary,
Wy 2
k=i_"‘l‘/<__p.)_i (5)
c w
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and no wave of the form of Eg. (1) can propagate into the plasma. This
is the "overdense" case in which the electrons can adjust rapidly to a
disturbance to reflect the Incident energy. Again, for the special
case of few collisions, the electrons cannot respond quickly to cancel
the incident wave {if wp < w; then k is purely real,

w mz
c-2f-) "
(o i

and there is no attenuation of the wave. This is the "underdense”
case. With finite collision frequency, the electron oscillations are

damped and the discontinuous nature of the propagation at w = w, is
smoothed. There is propagation aud attenuation throughout the entire

range of w.

The attenuation and phase constants are given explicitly if we let

(ai)z = Kg + 1K (7
W\ 2
K 1 - (_"2) ~ (8)
)
N
“py2 Ven
- | “’)~(—“’——)— (9

(10)

Q
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Normalized values of the attenuation and phase constants (ac/w and
Be/w) are given in Figures | and 2, respectively, for a range of wy/w
with ccllisfon frequency (v,n/w) as a parameter. As the collision
frequency 1increases, the transition through the critical electron
number density at which w = w, becomes less abrupt, and the notion of
overdense and underdense becomes less meaningful. It is important to
note z:it the maximum attenuation at a given frequency ratio (wp/w)
oceurs for vg,/w of order unity.

Maznitudes of the plasma frequency (vp = mp/Zn), the collision
frequency vgn, and the attenuation constant a(in m“!) are shown in
contour plots for a typical exhaust plume in Figures 3, 4, and 5.
These opredictions are for 76 percent solids, 12 percent aluminum
propellant, in a 20,000 lbg thrust motor flying at a sonic speed at 2
km altitude. This plume is underdense to all radar frequencies greater
than _..» GHz. However, the ratio of collision frequency to wave
frequency is large (vg,/w 2 1). Figure 5 suggests that diagonal
attenuction through this plume will be severe.

It is useful to consider the limiting behavior of the attenuation
and phase for the extremes »f electron number density and collision
frequency., These limits are defined in Table 1. Low altitude, solid
propellant motor exhaust plumes correspond to ven/w >> 1 and wp/w < 1.
Liquid propellant exhaust plumes usually have lower impurity levels
such that wy/w<<l. The attenuation and phase shift of wave propagation
through the plumes of missiles therefore depend strongly on the class
of propellant and altitude.

TABLE 1. Limiting Forms for the Attenuation
and Phase Constants

wp/m K1 mp/m » 1

attenuation, a:

phase, 3:
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The definition of the attenuation constant in Eq. (1) applies to
the reduction of the electric field. In RF interference problems, the
usual measurement is of the power, which depends on EZ, The
attenuation used in the remainder of this report is therefore 2a, and

the attenuation is given in dB.*

Attenuation and the phase change along an optical path through the
plume involve an integral of a and 8 along the optical path s,

- st . s i . ol o

P -
>~ e 2ax
o]

£ . d8 = 10 loglo P 20ax log,q e = 8.65%ax
P Po !
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attenuation -f a ds (12;
0
phase -f B ds . (13)
(V]

In general, this optical path is curved. The propagation is through a
medium with variable refractive index, and the plume acts as a lens at
these wavelengths. In the geometric optics limit, the ray path is
described by’

-(;-1; (nt) = Yn (14)

f is the unit vector tangent to the ray path, and 8 is the arc length
along the path. This path is curved 1if there 1s a component of Vn
normal to the direction of propagation. Eq. (14) {s equivalent to
three ordinary differential equations for the coordinate of the ray
path x(s), y(s), z(s). In the case of an axisymmetric exhaust plume,
there are only two components of 9n: in the radial and axial
directions. The complete system to be solved is (see Apoendix C for
the derivation from Eq. (14)).

1 an dx d n
— = ¢ -— - == 30 =~ —= + e
ds? n[cose ar ds (Cow ds 3r sin0 ds ar ds ;n)] (15)

d¢ 1 on d dx 9n dy 3n _ dz 3n
ST m Lsinw O - Dlcogs X 2T 4 gipe L N, 2N
ds n[“" or " ds <°°5 as 3¢ * 1 g ot ds en)] (16)

d2z |1 an 4z dx 9n dy an  dz ?n
— =| - - ;-flcosy - -+ L - - — 7
ds [n 9z ds (cow ds dr sing ds 3r ds dz an

In general, we know the {nitial point x(0), y(0), z(0), and the initial
direction of the ray dx/ds, dy/ds, dz/ds at 8 = 00, The solution
provides the final Incation and direction after traversingz the region

’Marchand, E. W. , Gradient Index Optics, Academic Press, N.Y., 1978,
p. DR, T Tt

14
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of variable index of refraction. The index of refraction at any point
is

n = CB/U) . (18)

In free space, n = 1, and B8 = Zn/x; In the limit of small gradients in
n, or for paths along which t « Vn = 0, the ray trajectory is a
straight line-of-sight (LOS).

In our numerical evaluation of this path, the differential
equations are solved by finite differences.

dx 1 d2x 2
x(s + Ls) x(s) + s As > da2 As (19)
s s
- dy 142 2
y(s + As) = y(s) + dsl As + 5 3a7 As (20)
] )
dz 1 d2z .
- _ - 2
z(s + As) z(s) + ds . As 2 4s2 As (21)

A solution proceeds from the known initial 1location x(0), y(0), z(0)
with known direction [dx(0)/ds], [dy(0)/ds}, {dz(0)/dx] in a stepwise
manner to the final point x(s), y(s), z(s). However, this final point
is known in advance (the receiver location), but the initial direction
of the refracted ray requircd to intercept the final point 1is unknown.
This 1is a two-point boundary value problem in which the initial
direction which allows the trajectory to intercept the end point is to
be fournd. The numerical solution proceeds by choosing an {nitial value
for the direction at the transmitter (the direction of the
line-of-sight), and then {terating until the final location is within a
prescribed distance of the receiver location. Each integration
requires a new guess of the direction, which we have taken to be

(cos ﬂi)("+1) = (cos 01)(") + RC * €,/s (22)

15
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where ajy is the direction cosine with respect to the ith direction, Eﬁ
is the component of the error vector from the end point of the nt
integration, and s is the ray path length to that point, RC is an
overrelaxation factor (0 < RC < 1), The end of each integration is
taken to be the point at which le|, the error between the nt
integration and the actual end point, is a minimum (i.e., the error is
computed at each 4s, and the integration stops when |€| begins to
increase). When the actual path 1is obtained, |¢| < €4, and the
attenuation and phase are evaluated along the curved path, s, according
to Eqs. (12) and (13).

SCATTERING BY TURBULENCE

The SPF accounts for turbulence in the exhaust plume flow. The
primary emphasis is on mixing and specification of the mean flowfield
properties, but predictions of turbulence quantities zre also
performed. For example, a dynamical equation for the evolution of the
turbulence kinetic energy (k = 1/2 q'¢) is solved in the two-equation
turbulence models. Improved descriptions involving the g-equation
formulation of the mean square fluctuations of passive scalar
quantities are currently included in preliminary form. The potential
of these models, and the even more detailed turbulence descriptions
available 1in higher-order closure models, are just beginning to be
realized in exhaust plume applications.

DIFFERENTIAL CROSS SECTION

In view of the potential avallability of plume solutions 1including

a turbulence description, PRFIC includes a formulation for scattering

from turbulent fluctuations of the index of refraction.” We have used

the single scattering (Born) approximation, but with an added
correction to account for attenuation by the mean flow of the incident
and scattered wave.

*1t is perhaps useful to point out the distinction between scattering
and diffraction, Scattering 1is the more general term, and usually
refers to the distribution of radiation at distances from the volume
of nonuniform refractive index that are large compared to the
wavelength and to the size of the nonuniform volumes, The effect of
turbulence on RF waves, in which the size of the most effective
nonuniformities is comparable to the wavelength and is small compared
to the usual Jdistances to the transmitter and receiver, is usually
termed scattering., In contrast, the effect of the mean flow, for
which the dimensions are usually large compared to the wavelength and
can be comparable to the distances to the transmitter or receiver, is
usually called diffractinn. Another distinction is that scattering is
a volume phenomenon, while diffraction is a surface phenomenon.

16
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In the single scattering limit, the differential cross section per
unit volume of scattering material is9,9

d2g
dvdq

= 27 k* sin2y9(R - k « &) (23)

¢ is the power spectral density of the index of refraction
fluctuations, evaluated at the wavenumber which is the difference
between the wavenumber of - the incident and scattered wave.

ik - kem, = 2k sin /2, where . is the scattering angle.

We have used the well-known Kolmogorov form of the energy spectrum
for which

0.033 ¢2
9 (K -k o @) = — T (24)
[1 + 4k2A2 sin? %]

and the structure constant CZ is

cg = 1.6 =573 . (25)
A
We use a length scale A given by
3/2
3 Kk .
R (26)
E w2 €

8Booker, H.G., and Gordon, W.E., "A Theory of Radio Scattering in the
Troposphere,” “roceedings of the I.R.E, April 1950, pp. 401-412.

9Tatarski, V.I., Wave Propagation in a Turbulent Medium, McGraw-Hill,
New York, 1961, p. 68.

17
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where k is the turbulence kinetic energy and € the dissipation (both
quantities are calculated in the SPF).
If we assume that n' is due only to the fluctuations in n}, (see
Appendix D), then
3
wd/nd
7wl —B 2 (27)
(w2 + Ve 2)
Tl 2
n T
=7 . bn ] e t
n k° Ven\z 2 (28)
v (22
w
with r, being the Thompson radius of the electron
2 -
r, = = 2.81 x 1075 n (29)
t  4me_mc
o
With these assumptions, the complete cross section per unit volume
is
d? ] n' 0?2 r z
e { 2} [1 + 4(kA)? sini ;]
(30)
The ratio of received scattered power to transmitted power is obtained
from an integration over the entire plume volume
TR A  (67) S-z(i-z)- ( s _ ) (31)
T
Py (4m) v ryr dvan
Gr and Gg are transmitter and roceiver gains in the directions ¢ and
$g between the antenna directinn and the wave direction.
~

12
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This {is the standard formulatioun for the power received from a
volume of distributed scatterers. We have modified this formulation to
include the attenuation of the wave along the path prior to and
subsequent to scattering from each point in the flow., The integrand in
Eq. (31) is therefore reduced by the factor

s
exp - (f a ds) +(/ a ds) (32)
0 i 0 s

where the integrals are the attenuation along the optical paths of the
incident and scattered waves, respectively. These paths can be
evaluated along straight lines-of-sight or also along reiracted paths.

ATTENUATION DUE TO SCATTERING

For completeness, we note that scattering contributes to
attenuation by removing radiation from the direction of propagation.
It also reduces attenuation by adding radiation back into the direction
of propagation. The cross section per unit volume for removal
(extinction) is

FERE
ag ='[ (dVdQ) an (33)

P4 Tl r2 a3
. Ne ng Te A v siny sin0dod¢
= 87 (.0528) — = ARV ) f oTi7e
n [1 +( en>2] 0 Y0 [1 + 4(kA)? sin? E]
(34)
using
sin?y = 1 - sin20 sin?$ (35)

the integral of d2g/dvdQ over all directions is

19
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Q(p) -%}% (2p2 + 2p + DL - (1 + 2p)7>/8] - 2(p + DI + 2p)1/0-1]

+ % (1 + 2p)7/8-1]]  with p = 2k2A2 (36)

Limiting cases are

lim Q(p) = 8n (37)
pro
lim Q(p) = %f L (38)
pre P

The attenuation due to scattering by the turbulent fluctuations is then
given by

ng'Z nZ ri A3 0 (2k24%)
ag = 813 (.0528) (39)

s -2 v N K
fe [1 . (_e_a”
w

This contribution to -~he attenuation along the Iline-of-sight |is
included in PRFIC. Howv-ver, it has proved to be small compared to the
attenvation due to absorytion in all cases examined so far.

RADAR CROSS SECTION

In the special case »f co-located antennas, the scattered power
given by Eq. (31) reduces to the turbulent scattering component of the
radar cross section of the plume

E& . —’52 GTGR ﬁg— v = A2 GTGR 5 (40)
P (4n)3 "RV y avda (4n)3 RY
20
S * N = . : . -' -
. \. P M o > — .»: . . -
s, - i - . by

'w\.-'.,,
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(when the range R is large compared to any plume dimension).

DOPPLER SHIFT

SHIFT OF DIRECTLY TRANSMITTED WAVE

Two Doppler shifts of the transmitted frequency are considered in
PRFIC. One 1s the frequency shift of the directly transmitted wave due
to relative motion between the transmitter and receiver., This shift is

\)oo > -
AV = v =y = — (Vo - V,) ¢ s
. Wt = VR

(41)

o)

where s is a unit vector from the transmitter to the receiver. This
shift occurs for any condition of relative motion between the
transmitter and receiver and is independent of the presence of an
exhaust plume.

TURBULENCE BROADENED SPECTRUM

The second Doppler shift occurs in the scattering of the radiation
by the turbulence in the plume. This shift depends on the relative
velocities of the transmitter and receiver, the mean velocity of the
exhaust plute, and also on the fluctuations of the plume velocity.
Since these fluctuations are random, they are described in a
statistical sense; and, consequently, the frequency shift due to
scattering is also given statistically. 1In this first version of
PRFIC, the wvelocity fluctuations were assumed to have a Gaussian
distribution in magnitude; and, consequently, the probability density
of the frequency shift due to scattering is also Gaussian. The
probability density is

Vo

1
exp- —— - -~
2 4qZ sin2 %

cA > A > - —_ > - ~ 2
[__\’_..(VT.S = Vg oo t) - (wk + V )(t - s)

1 c
P(AV)= —_
\/2“?4_2- 2vof;in%

(42)

+ > "
*Terms of order |(VT - VR) ¢ s/c|2 and higher are neglected.
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(See Appendix F for the derivation,) ;2 is the mean square turbulent
xeloc}ty fluctuation (q2=2k, where k is the turbulence kinetic energy).
Vry Vgk» Vp, are the velocities of the transmitter, receiver, and
missile, respectively (Figure 6). w is the local mean axial velocity
of the plume, with respect to a coordinate system fixed in the missile,
and {s given directly by the output of the SPF.

The scattered power is frequency dependent, and the amplitude at
each frequency v=v,+Av is given by Eq. (31) weighted with the above
frequency probability density. Note that the frequency probability
density must be included within the volume integral because it depends
on the local position within the plume. The result of this evaluation
is the frequency spectrum of the scattered power {i.e., the AM noise
spectrum). The total AM noise and total scattering cross sections are
obtained from

PR
f — (&v) d(av). (43)
-0 PT

APPLICATIONS OF PRFIC

This section contains summaries of some sample calculations with
PRFIC to illustrate {ts capabilities. As with any code that makes
predictions of physical quantities, the ultimate test is to compare the
predictions with measurements. However, with RF interference, there is
the equally important issue of the correct flowfield. Comparf son
between measured and predicted RF interference quantities therefore
requires the additional effort of making  accurate flowfield
predictions. That was not part of the contractual effort summarized
here and remains to be done. The emphasis in this {nitfal =offort was
to verify that PRFIC computes correctly those quantities which it is
supposed to provide, given a plume flowfield description.

TRANSVERSE ATTENUATION

We include one comparison of predictions and experiment with the
objective of showing that PRFIC does provide correct attenuation
predictions. An extensive set of transverse attenuation measurements
was reported in Reference 1. We have made predictions for cases 21-23
of this set: a small static, solid propellant motor (84 percent
solids, of which 18 percent is aluminum).
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FIGURE 6. Coordinate System for PRFIC,
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The full capability of the SPF was utilized. We input a user
defined chemical system with species and reactions that included all
the major afterburning and charged species and all the afterburning and
charged species reactions., The impurity levels were 80 ppm potassium
and 125 ppm sodium. Both equilibrium and finite rate chemistry during
the expansion from the chamber were tried as initial conditions for the
plume, In addition, a constant pressure mixing (fully pressure
equilibrated to ambient pressure) case was compared to the more precise
overlaid calculation (mixing layer superposed on the underexpanded
plume boundary). In this particular case, there were no significant
differences between the overlaid and constant pressure mixing solutfons
because the degree of underexpansion was not severe (ratio of exit to
amhient pressure of about two).

There was a large difference between the predictions using the
equilibrium and chemical kinetfc {nitial conditions, The kinetics
solution provided a higher electron number density, and consequently
the attenuation through the i{nftial region of the plume (along those
paths penetrating the inviscid core of the plume) was tno large. The
difference between these two sets of finitial conditions diminished
downstream as the chemistry in the plure aixing region began to
dominate over the f{nitial concentrations. However, even with the lower
electron concentrations of the equilibrium {initfal conditions, the
predicted atteruation was too large. For the purpose of testing PRFIC,
we took the approach of reducing the electron concentration uniformly
throughout the plume until the predictions and measurements matchud at
the first measurement locatfon, (about z/ry = 18) near the end of the
fnviscid core, By reducing the electron number density uniformly bv a
sultiplier of |/4, {t was possible to aatch the fnitial transverse
attenuation at the three oeasurement frequencies of 9, 6, and 32 CGHz.
These results re given in Figures 7, 8, and 9, for these three
frequencies, It {4 important to note that the downsgtream distributing
of attenuation {a alao closely predicted, By calibrating the flowfield
at the first measuremen’ station, we have made good predictions of the
attenuatinn downstrean v well, We (nfer from this cumpartson that,
when given the r sper flowlield description, the attenuation
predictions with PRFIC compare favorably with the three seots of
measureasents at different frequencies,

[t is important to note that the plume prediction giving the bhest
agreement with the attenuation measurements was nade with the
two-equation turbuience mndei, without the compressibility correction,
The flowfield with the compressidility correction gave too wmuch
attenuation downmstrean, The exit Mach number was 3.2, and the fnviscid
core lengths were 29ry and léry with and without the correction,
respectively, The same tonclusion was reached f{ndependently fn a study
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FIGURE 7. Transverse Attenuation at 9 GHz. MNWC TP 5319, Part 1,
Case 1.
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Vo =16 GHz
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FIGUPE 8. Transverse Attenuation at 16 GHz. Nd4C TP 5319, Part 1,
Case 22.
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Vo =32 GHz
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of the gas dynamic structure of plumes.lV This seﬁsitivity suggests
that both the magnitude and distribution of plume RF {interference
properties are strongly affected by our ability to predict turbulent
flows.

An additional set of transverse attenuation and phase predictions
is given for the exhaust plume shown in Figures 3, 4, and 5. A profile
of transverse attenuation from the axis to the edge of the plume is
given in Figure 10, At 5 meters downstream (z/rj = 37), the peak
electron number density and attenuation are located {in an annular
volume about ne axis. The attenuation shows this, as the peak occurs
at a radius ..f about 0.125 meters [(y/rj) ~ 1]. This prediction
suggests that the peak attenuation does not necessarily occur for a
line-of -sight -‘hroush the plume axis, at least for those regions where
afterburning {s most intense.

Attenuation predictions using the ray trace option are also shown
in Figure 10. For this particular example, the refracted paths yield
attenuation which is not substantially different from the straight
line-of-sight. When there 1is a difference, the attenuation {is
uniformly larger for the refracted path.

The phase change for the same conditions as i‘he attenuation in
Figure 10 is shown in Figure 1l. The phase difference, 44,

8¢ -fsda - 2ns/A = on 2 48 - 218/ (44)
0 o

between that along the actual path and that for the free space
line-of-aight is shown. The peak phase shift occurs at the locatinn of
peak attenuation, We n.te that the coherent RF power ratio due to this
phase difference is

~e 2100 (45)

The phase difference predicted for the refracted path is larger by
a small amount in the highly attenuating region for this case.

Tv?ergament, H.S., “Assessment and Recommendation of Two-Equation
Turbulence Models for Rocket and Aircraft Plume Flowfield
Predictions,” Naval Weapons Center, China Lake, Calif., July 1982,
(NWC TP 6364, publication UNCLASSIFIED).
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DIAGONAL ATTENUATION

An example of diagonal attenuation from near tail-on observation
angles for the plumes shown in Figures 3-5 is given in Figure 12.
These predictions show the rapid onset of severe attenuation as the
line-of-sight passes through the edge of the plume and into the region
where it passes through nearly the entire plume 1length. Calculations
like this have shown that the attenuation for observation on the same
side as the antenna (8 > 0) is very sensitive to the radial location of
the antenna. Additionally, this situation is one in which diffraction
by the plume is important. The increased attenuation with decreasing
angle 1s actually less than that shown in Figure 12, when the
diffracted wave 1is 1included. For this particular geometry, the
attenuation due to absorption calculated by PRFIC is a worst case, and
the effects of diffraction should be 1included to provide an accurate
description of the total plume interference.

An example of the three-dimensional capability of the PRFIC code is
given in Figure 13 in which the attenuation of the transmission from a
rolling missile is given. These calculations are for a large Minuteman
class plume at 5 km altitude. The observation is from an aspect angle
of 150 degrees (30 degrees from tail-on). A zero rull angle occurs
when the transmitting and receiving antennas are on opposite sides of

.the plume. The attenuation diminishes as the antenna rolls out of the

shadow of the plume. The calculation requires the capability of the
code to deal with a fully three-dimensional line-of-sight through the
axisymmetric plume. This observational condition is also one in which
diffraction effects are important.

SCATTERING

There are several applications of the calculation of scattering
from the turbulent fluctuations in the plume electrical properties.
Scattering in the direction of propagation, like diffraction by the
mean flow, increases the power received and reduces the apparent
attenuation, In the limiting case where there is no direct propagation
path from transmitter to receiver, scattering and diffraction are the
only means of signal transmission. In the case of pure backscatter,
scattering by turbulence 1is a component of the plume radar cross
section in addition to that scattered by the mean flow. Finally, the
fluctuating nature of scattering by the turbulence, and the fact that
it has a large Doppler shifted frequency spectrum because of the
turbulent velo ity distribution, create a source of noise that is
present in any pnrtion of the received signal that has interacted with
the exhaust plume.
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As an initial example of the calculation of scattering, we include
a tabulation of the scattered power for the transverse attenuation
conditions shown in Figures 7, 8, and 9 (see Table 2). This 1is the
power added back into the direction of propagation that reduces the
effective attenuation. The contribution is that added incoherently,
without regard to phase, and does not include attenuation of the
incident and scattered wave (the added effect of attenuation is small
for this plume.) In all cases, the power received by scattering 1is
very much less than that absorbed from the directly transmitted wave.

TABLE 2. Transverse Attenuation and Scattering

Predictions for cases 21, !2, 23, of NWC TP 5319, Part 1 (Reference 1)
(scattering calculations do not include attenuation)

BT o
z/rj Attn,dB’ Scatt ,dB Attn,dB : Scatt,dB Attn,dB ' Scatt ,dB
17.7 1.34 -91.79 1.104 | -94.34 0.553 ~100.16
35.4 2.69 ~87.06 1.62 -88.85 0.599 ~ 94,85
53.1 2.19 -86.21 1.31 -89.28 0.470 - 97.27
70.7 1.03 ~89.07 0.608 ~92.80 C.169 -100.36
88.4 0.373 -95.74 0.203 ! -99,98 0.015 -107.37

These scattering results were computed with uniform gain for both
the transmitter and receiver, If a highly directional antenna is used
(for example, with a gain of 20 dB) for both the transmitter and
receiver, the scatteriicv contribution is still small compared to that

of the direct transmission for this particular plume.

The contributivon to the received signal due only to scattering was
computed for a fixed receiver location and direction (a radial location
of y/r; = 1.86, pointed downstream, parallel to the plume axis). The
plume “properties are thnse shown in Figures 3-5. The scattered power
received as the transmitter was moved around the vehicle is shown in
Figure 14. Cases both with and without attenuation of the scattered
waves are shown. The polar plot is for the situation in which the
receiver, transmitter, and plume axis are all in the same plane. This
result shows that, for this particular plume, the effect of attenua-
tion of the scattered power contributes about a 10 dB loss te  that
scattered without attenuation. In both cases, there is ver; little
aspect angle dependence in the forward hemisphere of scattering
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(0 € a € 90 degrees and 270 € a € 360 degrees). There s an aspect
angle dependence 1in the rearward hemisphere, and there i{s an asymmerry
about the plume axis because the transmitter and receiver are on the
same sile of the plume for 180 degrees < a < 360 lecgrees and on
opposite sides for 0 € a € 180 degrees., It is {mportant to note thit,
when the aspect angle i{s in the forward hemisphere, there {s no direct
transmission, and the raceived power is only that scattered by the mean
flow and the turbulence.

Sample calculations of the aspect dependent backscatter (iadar
cross section) by the turbulent plume flow are shown in Figure ]5. The
same plume flowfield was used, and results for scattering with and
without attenuation are shown. In the forward hemisphere, no allowance
was made for occultation by the missile body. These results are
symmetric with respect to the plume axis., There {s very little aspect
angle dependence of tne scattering without attenuation (at sufficiently
large distances, the total plume cross section depends only on the
numbar of electrons and cheir fluctuations). [n contrast, the
scattering with attenuation decreases sharply at the ne:r tail-on
aspect angle because of absorption within the larger path lengths
through the plume, -

DOPPLER SHIFT

The Doppler shift of the scattered power due both to the nean
relative missile, plume, and receiver velocities and to the turbulent
fluctuations contributes a frequency spectrum of power. An example of
this spectrum is given in Figure 16 for a Minuteman class missile with
a velocity of 503 m/s. These calculations are for the backscattered
power, and the spectra are shcwn with and without the effect of
attenuation of the scattered power. There is an important 2ffect of
the attenuation on the frequency spectrum; and, Aqualitatively at
least, the spectra with attenuation have the general appearance of the
measurement of AM noise  Raference 2).

aliitional examples of the scattering frequency spectra are shown
in Figures 17 and 18, which are for aspect angles of 45 and
135 degrees, respectively. These two observations correspond to the
missile approaching the observer and receding from the observer. The
two results +how the change in spectra for these two relative
velocities. The static case is superposed for comparison.

‘Finally, we show several frequency distributions of the scattered
power for different aspect angles in Figure 19. These results are for
the Minuteman class plume, and are typical AM noise spectra. Although
no quantitative comparisons have yet been made, it is encouraging that
these predicted spectra have the general appearance of the several
measurements summarized in Reference 2.
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These are representative samples of the Doppler spectra of the
scattered signal. Their shape is affected to some extent by the choice
of a Gaussian probability density for the magnitude of the turbulent
velocity fluctuations. Other forms have not been examined, and so the
sensitivity of the spectrum to this choice is unknown. However, it is
an easy task to change the probability density in the code, and an
assessment of various choices against experimental data can easily be
made., We anticipate that PRFIC will be a valuable tool for this kind
of analysis and predictions.

SUMMARY OF CAPABILITIES AND LIMITATIONS

The primary capabilities and limitations of PRFIC are summarized
below.

1. Flowfield Input - SPF format: radial distribution of properties at
successive axial stations

2. (eometry - Arbitrary location, orientation, and velocity of the
misgile, receiver, and transmitter (see Figure 6)
(This generality was included to account for transmission between a
moving missile and a fixed or moving observer, static test

situations, and radar cross section predictions with a single
code.)

3. Direct Transmission
a. Attenuation and phase predictions, Doppler shift
b. Line-of-sight, or ray trace option
(The ray trace calculation is not reliable in its current fornm
if there are very strony gradients in iandex of refraction.)

4. Scattering

a. Single scattering from turbulence-induced {ndex of refraction
fluctuations, with attenuation of the {incident and scattered
wave

b. Doppler frequency spectra of the scattered power
(The current code uses a Gaussian distribution of the
fluctuating velocity probability density.)

c. Electron number density fluctuations whirh are obtained from
the SPF
(The modeliny of ng is contined to the SPF, the specification
of ¢4, given n}, is {n PRFIC.)
(The current version of PRFIC keceps track of the amplitude of
the frequency s<pectra, the phase of the scattered wave is
computed, but not currently utilized,)

(The scattering path can  be computed with efther 4
line-ot=sight or rav trace option,)
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SUGGESTED IMPRCVEMENTS

There are two classes of improvements to PRFIC that can be easily
made. One set of improvements involves the addition of new physical
phenomena to the code. In this category, the authors suggest the
following:

1. Focusing effects of the refraction

2. Surface scattering effects (diffraction) at the overdense
surface

Simple diffraction models have been quite successful in predicting
attenuation by plumes with moderate to high electron density levels
(References 1 and 3). However such models do not contain the
scientific principles or details needed to assure accurate predictions
in all cases. As originally conceived, PRFIC was expected to give the
same effects as a plume diffraction calculation 1if absorption,
scattering, and phase shift calculations are combined and a
sufficiently fine computational grid is used. If PRFIC, as currently
implemented, has a major weakness, it 1is probably the 1lack of a
mechanism to account for surface scattering at the boundary that
defines the overdense surface of plumes with high electron densities.
The results of scattering in that region should be quite similar to
those of a diffraction calculation.

The authors suggest that PRFIC is appropriate to serve as a basis
for a solution which incorporates diffraction by the mean flowfield
and/or scatcering by turbulence at the boundary of the overdense
region, whichever is determined to be the more appropriate approach.
The addition of a diffraction capability has the added advantage that
it would provide the code with the ability tc calculate missile body
effects on the radiation field in cases where body mounted antennas are
involved. These extensions to PRFIC, along with the current
capabilities, would provide an entire plume interference computational
capability in one unified code.

Another category of suggested improvements involves strictly the
computational aspects of the current code. Some improvement in the
numerical solution for the refracted ray path is needed to make 1t more
reliable. 1f there are very severe gradients in n, the current
integration scheme does not always converge. 1In general, the solution
converges for tr.ajectories that remain in the same plane. For example,
convergence 1is obtained for ray paths that remain either nearly
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perpendicular to the nozzle .:xis (transverse attenuation), or nearly
parallel to the axis. Solutions have been obtained for these cases
even for the most severe index of refraction gradients. The solution
seems to be most sensitive along those trajectories which do not remain
planar. Our initial attempts to define the criteria for convergent
solutions more precisely have not been successful. Since the departure
of the ray trajectory from the straight line-of-sight depends both upon
the index of refraction gradient normal to the trajectory and on the
path length, the probability of non-convergence increases with the
integral of the gradient along the ray path. However, at this point,
we do ot have a specific criterion to define those conditions where
convergence is assured.

The two-point boundary value problem is one of the more difficult
numerical integrations to perform, especially when the solution is very
sensitive to the 1initial conditions as 1is the case in the present
application. The algorithm used in the current version of PRFIC can be
improved with the addition of a more refined logic to improve
convergence for the more difficult ray trajectories.

Finally, an improvement in the integration procedure for both the
straight line-of-sight and refraction solution {s suggested. The
current procedure is to choose the integration step size a priori and
to use uniform increments throughout the entire path length “within the
plume velocity boundaries. However, often the significant electron
number density 1is confined to a smaller, electrical plume. The small
integration steps outside the effective electrical plume are wasted.
An improvement would be to let the step size vary throughout the plume,
and depend on the gradiont of the plume electrical properties along the
line-of-sight. This i{s an easily implemented improvement that would
yield accurate solutions with less computational time.

‘UMMARY AND COMNCLUSTONS

We have presented a summary of the physics of the interaction of
electromagnetic waves with radar frequencies with a weakly 1ionized
rocket exhaust plume. A computer code, the Naval Wezpons Center Plume
Radar Frequency Interference Code (PRFIC), has been developed to
calrulate several aspects of this interaction, The code relies on the
description of the cxhaust plume given by the JANNAF Standard Plume
Flowfield Model (SPF). Its curreat capabilities i{n additinn to the SPF
plume structure are:

I. full three~-d{mensional gzeometry of the transmitter, migsile,

and recefver locations
2. atrtenuation predictions for the directly transmitted power
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along line~of-sight or refracted ray trajectories

3. scattering from turbulent fluctuations of electron number
density

4. Doppler shift of the directly transmitted and scattered
signal

There are two additional aspects of the refracted ray that are not
currently included in PRFIC. One is the multipath effect in which rays
leaving the transmitter in different directions can arrive at the
receiver., The multiple effect can be obtained from PRFIC if enough
raypaths are calculated. However, it is not an automated part of the
calculation sequence. The second effect 1is that of focusing the
incident energy (see Appendix C). Both of these effects are directly
related to the refractive properties of the plume and are absent in a
line-of-sight approximation. They are not included in the present,
first version of the code. We have no a priori indication of their
importance in actual exhaust plume attenuation predictions. Subsequent
versions of PRFIC should account for these additional effects and
calculations should be made to determine the circumstances for which
they are important.

This code has the potential for dealing with many of the variables
that affect plume RF interference. With the SPF, we can assess the
effects of propellant composition, vehicle size (thrust), and flight
conditions. With PRFIC, we can predict the effect of the geometry of
trarsmission (antenna locations), frequency, and turbulence properties,
Combined, these capabilities allow a very complete description of
several aspects of plume RF interference.

We have given some examples of the predictions by both the SPF and
PRFIC. These are included to 1illustrate their capabilities and
limitations. Improvements have been identified. However, the full
capability remains to be verified by 1intensive comparisons with
detailed measurements, which we strongly recommend.
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Appendix A
USER'S MANUAL

INTRODUCTION

This apperdix is the user's manual for the Naval Weapouns Center
Plume Radar Frequency Interference Code (PRFIC). It documents the code
structure and detailed input instructions. Recommended values for
those variables that define convergence criteria and number of
iterations are given. Sample input and results from test cases are
included. The physics involved in the calculations are described in
the main text of this report, and the detailed software description is
given in Appendix B.

CODE STRUCTURE

Essentially each type of calculation performed in PRFIC is
separated into individual subroutines. A flow chart that identifies
the subroutines, and the sequence in which they are called, is given in
Figure A-l. A complete list of subroutines is given in Table A-].
More complete descriptions of the most important subroutines are given
in Appendix B. The input flowfield file with the appropriate variables
defining the electrical properties of the plume 1is obtained from the
JANNAF SPF code or an equivalent calculation.

Table A~1. List of Subroutines and Their Function in PRFIC

Subroutine Function

PRFIAG: Computes antenna gain

PRFICM: Common

PRFIDT: Sets up initial and final points for integration through
plume

PRFIEP: Computes electrical properties

PRFIFF: Reads flowfield

PRFIIC: Reads changes for multiple runs

PRFIIN: Reads input

PRFIIT: Performs integration through plume
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Table A-1. (Continued)
Subroutine Function
PRFILI: Linear interpolation
PRFIMM: Main calling subroutine
PRFIPC: Computes attenuation and phase constants
PRFIPL: Computes intersection of line-of-sight with plume
PRFIPL: Printer plot
PRFIRZ: Computes plume radius
PRFISC: Performs volume integration for scatteriny
DUMP : Writes input conditions
PDF : Turbulent velocity probability density function
(currently Gaussian)
SCAT Computes total scattering cross section
SCALP : Computes scalar product of two vectors
SFVMV : Exchanges one-dimensional arrays
(system subroutine)
CODE INPUT

A description of each input variable and the instructions for
running multiple cases are given in this section., The coordinate
system used in the code was shown in Figure 6 of this report. The
primary input is listed in Table A-2.
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Table A-2. Primary Input

Card gg}umns Format variable No. Variablg

1 1-20 20A1 - Flowfield file name,
including exteasion
(i.e., FILENAME,DAT)

[35)

1-72 18A4 - Title

3 1-10% E10.3 1 BFREQ, radar
frequency, Hz

11-20 F10.4 2 ZLL, upstream extent
of flowfield to be
considered.

ZLL = 0, the first
station on flowfieid
file is used.

ZLL > 0, only Z » ZLL
considered.

21-30 F10.4 3 2UL, downstream extent
of flowfield to be
considered.

ZUL € 0, the last
station on the flowfield
file is used.

ZUL > 0, only

Z < ZUL considered.

4 XT(1),XT(2),XT(3),
components of position
vector to the radar
transmitter, m.

1-10 F10.4 1 XT(1) - x-component
11-20 F10.4 2 XT(2) - y-component
21-30 F10.4 3 XT(3) - z-component

*In this and all subsequent cards, a list-directed input can be used in
which the format is ignored and the variables are input in order and
separated by commas.
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Table A-2. (Continued)

Card Columns Format !iﬁlﬂg}e No. !itiablg
5 DCT(1), DCT(2), DCT(3),*

Direction of radar
transmitter antenna
with respect to the
X,Y,2 coordinate
system, degrees

1-10 F10.4 1 DCT(1), angle between
antenna direction and
x-axis

1-10 F10.4 2 DCT(2), angle between
antenna direction and
y-axis

1-10 Fl10.4 3 DCT(3), angle Letween
antenna direction and
z-axis

6 DCTO(1), DCTO(2) ,*
NDCTO(3), Directions of
a reference at the
transmi{tter antenna,

degrees

I-10 Fi10.4 1 DCTO(1), angle detween
reference direction and
X-axis

*See Figure 6 where these angies are called a, 8, and Yy, respectively,
Subscripts, T, R, and M, rcfer to the tranamitter, receiver, and
missile, For all mets of these directions, it {s necessary that
cosfa + con?p + cosly = |,

**These reference directions, for the transmitter, receiver, and

missile, are included for future use (polarizatfon eftects, for
example); none are umed explicitly {n the present calculations,
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Table A-2. (Continued)

Card Columns Format variable No, Varlab{s

- ——— e et e - - .

I1=-10 F10.4 2 DCTN{2), angle between
reference direction and
y-axis

21-20 Fin.4 3 DCTO(3), angle between
reference direction and
z-axis

7 VI(l), VT(2), VT(3),
components of velocity
vector of the radar
transmitter, m/s

I-10 Fi10.4 ! VT(1l) component in
x=-dfcection

11-20 Fl10.4

o

VT(2) component {n
y-direction

21-30 F10.4 3 VT(31) component {n
z-directton

8 XR(1), XR(2), XR(1})
Component of pasition
vector to the rocefver, m

1-10 Fl0.4 1 XR(1), x-conponent
11=-20 F10.4 2 XR(2), y=-compunent
21-30 Fl0.4 3 XR(3), z-component
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Columns
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Table A-2. (Continued)

Format Variable No. vVariable

10

11

11-20

21-30

11-20

21-30

11-20

21-10

DCR(1), DCR(2), DCR(3),
Directions of the radar
receiver antenna, degrees

F10.4 1 DCR(1), angle between
receiver direction
and x-axis

Fl0.4 2 DCR(2), angle between
receiver direction
and y-axis

F10.4 3 DCR(3), angle between
recefver direction
and z-axis

DCRO(1), DCRO(2), DCRO(3)

F10.4 ] DCTO{1), angle between
: reference direction
and x-axis

F10.4 ' 2 DCTO(2), angle between
reference 4irection
and y-axis

F10.4 3 DCTO(1), angle between
reference direction
and z-axis
VR(1), VR(2), VR(3)
Compournts of velocity

vector of radar
receiver, m/s

F10.4 1 VR(1), x-component
Fl0.4 2 VR(2), y-component

F10.4 1 ‘ VR(1), z-component
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Table A-2. (Continued)

Card Columns Eprmag Vartﬁple No. Variable

12 M(1), XM(2), xM(3)
Components of position
vector of missile
exit plane, m

1-10 F10.4 1 XM(1), x-component
11-20 F10.4 2 XM(2), y-component
21-10 F10.4 3 XM(3), z-component

Note: Normally, the
missile exit plane

is at the origin

of the coordinate

system so that

XM(1) = XM(2) = XM(3) = O.

13 DCM(1), DCM(2), DCM(3)
Angles of normal to the
missile ex{t plane,
degrees

1-10 P10.4 1 DCM( 1), angle between
normal and x-axis

11-20 F10.4 2 DCM(2), angle betwenn
normal and y-axis

21-30 Fi0.4 3 DCM(3), angle between
normal and z-axis

Note: Normally, the

misaile axis is

pointed along the

z-axis, so that

DCM(1) = DCM(2) = 90 degrees,
DCM(1) = 0.

14 ) ' DCMO( 1), DCM(2), DCMO(1Y)
Angles of a reference
direction at the miastile
exit plume, degrees
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Table A-2. (Continued)

Format Variable No. Variable

15

16

11-20

21-30

F10.4 1 ‘ DCMO( 1), éngle between
reference and x-axis

F10.4 2 DCMO(2), argle between
reference and y-axis

F10.4 3 DCMO(3), angle between
i reference and z-axis

M™(1), ™(2), w™(3),
components of missile
velocity vector, m/s

F10.4 1 VM(1), component in
x-direction

F10.4 2 VM(2), component in
y-direction

F10.4% 2 VM(3), component in
z-direction

F10.4 1 NCUTS - number of
steps used {n
integration for
attenuation along
the ray path through
the plume
(NCUTS ~ 10-40)

F10.4 2 RC - overrelaxation
factor in ray trace
iteration
(0.5 < RC < 1.0)

I110.4 3 NIT - number of
iterations allowed
in ray trace
calculation
(10 ¢ NIT < 20)
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Table A-2, (Continued)

Card poluqﬂg Format Variable No.
17
1-10 Fl10.4 1
11-20 Fl10.4 2
18
1 L1 i
2 L] 2

56

Variable

EPSA(1), EPSA(2),

error criteria for
convergence of

ray trace iterations, m

EPSA(1) - convergence
in the interior of
the plume

EPSA(2) - convergence
at the receiving
antenna

EPSA(2) € radius of
antenna

RAYTR - ray trace
option flag,

RAYIR = T, ray
trace calculation
RAYTR = F, line of
sight calculation

FSCAT -~ scattering
calculation flag.
FSCAT = T, radar
cross section
caliulation

FSCAT = F, bypass
radar cross section
calculation

Note: {f RAYTR = T
and FSCAT = T, the
radar cross section
calculation {s also
done with the ray
trace option,
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Table A-2. (Continued)

Card Columns Format variable No. variable

The following arrays specifying antenna gains are not
required if FSCAT = F,.

19

1-5 15 1 NANG(1) = Number
of angles defining
transmitter gain
distribution,
NANG(1) > O,
read NANG(1) points
NANG(1) = 0, uniform
gain, 0-90 degreees
GAIN(1,J) = O.
NANG(1) < 0,
transmitter gain
set equal to
receiver gain.
NANG(1) < 50

6-10 15 2 NANG(2) = number of
angles defining
receiver gain
distribution
NANG(2) > O read
NANG(2) points,
NANG(2) = 0
uniform gain.
0-90 degrees
GAIN(2,J) = 0.
NANG(2) < O
receiver gain
set equal to
transmitter gain
NANG(2) € 50

20 1-80 10F8.0 ANGLE(1,J), J = 1, NANG(1),
Angles for
transmitter gain, degrees
in ascending order

20+ 1-80 10F8.0 GAIN(1,J), J = 1, NANG(1),
: Gain for transmitter, dB
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Table A-2. (Continued)

Carq Qplumqg Format variable No. Variable

20+ 1-80 10F8.0 ANGLE(2,J) J = 1, NANG(2),
Angles for receiver
gain, degrees in ascending
order

20+ 1-80 10F8.0 CAIN(2,J), J = 1, NANG(2),
Gain for receiver, dB

MULTIPLE CASES

The code can accommodate multiple cases for the same flowficvld file
and antenna gain patterns, That is, multiple cases for which changes
occur in cards 3-18 (excluding BFREQ, which occurs on card 3) can be
run. Only those varlables which change need be specified. The format
is given below and also in the FORTRAN Source Code (in PRFIIN).

After the entire set of input for the first card (including antenna

gains):

Card Columns Format Variable

1 1 free format NC = total number of
changes for next run

2 1 free format IC = card number of
1c, 1v, Cv,... change 3 < IC < 18
IV = number of variables on
card IC to be changed
(excluding Iv=1, if IC=3)
CV = new value of variable

2 repeat the sequence IC, IV,

CV on card 2 or following
cards up to NC times.
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This sequence is repeated for each subsequent run. However, once
the changes are made, they remain in effect until changed again. Also
note that if an antenna gain is used, it must be read in the initial
data set. The subroutine that reads subsequent cases does not go back
to read the gain pattern.

OUTPUT

Page 1. Date, title, and all input quantities. Geometric and velocity
inputs are grouped for the transmitter, receiver, and missile.

Page 2. Llocal and cumulative properties for beam propagation through

the plume.

If the ray trace option is used, only the final,

converged path is printed.

The columns are:

X,Y,2 : Position of points along the ray path, in meters
beginning at the transmitter and ending at the
receiver,

ALPHA, DB : Cumulative attenuation of beam power, in dB.

BETA*L Cumulative phase along path:.jfs B ds .

0]

N ¢ Index of refraction.

ALPHA, 1/M: Llocal attenuation constant, m~!l,

BETA, 1/M : Local phase constant, m~!,

K* LAMBDA local product of wavenumber and turbulence
macroscale.

SIGMA, 1/M: 1Llocal scattering parameter, o~} (that portion
independent of angle).

3 TVZ)nd o2 2 A3
(0.0528)8n nl /ne ng rg A
2
2
(1 + (ven/w) ]
U, M/S : Llocal axial velocity, m/s.
(Q/U)**2 : Local turbulence intensity, normalized by 1local

axial velocity.

These quantities are printed for the beginning and end of the
ray path and for the NCUTS-1 points within the plume.
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Note: If there is no intersection of the ray path with the
plume, or if the angle between the ray and normal to
either the transmitter or receiver antenna 1s greater
than 90 degrees, a flag will be printed and no
integration will be performed.

A summary of the cumulative attenuation, in dB, and
phase for the entire path is given (even if there is no
intersection with the plume). Also, a phase difference
(actual phase - 2ns/)\), where s is the geometric length
between the transmitter and receiver, is given. The
Doppler shifted frequency of the transmitted ray is
printed, in kHz.

Page 3. Listing of transmitter and receiver gain patterns (same as
input) if the scattering option is chosen.

Page 4. Frequency spectrum of scattered pcwer. The columns are the
number of points; the difference between the shifted
frequency and transmitter frequency, in kHz [(v - v,)/1000};
a normalized frequency shift, (v - vy)c/vy, and the scattered
power, in dB/Hz, referenced to the total transmitter power.

Frequency integrated scattered power, dB. The integral with
respect to frequency of the spectral power.

Page 5. A printer plot of the frequency spectrum, dB/Hz, vs. v - v,,
in kHz.

DIAGNOSTICS

There are several bullt-in diagnostic messages which are printed.

They are identified below, along with the subroutine in which they are
located.

Subroutine Message/Meaning/Program Action

PRFIFF: FLOWFIELD E‘ EEDS RADIAL DIMENSION
There are -.ore than 50 radial points in the flowfleld file;
program e.ops,

PRFIDT: CO-LJCATED ANTENNAS

There {8 no attenuation path between the transmitter and
receiver; computation continues if FSCAT = T.
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NO DIRECT PATH TO RECEIVER, S*NT < 0

The ray path is at an angle of more than 90 degrees with
respect to the normal to the trancmitter antenna; computation
continues if FSCAT = T, :

NO DIRECT PATH TO RECEIVER, S*NR < 0
The ray path is at an angle of more than 90 degrees with
respect to the normal to the receiver antenna; computation

continues if FSCAT = T.

IT = MAX, NO CONVERGENCE
The ray trace calculation failed to converge to an
error < EPSA*(1) in NIT iterations; program stops.

PRFIPC: PLUME IS LOCALLY OVERDENSE
(wp/w)/(l + (ven/m)z) at some point; computation continues.

COMMON PROBLEMS

\

It is anticipated that most problems will arise in the ray trace
option. If a portion of the plume is overdense, there are no rays that
can propagate through that region, and a ray trace calculation will not
converge, The method of successively computing the curved path from
the transmitter towards the receiver until it intersects within a
prescribed distance EPSA(2) proved to require many iterations for some
paths. The solution requires experience and may depend on relaxing the
error criterion, The most sensitive paths were found to be those
requiring corrections in two directions (i.e., those paths that were
not wholly contained in the plane of symmetry of the plume).

LOGICAL UNWIT ASSIGNMENTS

The following logical unit (LUN) assignments are used:

LUN Assignment

5 Input

6 Output

7 Flowfield file
61
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SAMPLE CASES

Several sample cases are included on the following pages to provide
examples of the output for the several options available. 1In each
case, the input file is given, followed by the output. Thbe sample
cases are defined in Table A-3.

Table A-~3., Sample Cases

Case Description
1 Line-of-sight calculation, with scattering
2 Ray trace calculation, with scattering
3 Radar cross section calculation
4 Multiple cases, without scattering
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Appendix B
SOFTWARE DOCUMENTATION

This appendix contains the software documentation for the Naval
Weapons Center Plume Radar Frequency Code (PRFIC). Brief descriptions
are given of those subprograms that contain computations of physical
quantities. Those subroutines that perform input and output
operations, read files, or provide plots are not described in detail.
A full list of the subroutines was given in Appendix A (Table A-1).
The individual descriptions are given below, followed by a complete
listing of the entire program.

SUBROUTINE PRFIAG(AANG,AGAIN,NA)

Subroutine PRFIAG provides the antenna gain pattern for the
transmitter and receiver. AANG is the angle between the direction of
propagation and normal to the antenna, in degrees. AGAIN is the gain
at this angle, in dB, and NA is a code to dzfine the gain distribution
for the transmitter (NA = 1) and receiver (NA = 2). 1If the uniform
distribution option is chosen, then

AGAIN = 03 0 < AANG < 90. (B-1)

If the gain distribution is nonuniform, a linear interpolation butween
angles is used. If Gj is the gain at the angle 8, then

AGAIN = Gy - (8, - AANG) x (Gy = Gy, )/(8; - 8,,)) (B-2)

where the input order is such that 84,, > 85. If AANG is beyond the
range of the last angular entry, the subroutine returns the gain at the
last entry,

SUBROUTINE PRFIDT(ATTEN, PHASE,DOPPS)

PRFIDT is the primary subroutine that governs the direct transfer
of radiation from the transmitter to the receiver along the
line-of-sight of a refracted ray trajectory. It returns the total
attenuatisn (ATTEN) and phase (PHASE) for the path and the Doppler
shift of this transmitted ray (DOPPS).
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The primary function of PRFIDT is to set up the paths exterior and
interior to the plume and then to call PRFIIT to do the integration for
each segment. However, the first task is to determine if direct
transfer can occur. No direct transfer is allowed for the three cases:

1. co-located transmitter and receiver (monostatic radar)

2. angle between the normal to the transmitter and the direction to
the receiver > 90 degrees

3. angle between the normal to the receiver and the direction from the
transmitter > 90 degrees

If any of the conditions occur, the subprogram returns and prints a
message, )

1f the straight line-of-sight option is used, the direct transfer
occurs in three steps: (1) transmitter to plume; (2) through the
plume; (3) plume to receiver. PRFIPI is used to define the
intersection with the plume (one intersection or two, 1if the
line-of-sight enters the plume). If there is no intersection, the
program returns the attenuation (= 0), phase and Doppler shift, and
prints a flag, INTERSECTION WITH PLUME = F.

If the ray trace option is used, an iterative solution is required,
The initial guess for the curved trajectory is taken to be the straight
line-of-sight, At the endpoint of the integration, an error vector
between the computed endpoint and actual endpoint (receiver location)
is calculated. If this error exceeds a specified criterion (EPSA(1)),
then a new guess for the initial direction at the transmitter is made.
The current new guess for the direction cosines at the transmitter is

(cosu)n+l = (cosa)™ + RC * ERV(I)/SL (B-3)

where a1 is the old guess, RC 1is an overrelaxation factor
(0.5 € RC < 1.0), ERV(I) is the error vector from the computed endpoint
to the desired endpoint, and SL is the length of the ray path. Similar
expressions apply for the other two angles 8(I = 2) and y(I = 3). This
is a simple iterative solution to the two-point boundary value problem
that adjusts the 1initial ray direction to achieve convergence. The
iteration is performed until convergence occurs or until the number of
iterations exceeds NIT, an input variable. If no convergence occurs, a
warning message is printed,
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SUBROUTINE PRFIEP

The subroutine PRFIEP utilizes the input flowfield variables read
directly from the SPF input file to create an array of quantities used
in the RF 1interference calculations. It {is called once at the
beginning of each run when a new flowfield file is defined. The RF
interference properties are then calculated at each point 1in the
flowfield, once and for all, All subsequent interpclations required in
the attenuation and scattering calculations throughout the plume volume
are performed from these quantities directly, rather than for the
flowfield variables initially on the input file. The objective of this
calculation sequence is to minimize the number of operations, For
example, calculating the RF properties first, and then interpolating,
requires fewer calculations than interpolating for the flowfield
properties and then computing the RF properties at each point along a
ray trajectory.

The input flowfield file is stored in the array FF(I1,J,K). PRFIEP

calculates the RF interference properties and stores them back in
FF(1,J,K). The individual quantities are defined below,

Input Flowfield Properties

K FF(1,J,K) Units

1 r, radius at axial location z(1I), radial location J m

2 T, temperature K

3 p, pressure n/m<é
4 ng, mean electron number density m 3
5 ;ZY/ng, normalized mean square electron number -—

density fluctuation

6 Vens electron-neutral collision frequency s-!
7 A, turbulence macroscale m

8 u, mean axial velocity m/s
9 q<¢/u?, normalized mean square velocity fluctuation ——

90
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Qutput RF Interference Properties

K FF(I,J,K) Units
1 v, radius at axial location z(1), radial location, J m

2 n, real part of complex index of refraction -—
3 a, attenuation constant m~}
4 8, phase constant ' m~!
5 kA, product of wavenumber and turbulence macroscale -—
6 U, common part of extinction cross section ' o~ !
7 u, mean axial velocity m/s
8 q2/u?, normalized mean square velocity fluctuations -—
9 dn/3r, radial derivative of index of refraction o~}
10 an/3z, axial derivative of index of refraction o~}

These output quantities are obtained from the following equations.

K= 2,3,4, n,a,B, see subroutine PRFIPC
K = 3,
kA = 2mavi/c
v = radar frequency

K=6,
nlz
813(0.0528)| — n2 r2 A3

el

9N

o

(B~4)
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This is a multiplier that {s common to the scattering cross section
used for both the atcenuation and scattering calculatinn, For
scattering, o multiplies the angular dependent scattering function.*

Sinzx
[1 + 4(kA)2sin2 -g-]“”

(B-5)

For extinction, ¢ multiplies the integral or this function over all
directions, This integzral 4is called Q and depends on kA. It is
evaluated in function subprogram SCAT(kA).

K=7,8 u and q2/u? carried over directly from flowfield.
K =9,10 Radial and axial components of :the index of refraction
gradient,

The index of refraction gradients for use with the ray tracing
option are calculated according to the following finite difference
approximations. Subscripts i,j} denote z,r locatlions, respectively.

EI i 0 L W O R U R % (B-6)
CSRE TS S O P UL % BT OE Bt SR P

(33\ O i .95 NN 95 RO % s 1 ¥5 (B-7)
/i,y 2] 2y -y SRS O3

SUBROUTINE PRFIIT(XO,SO,XF,ATTEN, vHASE,ERV,
ERVM,XFV,SFV, IN, RAY)

Subroutine PRF.IT computes the ray path hetween two points either
outside or insjde the plume, If the ray trace option is chosen, the
ray trajectory within the plume is computed with the geometric optics
approximation. 1If a line-of~sight option is chnsen, the ray trajectnry
is a straight line, 1In both cases, the integrated attenuation and
phase along the path are computed.

*For one choice of the turbulence spatial correlation,
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X0(1), I=1,3 : Coordinates of initial point, m
so(1), I=1,3 : Direction cosines of initial direction

XF(I), I=1,3 : Coordinates of final point of the straignt

line-of-sight
ATTEN : Integrated attenuation aloﬁg the path
PHASE : Integrated phase along the path

ERV(1), I=1,3: Error vector, ERV(I) = XF(I) - XFV(I)
3

ERVM : Magnitude of error, ERVM =[.z:ERV(I) 1/2
I=]

XFv(1), I=1,3: Final point of integration

SFV(I), I=1,3: Direction of path at the endpoint

IN : IN =T, trajectory within the plume
= F, trajectory outside the plume

RAY : RAY = T, ray trace calculation
= F, line-of-sight calculation

Exterior to the plume, the attenuation and phase are given simply
by ATTEN = 0, and

PHASE = vaos/c (B-8)

where s is the path length between the initial and final point. The
endpoint error, ERVM, 1is =zero, the final points are equal,
XF(I) = XFV(I), and the final direction arnd initial directions are the
same SO(I1) = SFV(I). This solution applies regardless of the ray trace
option,

Interior to the plume, the line-of-sight is divided into increments
according to

As = s/NCUTS . (B-9)

1f the 1line-of-sight option 18 taken, the intégration for the
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attenuation and phase {is summed along the straight line-of-sight by a
trapezoidal rule

NCUTS

As
ATTEN = g: Slage *ag) (8-10)
=1
NCUTS
PHASE = 35 (81, +8,) (B-11)
i=]

In both cases, the attenuation and phase constants d4re obtained at each

point { by interpolation between the values stored in the flowfield
file.

If the ray trace option is chosen, then the integration within the
exhaust plume proceeds along s, the arc length, but this no longer
coincides with the straight line-of-sight. The equations defining the
ray trajectory

F(s) = {x(s), ¥(s), z(s)} (B-12)

x(s + As) = x(s) + (%E) As + %:(%% - gﬁ(f . Vn)) (As)?
s (B-13)

y(s + 48) = y(s) + (%%) AS + %;(%3 - g%(f . Vn)) (as)4
s s (B-14)

2(s + 4s) = z(s) + (%f) As + E%{%% - gi(f . Vn)) (8s)?
$ N ©(B-19)

where
. |dx dy dz -

t 15’ 35’ dol and (B-16)
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Vn = cosf 32’ sing 32, an (B~17)
or or 3z

Solution of Eqs. (B-13)-(B-15) is achieved in a stepwise numerical
integration throughout the plume. The initial point

£(0) = x(0), y(0), z(0) (B-18)

and direction
2o = £, ¥, & (B-19)
ds ds ds

are known. However, for a given initial point and direction, the
endpoint and direction are unknown until the integration along the
trajectory has been performed. For a .nown initial point and known
endpoint, the solution for the ray trajectory is a two-point boundary
value problem. Al iterative solution must be performed wuntil the
initial direction {s found which allows the trajectory to pass between
these points.

This subroutine does not perform the iteration but simply
integrates the ray equations between two points, The actual choice of
a new direction is made in the individual subroutines PRFIDT and PRFISC
(for the directly transmitted ray and scattered ray, respectively).
Integration along the trajectory proceeds until the distance between
the known endpoint XF(1) and point on the ray path is smaller than
As/2. A check is included to insure that if the trajectory does not
pass within As/2 of the known endpoint, the integration stops when the
error is least., When this criterion is met, the subroutine returns the
actual endpoint of the integration XFV(I), the actual direction of the
ray at the endpoint, the error vector ERV(I), and magnitude of the
displacement error ERVM. These quantities are used to choose a new
initial direction. If the line-of-sight option is chosen, the errors
are zero and the final direction is the same as the initial direction.

SUBROUTINE PRFILI(Z,R,VZR)
The subroutine PRFILI 1is a linear interpolation program that

computes the RF interference properties at the axial location, z, and
radial location, r which do not coincide with the grid points of the
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input flowfield. Let 1,j be indices identifying the axial and radial
locations, respectively, Then, if f is any dependent variable such
that fi,j is 1its value at the grid points i,j and f2,r» the value at
(z,r):

£ - f PO 1 1% & N - f '
i-1,r 1-1,3-1 " i-1,3 i-l,j—l)
Ty Ty
by e (B-20)
r-r
£ = £y j-1 +——--~—i--’-‘1——l——(fi s -y sl ) (B-21)
» ’ r -r L\ 1y) »j-1
i,] i,j-1
then
zZ - 2Z
i-1
fo,0 = fi-1,r +';:_:—;;:;(fi,r - fl-l,r) (B-22)

The values of the nine quantities n, a, B, kA, o, u, q2/ul, 3n/dr,
In/3z are returned in the array VZR for each point z,r, even though not
all are used at each call. For example, In/dr and 3n/3z are not used
when the line~of-sight option i{s chosen.

If the point is outside the plume boundary, ambient values are
returned. The non-zero quantities are n=1, B=2nv/c, and u=u,.
SUBROUTINE PRFIPC(v, Vps Venr @ 8, n)

The subroutine PRFIPC calculates the plasma index of refraction,

attenuavinn, and phase constants, given the radar frequency, v, plasma
frequency, vy, and electron-neutral collision frequency, ven.

v, = 8.97 nl/2 ' (B-23)
wp = vap (B-24)
w = 21V (B-25)
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Ven
: (w./w)2 - (wy/w)?2 —
(EE)Z =Ky + iKp = 1 - P +i P Y (B-26)
’ 1+ (3-5‘1)2 1 +_<f-e-'—‘>2
w w
|| = (K; + xi)1/2 (B-27)
)1y 172 ~
n = 22UK] +KR> (B-28)
wil 172 _
a EE("" Kk)g (B-29)
8 = nw/c (B-30)

SUBROUTINE PRFIPI(XO,XF,XI,XE,MTYPE,NTYPE)

It is convenient to separate the portions of the propagation path
that are outside and inside the plume. Subroutine PRFIPI solves for
the points at which a straight line-of-sight intersects the plume
boundary. This subroutine is used to answer the following questions:

1. Does the line-of-sight intersect the plume?

2. 1f there is an intersection, how much of the line-of-sight is
outside the plume? The attenuation and phase of the outside
portion can be computed in one step because it is a
homogeneous -path (with a = 0 and B = 2nv/c), while only the
nonhomogeneous portion interior to the plume need be broken
into smaller steps for integration, '

a. This calculation completely defines the propagation path
when refraction 1s not considered.

b. This calculation gives a first guess for the ray
trajectory when refraction is considered.
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The solution {s determined by the following sequence of operations,
Let %, = (x),y},z|) be the initial point and %, = (x;,y5,z7) be the
final point along the path. Then any point along the path between *2
and %X} is & = (x,y,2z),

£ = ;l +ts (B-31)

where ¢ is a scalar distance (f » 0) and s is the unit vector in the
direction of t; from ?.

s = (?2 - ?l)/|f2 -5 . (B-32)

The radius of the plume at any axial location is

T -r
i+ i
e W (z - zi) » 2y Sz S zyy, (B-33)

r(z) = £y + .
i+ " %

where rj,z; are the plume radius and axial location at the 1th seation
given in the flowfiell file [i.e., FF(I,NPTS(J),1), Z(I), L < I N7]
At the point of intersection

s ~2 > 3.2 - a2 -~ -2 2
(b e 1) +(r ] =(x +&s 1) +(y +8s+j) =r%2) (B-34)
and

o k= z) + £S + k 2 z (B-35)

where {, j, k are unit vectors in the X, ¥y, and z directions. These
two equations can be combined to give a single, quadratic equation for

£:
A2 + 2bL + ¢ = 0 (B-36)

with
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. - . r ~r
a=B2 - (s« i)2-(s+ j)2; A= r, + 5.3 S (zl - z) (B-37)
Ziv1 T 3
- N r -Tr IS -
b=aB-x(s+1) -(s-3); B=2_ L. (B-38)
Zi4l T %
¢ = A2 - (x] +y]) (8-39)
and
£=(-b+ /87 - ac)/a (B~40)

The two roots to this equation are evaluated for each conical segment
of the plume, 7 = 1,...,NZ. The solution of interest must satisfy

zy Sz <z, . (B-41)

That is, the line-of-sight must pass through the conical segment of the
plume at which the radius is defined by Eq. (B-33).%

The exceptional cases occur when
b2 - wc < 0 (8-42)

for which there is no intersection, and when a = 0, for which there is
only one solution (the line-of-sight can intersect the plume, but the
angle of the plume expansion is such that it will never exit). In the
event that the 1line-of-sight does not exit the plume, we define the
line-of~sight interior to the plume to extend to the end of the input
flowfield. (This situation can occur if the receiving antenna is
downstream of the end of the flowfield and sufficiently close to the
plume axis.)

*It is possible for the line-of-sight to intersect the upstream and
downstream extensions of the conical volume defined by Eq. (B-33).
That is, £ is a root of Eq. (B-40), but 2z < zy or z > Zy4)+ However,
that is not a valid solution for the plume intersection,
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In general, there are two real roots that result from the solution
after all plume segments are examined. From the definition of £ 2 0,
the root defining the incident intercept, §£; is the smaller of the two,

£{ € £a, where ¢, defines the exit point. The positious of the
intercepts are

-

FS
Fi,e =X +E .8 - (B-43)

The same formulation applies if the initial point is outside the
plume and the endpoint is inside, or vice versa. This situation occurs
in the volume scattering calculation., If *l is outside and !Z inside,
then the single root of interest is f;. If *l is inside and x2
outside, then one of the two roots is negative, and we take the
positive root to be £,.

All these cases are computed in the subroutine PRFIPI, and are
defined in the arguments, as follows:
X0 = X0(1), I = 1,3 x,v,z coordinates of initial point

XF = XF(I), I = 1,3 MTYPE “ 0O; XF = direction cosines of direction to
endpoint

MTYPE > 0; XF = coordinates of endpoint
XI = XI(I), I = 1,3 coordinates of encry puint
XE XE(I), I = 1,3 coordinates of exit point

MTYPE = flag for type of input (coordinates or
direction to final point)

NTYPE = flag for type of path
NTYPE = 1 Initial and endpoints outside the
plume

(solutions are XI and XE, or no intersection)
NTYPE = 2 Initial point outside, final point
inside, solution is XI.

NTYPE = 3 1Initial point 1inside, final point
outside, solution is XE.
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SUBROUTINE PRFIRZ(ZP,RP)

The integration in the radial direction of the volume scattering
integral (see description of subroutine PRFISC) wuses a radial
coordinate normalized by the local plume radius r(z). Subroutine
PRFIRZ interpolates between neighboring flowfield stations zy, 244 to
define the plume radius at the axial quadrature point z5;
Zg €25 € 2941, A simple linear interpolation is used:

z; -z
r{z;) = r(z,) + &(z ) - r(z ﬂ (B-44)
1 e e .

where r(zy) = FF{L,NPTS(L),1], the outermost radial location defined in
the flowfield file at the axial location z(L).

SUBROUTINE PRFISC

Subroutine PRFISC computes the scattered signal due to fluctuations
in the electron number density. It performs a numerical evaluation of
the scattering from the entire plume volume. This requires a
three-dimensional volume integration; the plume volume is
axisymmetric, but the arbitrary locations of transmitter and receiver
make the integrand dependent upon all three coordinates (r,3,z).

The approach used in this report is to evaluate the volume integral
by a succession of Gaussian quadratures. For a fixed number of points,
these schemes yield the most accurate quadratures. The volume integral
to be evaluated is

P(v) =-_/V-C(r,e,z,v) dv (B-45)

where P(v) is the frequency spectrum of the mean square scattered power
and C 1is the scattering cross sertion at the point r,8,z. The
integrand also depends on the scattering angle between the directions
of the incident and scattered waves and also the distances from the
scattering location to both the transmitter and receiver. In the event
of refraction, a separate curved ray trajectory must be computed
between the point r,0,z and both the transmitter and receiver. In
addition, the attenuation and phase for each path, for both the curved
ray trajectory or straight line-of-sight, is included. The detailed
specification of C(r,8,z,v) is
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GG o siny PDF{v ~ v )
AZ TA X o, -
C(r,0,z,v) = B3 T2 2 . 268ll/e (B-46)
Tpfp |1 + 4(kA)™ sin E

where G-, Gy, and It, Ty are the antenna gains and distances from the
scattering point to the transmitter and receiver, respectively.

In PRFISC, the volume integral is evaluated according to

2 R(z) c2n
P = / f f c(r,s,2z)rds dz (B-47)
Zi 0 0

- Z; ; 2; C(ry iz ey W vy Wy (B-48)
Mo NN
= (Zf - Zl) n Z Rz(zi) Z nj ‘Z C(nj’ck'c”i)wk wj H‘i
131 _j K= (B.._I‘g)

where “{» Wy, W are the weights and Ck» N3y £4 are the roots of
normalized variables in the 9, r, and z direcfions, respectively, The
normalization, ranges, and number of points are given in the following
table. 1In all three cases, the independent variables are scaled to the
tnterval (-1,1) so the quadrature points are roots of Legendre
polynormials,

Table B-i. Numerical Quadratures Used in Volume
Scattering Calculation

'i
|
|
|
|

P T o T

i Coordinate Transformed Range No. of Points

— — —

i 8 8 = a(l-z) -1 ¢¢g <1 10

1 r r = 5 R(2) 0 <n¢t 10

} (1/2 of 20 point quadrature)

[z z = £(zg-2y) 0 <g <1 24

; _1 (1/2 of 48 point quadrature)
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The axial v .riable is scaled by an initial and final plume length zi,
zg, resr:ctively, that can be specified in the input. This allows the
computation of scattering from a finite length of plume different from
the length of flowfield in the input file,

The integral, Eq. (B-47), 1is also the temporal power spectral
density of the scattered signal, i.e., P = P(v), that accounts for the
probability of both the spatial and temporal fluctuations in electron
rnumber density. The 1integrand contains a frequency dependent
multiplier, the probability density function PDF(v). P(V) is evaluated
at increments 1in frequency difference, 4av =v - v,, from the
transmitter frequency, v,.

1f the ray trace option is chosen, the incident and scattered ray
paths are curved, 1Iterative solutions are applied to both the segments
in PRFISC. The procedure is like that outlined for the directly
transmitted ray in PRFIDT.

FUNCTION PDF(DF,VMK,QQ,ANG,BFREQ)

Function subroutine PDF returns the probability density function
for the Doppler shifted scattered wave. The Doppler shift includes the
effect of the resultant mean velocity of the transmitter, missile, and
exhaust plume relative to the receiver, There is a frequency spread
about this mean shift due to the turbulent fluctuations, At present,
it is assumed that the velocity fluctuations are isotropic with respect
to direction at each point and have a Gaussian distribution with a mean
square value of ETziabout the local time averaged velocity. With these
assumptions, the probability density function of the Doppler shifred
scattered wave at a point is

v T Vv
o]
e ——2 _y )2
v s
o} Cc

1
PDF(\) -\ ) = ~e=———— exp|- (B_so)
o /2nq' 2 2 9'Z[2sin(0/2)]2 2v,81in(8/2)

DF = frequency difference (v - v,), Hz

VMK = component of resultant velocity of transmitter, missile, and
mean plume flow relative to the receiver, m/s.
QQ = mean square turbulence intensity, q'z, m?/s?. -

ANG = magnitude of the resultant scattering wave vector, 2sin(6/2).
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BFRE() = transmitter frequency, v,.

PDF = probability density of mean square scattered power at the
frequency, v, ) € PDF < |,

SUBPROGRAM SCAT(kA)

The function subroutine SCAT(kA) calculates the directionally
averaged scattering component of the electron number density
fluctuation, It depends on the single augment kA and is given by

SCAT = %{% (2p2 + 2p + n,x - (1 + 2p)'5“’]

-2(p + 1)|(1 + 2p)i76 - 1! +-7‘-i(x + 2p)7/0 - 1” (B-S1)

where p = 2(kp)<,

FUNCTION SCALP(A,B)

Function subroutine SCALP returns the scalar product of two vectors
defined in rectangular Cartesian coordinates.

3
SCALP = 2: A(I) * B(ID) (B-52)
=]

A(I) and B(I), where I = },2,3, are the x, y, and 2z components of the
two vectors, respectively,
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Code Listing
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S 'BROUTINE PRFIAG(AANG,AGAIN,NA)
C MPUTES ANTENNA GAIN AT ANGLE AANG

A4NG=ANGLE, DEG

ATAIN=GAIN, DB

Ni=l, TRANSMITTER
=2, RECEIVER

sN s NN NeNes Nz Nz

[ CLUDE'PRFICM.FOR/NOLIST'

IF(NANG(NA).NE.0) GO TD 5
ACATN=0,

RITURN

5 C NTINUE
NE=NANG(NA)-1
D2 10 I=], NG
I7CAANG.GE.ANCGLE(NA, 1) .AND.AANG.LT.ANGLE(KA,I+1)) GO TO 2V
10 CNTINUE
AGAIN=GAIN(NA,NANG(NA))
EZTURN \

20 CNTINUE
AGAIN=GAIN(NA,T1)-(ANGLE(NA,I)~AANG)*(GAIN(NA,T)~GAIN(NA,I+1))/
1 - ANGLE(NA,1)-ANGLE(NA,I+1))
RETURN

RRRKRKK I RIRAKRIIRIRAI AT AARAKAARA R AR AR Ak Ak Rk Rk sk e de sk sk e sk e de sk oo ok e e ok o
PRFICM

c
c
c CTMMON FOR PROGRAM PRFIC

o FLUME RADAR FREOUENCY INTERFERENCE CODE
C wRITTEN FOR NWC, CHINA LAKE

c

LCGICAL RAYTR,FSCAT, INSECT, PATH, EXTER
REAL NCUTS
BYTE FILEFF(20)

PARAMETER (P1=3,141592653, C=2.998E+08)

c o NOT ALTER THE POSITIONS OF VARIABLES IN THE NEXT 8 LINES
C MOu RFREQ,ZLL,ZUL
C™MMON XT(3),DCT(3),DCTO(3)

C7MMON VT(3),XR(3),DCR(3)
C ,MON DCRO(3),VR(3),XM(3)
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COMMON DCM(3),DCMO(3),VM(3)
COMMON NCUTS,RC,NIT
COMMON EPSA(2),DUMX
COMMON RAYTR,FSCAT

C oK ...

COMMON RTHOM, INSECT, PATH, EXTER
COMMON TITLE(18),FILEFF
COMMON FF(60,50,10),7%(60),NPTS(6()
COMMON VZRAMB(9),ILAST,NZ
COMMON NANG(2) ,ANGLE(2,50),GAIN(2,50)
C END
ARKKKKAAAKAKAREAAREAAKA KA KA KA KRARAKRAKA AR RARARRLE AR AR AR AR A AR AR R AR AR AR Ak kkk k%

SUBROUTINE PRFIDT(ATTEN, PHASE,DOPPS)

c
c CALCULATE RAY PATH FROM TRANSMITTER TO RECEIVER
C
INCLUDE 'PRFICM.FOR/NOLIST'
LOGICAL IN,RAY
DIMENSION SU(3),DUM(3),ERV(3),XFV(3),SFV(3),XD(3),XI(3),
1 XE(3),XF(3),VTR(3)
c
C DETERMINE IF DIRECT TRANSFER CAN OCCUR
C
PATH=.TRUE.
DOPPS=0.
$5=0.
Do 10 1=1,3

S8=SS+(XR(IL)-XT(I))**2
10 CONTINUE

SL=SQRT(SS)

ATTEN=0.

PHASE=2.#*PI*SL*BFREQ/C

IF(SS.GT.0.) GO TO 30
WRITE(6,20)

20 FORMAT(1H ,'COLOCATED ANTENNAS')
INSECT=.FALSE.
RETURN

30 CONTINUE

DO 40 I=1,3
SU(I)=(XR(1)-XT(I[))/SL
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"TR(L)=VT(1)-VR(1)
CONTINUE

COSPT=SCALP(SU,DCT)
IF(COSPT.GT.0.) GO TO 60
WRITE(6,50)

FORMAT(IH ,'NO DIRECT PATH TO RECEIVER, S*NT<0.')

INSECT=, FALSE.

RETURN

CONTINUE
CUSPR=-SCALP(SU,DCR)
IF{COSPR.GT.0.) GO TO B8O
WRITE(6,70)

FCRMAT(1H ,"NO DIRECT PATH TO RECEIVER, S*NR<OD.')

[NSECT=.FALSE.
RETURN
CONTINUE

DOPPLER SHIFT OF DIRECT TRANSMISSION
VTMS=SCALP(VTR,SU)
DOPPS=BFREQ*VTMS/C

IF(PATH) WRITE(6,300) (XT(1),I=l,3)

INTERSECTION WITH PLUME

LOS THROUGH PLUME
CONTINUE

IF(RAYTR) GO TO 10O

CALL PRFIPI(XT,XR,XL,XE,l,1)
IF(INSECT) THEN

PRASE=0,

EXTER=.TRUE.

13=,FALSE.

RAY=,FALSE.

CALL PRFIIT(XT,SU,XI,ATTENT,PHASET,ERV,ERVM XFV,SFV, IN,RAY)

ATTEN=ATTEN+ATTENT
PHASE=PHASE+PHASET

LGOS CALCULATION
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IN=,TRUE.

CALL PRFIIT(XI,SU,XE,ATTENT,PHASET,ERV,ERVM,XFV,SFV,IN,RAY)
ATTEN=ATTEN+ATTENT

PHASE=PHASE+PHASET

EXTER=.FALSE.

IN=,.FALSE.

CALL PRFIIT(XFV,SU,XR,ATTENT, PHASET,ERV,ERVM,XFV,SFV, IN,RAY)
ATTEN=ATTEN+ATTENT

PHASE=PHASE+PHASET

DB=ATTEN*8.6858
IF(PATH) WRITE(6,300) (XR(1),I=1,3), DB,PHASE

END IF

‘RETURN

RAY TRACE CALCULATION

CONTINUE
IT=1
PATH=,FALSE.
CONTINUE

ATTEN=0.
PHASE=0.

OUTSIDE PLUME

EXTER=.TRUE.

IN=,FALSE.

RAY=,FALSE.

CALL PRFIPI(XT,SU,XI,XE,~1,1)

CALL PRFIIT(XT,SU,XI,ATTENT,PHASET,ERV,ERVM,XFV,SFV, IN,RAY)
ATTEN=ATTEN+ATTENT

PHASE=PHASE+PHASET

INSIDE PLUME
IN=.TRUE.
RAY=,TRUE.

CALL PRFIIT(XI,SU,XE,ATTENT,PHASET,ERV,ERVM,XFV,SFV,IN,RAY)
ATTEN=ATTEN+ATTENT '
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PHASE=PHASE+PHASET
OUTSIDE PLUME

SA=0.

DO 110 1=1,3
SA=SA+(XFV(L)-XR([))**2
DUM( [)=SU(1)

CONTINUE

SA=SQRT(SA)

DO 120 1=1,3
XF(D)=XFV(IL)+SA*SFV(I)
XD(L)=XFV(L)
SU(I)=SFV(I)

CONTINUE

EXTER=,FALSE.
IN=,FALSE.

RAY=,FALSE.

CALL PRFIIT(XD,SU,XR,ATTENT, PHASET,ERV,ERVM,XFV,SFV, IN,RAY)
ATTEN=ATTEN+ATTENT
PHASE=PHASE+PHASET

DB=ATTEN*R, 6858
IF(PATH) WRITE(6,300) (XR(1},!=1,3),DB,PHASE
IF(PATH) RETURN

IF(ERVM.LE.EPSA(1)) THEN
PATH=.TRUE.
END IF

NEW GUESS FOR ANITIAL DIRECTION

$5=0.

DO 130 1=1,3
SUCT)=DUM( 1 )+RC*ERY(1)/SL
SS=SS+SU( 1) **2

CONTINUE

S8=SORT(SS)

DO 135 1=1,3
SU(I)=SU{(1)/8S

CONTINUE

IF(PATH) GO TO 105
IT=IT+1

IF(IT.CT.NIT) GO TO 140
GO TO 105

CONTINUE

WRITE(6,150)
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150 FORMAT(1H ,'IT=MAX, NO CONVERGENCE')
300 FORMAT(IH ,5(1PE10.3,1X))
RETURN
END
HAKKRKKRKRKIRKRKKKKRRAKKAA KA RIARRKIARIARRAKARRI KR ARIR AR RA KRR KA RA R AR AR

SUBROUTINE PRFIEP

CREATES FILE OF PLUME INTERFERENCE PROPERTIES FORM SPF
FLOWFIELD FILE FF(I,J,K)

REVISED FILE HAS THE QUANTITIES AS FOLLOWS
F(1,J,1)=RADIUS AT AXIAL LOCATION I, RADIAL LOCATION J
=INDEX OF REFRACTION

=ATTENUATION CONSTANT

=PHASE CONSTANT

=WAVENUMBER*TURBULENCE SCALE LENGTH
=SCATTERING CROSS-SECTION

=VELOCITY

=TURBULENCE INTENSITY

=RADIAL DERIVATIVE OF INDEX OF REFRACTION
=AXIAL DERIVATIVE OF INDEX OF REFRACTION

QLN UV & W

T OO0 CO000000000
—

INCLUDE 'PRFICM.FOR/NOLIST'
DIMENSION GG(10),BM(9),HP(9)
DATA RTHOM/2.8133E-15/

DO 50 I=1,NZ

DO 40 J=1,NPTS(I)

GG(1)=FF(1,J,1)

PFREQ=8.97*SQRT(FF(I,J,4))

CALL PRFIPC(BFREQ,PFREQ,FF(I,.,6),GG(3),G66(4),GG(2))
GG(5)=2.*PI*GG(2)*BFREQ*FF(1,J,7)/C
DENOM=(1.+(FF(1,J,6)/(2.*PI*BFREQ))**2)**2
GG(6)=8.%(PI**3)* ,0528*FF(1,J,5)*((RTHOMXFF(1,J,4))**2)*
1 (FF(1,J,7)**3)/DENOM

GG(7)=FF(1,J,8)

GG(8)=FF(1,J,9)

DO 30 X=1,8
FF(1,J,K)=GG(K)
30 CONTINUE
40 CONTINUE
50 CONTINUE

c COMPUTE RADTAL AND AXIAL DERIVATIVES OF INDEX OF REFRACTION IN

1




a0

60
70

AARAARKKRARARKKRARK KR RARKKAKRRRAAA A kA hkEShhkhhkhhhkhkhhkhkhhhkkhkkhkhkxhkkhkkkxixk

cCOoOCOOCcOOO0O00O000n

NWC TP 6386

SEPARATE LOOP

DO 70 I=],NZ

DO 60 J=1,NPTS(1)

ANR=0.,

BNR=0.

DRM=0.

DRP=0.

1F(J.GT.1) DRM=FF(I[,J,1)=-FF(1,J-1,1)
[F(J.CT.1.AND.DRM.NE.0.) BNR=(FF(i,J,?)-FF({,J-1,2))/DRM
IF(J.LT.NPTS(L)) DRP=FF(I,J+1,1)-FF(1,J,1)
IF(J.LT.NPTS(1).AND.DRP.NE.0,) ANR=(FF(I,J+1,2)~FF(1,J,2))/DRP
1F(J.E0. 1) BNR=ANR

IF(J.EG.NPTS(D)) ANR=BNR

FF(1,J,9)=.5*%(ANR+BNR)

[F(I.GT.l) CALL PRFILI(Z(1-1),FF(IL,J,1),HM)
IF(I.LT.NZ) CALL PRFILI(Z(I+)),FF(1,J,1),HP)
IF(1.GT.1) BNZ=(FF(1,J,2)=-HM(1))/(Z(1)-2(1-1))
IF(1.LT.NZ) ANZ=(HP(1)-FF(1,J,2))/(2(1+1)-Z(1})
IF(I.EQ.1) BNZ=ANZ

IF(1.ED.NZ) ANZ=BNZ

FF(1,J,10)=,5%(ANZ+BNZ)

CONTINUE
CONTINUE
RETURN
END

SUBROUTINE PRFIFF

READS SPF FLOWFIELD FILE INTO ARRAY FF(I[,J,K)

.

FF(1,J,1)

RADIUS(M) AT AXIAL LOCATION 1, RADIAL LOCATION J
= TEMPERATURE(K)

= PRESSURE(NT/M**2)

ELECTRON NUMBER DENSITY

MEAN SOQUARE ELECTRON NUMBER DENSITY

CFREQ

TURBULENCE MACRO SCALE

MEAN VELOCITY

MEAN SOUARE TURBULENCE VELOCITY

[VoJNe - IE NENe JIRW, TP S BN VLI M)
Hononu

INCLUDE 'PRFICM.FOR/NOLIST'

112




NWC TP 6336
DATA NFF / 7/, 1/ 1/, NZMAX,NRMAX / 60,50 /

OPEN(UNIT=NFF, STATUS='OLD', FILE=FILEFF, READONLY)

100 READ(NFF, 1000,END=300) Z(1), NPTS(I)
D WRITE(6,2001) [,Z(1),NPTS(I)
IF(NPTS(1).GT.NFMAX) THEN
WRITE(6,*) ' FLOWFIELD EXCEEDS RADIAL DIMENSION.'
STOP
END IF

DO 200 J=1,NPTS(1)

READ(NFF,2000) (FF(I,J,K),K=1,9)
D WRITE(6,2002) J,(FF(I,J,K),K=1,9)
200  CONTINUE

I=1+1
IF(I.LE.NZMAX) GO TO 100
300 NZ=1-1

1000 FORMAT(E10.3,110)
2000  FORMAT(9E10.3)

2001 FORMAT(15,E10.3,15)
2002  FORMAT(I5,9E10.3)

RETURN
END
HAKREAHIRAKKAKAIRAKKAKR KRR KKKKKKARRKARRRARAARKRRKRRKARRRRKRXAKARKRAA KK
SUBROUTINE PRFIIN

c
c READS IN INITIAL DATA FOR PRFIC
C

INCLUDE 'PRFICM.FOR/NOLIST'

DATA PRAD/1.745329252E-02/
C CARD 1

READ(5,6) 1, FILEFF

FILEFF(I+1)=0

C CARD 2
READ(5,7) TITLE
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CARD 3
RZAD(S5,1) BFREQ,ZLL,ZUL

CARD 4
READ(5,1) (XT(J),J=1.3)

CARC 5
READ(5,1) (DCT(J),Jd=1,3)

CARD 6
RZAD(S5,1) (DCTO(J),J=1,3)

CARD 7
READ(S,1) (VT(J),J=1,3)

CARD &
READ(S5,1) (XR(J),J=1,3)

CARD 9
RZAD(5,1) (DCR(J),J=1,3)

CARD 10
READ(5,1) (DCRO(J),J=1,3)

CARD 11
READ(5,1) (VR(J),J=1,3)

CARL 12
READ(S5, 1) (XM(J),J=1,3)

CARD 13
« READ(S5,1) (DCM(J),J=1,3)

CARD 14
READ(5,1) (DCMO(J),J=1,3)

CARD 15
READ(S,1) (VM(J),J=1,3)

CART 16
RZAD(5,2) NCUTS,RC,NIT

CARD 17
READ(5,2) EPSA

CARD 18
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READ(5,5) RAYTR,FSCAT
READ ANTENNA GAIN DISTRIBUTIONS

LF(FSCAT) THEN

READ(5,60) NANG

FORMAT(275)

IF(NANG(1).LE.0) GO TO 80
READ(5,70) (ANGLE(1,J),J=1,NANG(1))
READ(5,70) (GAIN(1,J),J=1,NANG(1))
CONTINUE

IF(NANG{2).LE,O0) GO TO 90
READ(5,70) (ANGLE(2,J),J=1,NANG(2))
READ(5,70) (GAIN(2,J),J=1,NANG(2))

. GO TO 130 :

90
70

100

110

130

SN R e

CONTINUE
FORMAT( 10F8.0)
IF(NANG(1).EQ.0.AND.NANG(2).EQ.0) GO TO 130
IF(NANG(2).GT.0) GO TO 110

DO 100 I=1,NANG(1)

ANGLE(2,1)=ANGLE(1,1)

GAIN(2,1)=GAIN(1,1)

CONTINUE

NANG( 2)=NANG(1)

GO TO 130

CONTINUE

DO 120 I=1,NANG(2)

ANGLE(1,1)=ANGLE(2,1)

GAIN(1,1)=GAIN(2,I)

CONTINUE

NANG( 1)=NANG(2)

END IF

CONT INUE

FORMAT(3F10.0)
FORMAT(2F10.0,13)
FORMAT(2L1)

FORMAT(Q, 20A1)

FORMAT( 18A4)

Do 3 I=1,3
DCT(1)=COS(DCT(!)*PRAD)
DCTO(1)=COS(DCTO( L)*PRAD)
DCR(I1)=CUS(DCR(I)*PRAD)
DCRO( 1)=COS(DCRO(T)*PRAD)
DCM(1)=COS(DCM(1)*PRAD)
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DCMO(1)=COS(LCHMO( 1 )*PRAD)
CONTINUE

OUTPUT INITIAL CONDITIONS

CALL DUMPIN

RETURN

END ¢

SUBROUTINE PRFI1IC

READS INPUT CHAKGES FOR MULTIPLE CASE RUNS -
ALLOWS ONE TO [NPUT NEW VALUES FOR VARIABLES
0N CARDS 3-18.

[NPUT CBANGES PROCEDURE

1) A CARD CONTAINING THE TOTAL NUMBER OF VARIABLES
TO BE CHANGED FOR THE NEX. RUN.

2) CARD(S) CONTAINING THE SEOUENCE OF CHANGES DESIRED.
THE FORMAT OF THIS CARD(S) IS

CARD NO. OF VARIABLE T0O CHANGE,VARIABLE NO. ON THIS CARD,
MEW VALUT FOR THIS VARIABLE ...

REPEAT THIS SEOUENCE FOR AS MANY CHANGES SPECIFIED ON

CARD 1). CARD 2) MAY BE REPEATED AS MANY TIMES AS NECESSARY
TO COMPLETE THE NUMBER OF CHANCES SPECIFIED.

FOR EXAMPLE, TO CHANCE THE VARIABLE "7UL" ON CARD 3 TO THE

OUANTITY 50000 AND TO CHANCE THE VARITABLE "RAYTR™ ON CARD 1R
TO THE VALUE FALSE, THE FOLLOWING CARDS SHOULD BE INPUT ...

q
3,3,5000, 18,1,F
INCLUDE 'PRFICM.FOR/NOLIST’

LOGICAL DINP(2)
DIMENSION CV(3.3:18),IC(63),IV(h5)

EOQUIVALENCE (BFREQ,CV(1., 3))
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EQUIVALENCE (RAYTR,DINP(1))

PRAD=1.745329252E-02

READ(5,* ,END=400) NC
READ(5,* ,END=200) (IC(N),IV(N),CV(IV(N),IC(N)),N=1,NC)

DO 300 N=1,NC
IF(IC(N).EQ.5 .OR. IC(N).EQ.6 .OR, IC{(N).EQ.9
#,0R. IC(N).EQ.10 .OR. IC(N).EQ.13 .OR., IC(N).EQ.14) THEN
CV(IV(N), IC(N))=COS(CV(IV(N),IC(N))*PRAD)

END IF

CONTINUE

OUTPUT INITIAL CONDITIONS
WRITE(6,*) "1’

CALL DUMPIN

RETURN

STOP

END

SUBROUTINE DUMPIN

DUMPS INITIAL DATA TO PRINTER

INCLUDE 'PRFICM.FOR/NOLIST'

BYTE IDATE(9)
DIMENSION ACT(3),ACR{3),ACM(3),ACTO(3),ACRO(3),ACMO(3)

PRAD=1.745329252E-02
CALL DATE( IDATE)

DO 10 I=1,3
ACT(I)=ACOS(DCT(L))/PRAD
ACR(I)=ACOS(DCR(L))/PRAD
ACM( 1)=ACOS(DCM(T))/PRAD
ACTO(1)=AC0OS(DCTO(I))/PRAD
ACRO(1)=ACOS(DCRO(1))/PRAD
ACMO( I1)=ACOS(DCMO(1))/PRAD
10 CONTINUE

n7
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WRITE(A, 1O00) [DATE, TUTLE
WRITE(b,2000) BFRE)/1.E9, FILEFF
WRITE(6,3000) XT, <R, XM
WRITE(A,4000) ALT, ACR, ACM
WRITE(6,5000) ACTU, ACRU, ACMU
WRITE(6,hUCH) VT, VR, VM
WRITE(6,70041) RAYTR, FSCAT
wRITE(6,B000) 5CUTS, RC, EPSA, NIT

C FORMATS:

1000 FORMAT(LHI,’'/ 50X, 'NAVAL WEAPONS CENTER, CHINA LAKE'//
#39X, "EXHALST PLUME RADAR FREOUENCY INTERFERENCE CODE(PRFIC)'
%/ /38X, "WRITTEN BY AERDNAUTICAL RESEARCH ASSOCIATES OF PRINCETON!
27 f02X,9A1/ /145X, 1874,/ /)

2000 FORMAT(45X, "TRANSMITTER FKEOUENCY = ', IPEIN. 3, GHZ'/
245X, "FLOWF LELD FILE = ",20A17//)

3000 FORMAT(S9X, 'GEOMETRIC DATA'//
233X, "TRANSMITTER' , 23X, '"RECE[VER' , 20X,
SPMISSLE'//' POSITION, M',4N,3(4%,9%,'X",9:,°Y",9%,"2" )/ '6X,
304X, 3CIPELIV. D))/

4000 FORMAT(' DIRECTION GF',3X,3(4X,5X, ALPHA" 06X, 'BETA", 35X, "GAMMA' )/
@' NORMAL, DEG',4X,3(3¥,3(1PEl0,3))/) .

5000 FORMAT(' REFERENCE',6X,3(4X,5%, "APHA AN, "BETA", 5X, "CAMMA' )/

‘="' DIRECTINN, DEG',IX,3(sX,3(IPEL0.)) )

6000  FORMAT(' VELOCITY',7X,3(4X,9X, 0" ,9%,"'V',9%,'w')’
AT COMPONENTS, M/SECT,2X,3(1PELQ.3), 2(4X,3(1PELIN.Y) )/ /)

7000  FORMAT{ 45X, 'RAYTRACE CALCULATION = ' ,L1/45X,'SCATTERING ',
#'CALCLLATION = ',L1/)

8000 FORMAT{43X,'N0. OF STEPS IN INTEGRATION THROUGH PLUME = ',
L IPELOL Y/
23X, "RELARATION CONSTANT FOR RAYTRACE [TERATION = ',IPE10.3/
245X, "ERROR CRITERIA FOR RAYTRACE CONVERGENCE = ',1PEI:.3,', ',
= PE10,3/45X, ' NUMBER OF ITERATIONS IN RAY TRACE = ',I3)

RETURN
END
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SUBROUTINE PRFIIT(X0,S0,XF,ATTEN, PHASE,ERV,ERVM,XFV,SFV, IN, RAY)

COMFUTES THE PATH FROM THE [NLTTAL POINT XO TO THE FINAL POINT
XF WITH INITIAL DIRECTION SO

ATTEN=TNTEGRATED ATTENUATLON DUE TO ABSORPTION AND SCATTERING
PHASE=INTEGRATED PHASE CHANGE

aOaaaaa
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ERV=ERROR VECTOR BETWEEN ACTUAL END POINT AND COMPUTED END POINT
ERVM=MAGNITUDE OF ERROR
XFV=COMPUTED END POINT
SFV=COMPUTED DIRECTION OF RAY AT END POINT
IN=T ; XO AND XF INSIDE THE PLUME

F ; OUTSIDE THE PLUME
RAY=T ; DO RAY TRACE CALCULATION

F ; DO LOS CALCULATION

INCLUDE ' PRFICM, FOR/NOLIST!
LOGICAL IN,RAY

DIMENSION X0(3),S0(3),XF(3),ERV(3),XFV(3),SFV(3),X(3),SU(3),
1 HOLD(9), HNEW(9) ,CURV( 3)

FIRST SEGMENT DOES THE LOS CALCULATION FOR POINTS OUTSIDE THE
PLUME

ATTEN=0,
PHASE=0.

S0=0.

ERVM=0,

Do 10 I=1,3

SQ=SO+(XF(I)-X0(1))**2

10 CONTINUE

SL=SQRT(SQ)

IF(IN) GO TO 20

DO 15 I=1,3
XFV(1)=X0(I)+SL*S0(I)
ERV(I)=XF(I)~XFV(I)
ERVM=ERVM+ERV( I)**2
SFV(I)=S0(1I)

15 CONTINUE
R=SQRT(XFV(1)**2+XFV(2)**2)
CALL PRFILI(XFV(3),R,HNEW)
ERVM=SQRT(ERVM)
PHASE=2.*PI*BFREQ*SL/C
IF(PATH.AND.EXTER) WRITE(6,200) (XFV(1),I=1,3),ATTEN,PHASE,
1 (HNEW(I),I=1,7)

RETURN

SECOND SEGMENT DOES LOS CALCULATION WITHIN THE PLUME

20 CONTINUE
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L==SL/NCUTS

HIZ=0,5%DS

D30 I=),3

X Iy=X0(1)

SO D)=s0(1)

C STINUE
R=3ORT(X(1)**24X(2)%*2)
CsLL PRFILI(X(3),R,HOLD)
sY= ),

I7 RAY) GO TO 70

D C NTLINUE

Do 50 I=1,3

X D)=X(1)+SUCIDI*DS

¢ NTINUE

R=SORT(X( 1) XR24X(2)**2)

CxZL PRFILI(X(3),R,HNEW)

ATTEN=ATTEN+, 5% (HOLD( 2)+HOLD( 5)*SCAT(HOLD(4 ) )+HNEW( 2 )+HEEW( 5) *
SCAT(HNEW(4)))*DS

E2ASE=PHASE+, S*(HOLD( 3)+HNEW( 3))*DS

D.o60 J=1,9

K LD(J)=HNEW(J)

C . STINUE

:-'ABS(SL S$S)
>=ATTEN*R. 6858

wII1TE STATEMENT FOR DETAILED DISTRIBUTION ALONG FINAL
[NTEGRTION PATH

PATH) WRITE(6,200) (X(I),[=1,3),DB,PHASE,(HNEW(I),I=1,7)
S.LT.SL.AND.DIF.GT.HDS) GO TO 40
=0.
5 I=1,3
I)-X(I)
AV(T)=XF(I)-X(1)
SFV(1)=S0(I)
CINTINUE
EXVM=SCALP(ERV,ERV)
EXVM=SQRT(ERVM)
2ZTURN

Ch A) '-g W
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7RIS SEGMENT DOES THE CALCULATION WITHIN THE PLUME WITH RAY
CURVATURE

C NTINUE
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ERVM=SL
CONTINUE

ERVMO=ERVM

R=SORT{X( 1 ) **2+X(2)**2)

COST=X(1)/R

SINT=X(2)/R

TDOTGN=SU( 1 )*HOLD(8) *COST+SU( 2)*HOLD( 8)*S INT+SU(3)*HOLD(9)
CURV(1)=(HOLD(8)*COST-SU( | )*TDOTGN) /HOLD(1)
CURV(2)=(HOLD(8)*SINT-SU(2)*TDOTGN)/HOLD(1)
CURV(3)=(HOLD(9) ~-SU(3)*TDOTGN)/HOLD(1)

Do 90 I=1,3

X(1)=X{1)+SU(T)*DS+.5%CURV(1)*DS*DS
SU(1)=SU(L)+CURV(1)*DS

CONTINUE

R=SORT(X(1)**2+X(2)**2)

CALL PRFILI(X(3),R,HNEW)

ATTEN=ATTEN+. 5* (HOLD(2)+HOLD(5)*SCAT(HOLD(4 ) )+HNEW( 2 ) +HNEW( 5) *
1 SCAT(HNEW(4)))*DS
PHASE=PHASE+. 5* (HOLD( 3)+HNEW( 3))*DS

$5=5$+DS

DO 100 J=1,9

HOLD(J)=HNEW(J)

CONTINUE

ERVM=0.

DO 110 I=1,3

ERV(I)=XF(I)-X(I)

ERVM=ERVM+ERV( 1) **2

CONTINUE

ERVM=SQRT(ERVM)

DB=ATTEN*8.6858

WRITE STATEMENT FOR DETAILED DISTRIBUTION ALONG FINAL
INTEGRTION PATH

IF(PATH) WRITE(6,200) (X(1),7=1,3),DB,PHASE,(HNEW(I),I=1,7)
IF(ERVM.LT.ERVMO.AND. ERVM.GT.HDS) GO TO 80

DO 120 T=1,3

XFV(1)=X(1)

SFV(1)=SU(I)

CONTINUE

FORMAT(1H ,12(1PE10.3,1X))

RETURN

END

SUBROUTINE PRFILI(ZL,RL,VZR)

GIVEN AXIAL LOCATION, ZL, AND RADIAL LOCATION, RL,

121




NWC TP 6386
C PRFILI LINEARLY INTERPOLATES TO FIND THE FLOWFLELD
C PROPERTIES AT 7L,RL AND RETURNS THEIR VALUES IN VZR.
C
INCLUDE 'PRFICM.FOR/NOLIST'
DIMENSION VZR(9), DATZ(2:10), DATZP(2:10)
JATA VZRAMB / ., 8*%0. /, ILAST / 2/
VZRAMB( 3) = 2,*P[*BFREQ/C
VZRAMB(A) = FF(NZ,NPTS(NZ2),7)
C
C SEARCH FOR BOUNDING AXIAL STATIONS
C
TFO(ZLLLT.Z(1)) JOR. (ZL.GT.7Z(NZ))) GO TO 600
D0 100 I=1LAST,NZ
1op IF(ZL.LE.Z(1)) GO TO 200
200 I =1-1
o TLAST = I
DO 400 12=1,2
50300 J=2 NP1S(1)
300 TF(ABS(RL).LT.FF(I,J, 1)) GO TO 310
CALL SFVMV(VZRAMB,DATZ,9)
GO TO 330
310 RRAT = (ABS(RL)=FF(IL,J-1,1))/(FF(L,],1)=-FF([,J-1,1))
DO 320 K=2, 10
320 DATZ(K) = FF(1.J-1,K) + RRAT*(FF(I,J,K)-FF(1,J-1,K))
C
C SAVE RADIALLY INTERPOLATED VALUES AF THE LUWER BOUNDING
C AXIAL STATION AND REPEAT FOR UPPER BOUNDING STATLON.
C
3130 (F(IZ.EQ.1) CALL SFVMV(DATZ,DATZP,9)
400 I =1+ 1 :
c
C INTERPOLATE BETWEEN AXIAL STATLONS
C
I=1-1
ZKAT = (ZL-Z(1-1))/(72(1)-2(1-1))
DO SO0 K=2,10
500 VZR(K=1) = DATZP(K) + ZRAT*(DATZ(K)-DATZP(K))
RETURN
hOO CALL SFVMV(VZRAMB,VZR,9)
RETURN

END
khkhkkirichkhihkhhhhkkhhhhhhhhhhhhkrkbhrdAhkhhhahhhArhhAhrrhlhdhAhhkhiShtiiars
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PROGRAM PRFIMM
MAIN CALLING PROGRAM FOR PRFIC
INCLUDE 'PRFICM.FOR/NOLIST'

CALL PRFIIN
CALL PRFIFF
CALL PRFIEP

5 CONTINUE
[F(ZLL.LE.O.) ZLL=Z(1)
IF(ZUL.LE.0.) ZUL=Z(NZ)
WRITE(6,20) ZLL,ZUL
WRITE(6,30)
CALL PRFIDT(ATTEN, PHASE,DOPP)

DPHASE=0.
Do 15 1=1,3
DPHASE=DPHASE+(XR(L)=XT(1))**2

15 CONTINUE
DPHASE=2,*P1*BFREQ*SORT(DPHASE)/C
DPHASE=PHASE-DPHASE
ATTEN=ATTEN*8. 6858
DOPP=DOPP/ 1000,

WRITE(6,10) INSECT,ATTEN, PHASE,DPHASE,DOPP

IF(FSCAT) THEN

WRITE(6,100)

LF{NANG(1).NE.0) WRITE(6,110) (ANGLE(!,J),J=1,NANG(1)})
IF(NANG(1).EQ.0) WRITE(6,150)

WRITE(6,120)

IF(NANG(1).NE,0) WRITE(6,110) (GAIN(1,J),J=1,NANG(1))

WRITE(6,130)

‘TF(NANG(2).NE.0) WRITE(6,110) (ANGLE(2,J),J=1,NANG(2})
IF(NANG(2).EQ.0) WRITE(6,150)

WRITE(6,140)

IF(NANG(2).NE.O) WRITE(6,110) (GAIN(2,J);J=1,NANG(2))

CALL PRFISC

END IF

CALL PRFIIC

GO TO 5
10 FORMAT(1IH ,/// 4OX,'INTERSECTION WITH PLUME= ',L1/52X,
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I 'ATTENUATION= ' ,F10,4,' DB'/
2 X, 'PHASE= ', IPE12.5/47X, 'PHASE DIFFERENCE= ',1PE12.5/
3 32X, 'DOPPLER SHIFTED FREQUENCY= ',1PE10.3,' KHZ')

200 F RMAT(IH L, 44X, "PLUME LENGTH BETWEEN',IPE10.3,' AND ',LlPEl0.3,
AN

30 Fo=UATCLHLL 46X, "PROPERTEES ALONG RAY TRAJECTORY'//
Do, UK, MY LBX, YL MY UBX, T2 LML 3K, TALPIA,L DB, 5X, TBETAXL , 1UX, "N,
2 0N, "ALPHA, I/M' 3%, "BETA, 1/M", 46X, 'K*LAMDA' ,2X, 'SIGMA, 1 /1",
3 aN, YULMAST L3N, O/ UYRRDY ) '

150 FURMAT(IHL,// /44X, "ANTENNA GAIN PATTERNS'////446X,
1 'TRANSMITTER'///1X, ANGLES,DEG: ")

110 FCRMATCLH 15X, LUCFLO0.2)Y /7 (16X, LU(F10.2)))

120 FORMAT(IH ,//3X,"GALN, DB:")

130 FooMAT(IH L/ /77125, "RECELVER ///LX, "ANGLES,DEG: ")

L0 FCRMATCIH ,/7/3X,'GALN, DB:")

150 FORMATOIH L, 20X, 'UNLFORM DISTRIBUTION, GAIN=0, FOR ALL ANGLES')
£nD
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SUBROUTINE PRFIPC(BFREN,PFREn, CFREO, ALPHA,BETA,RI)

(@]

CALCULATE ATTENUATION AND PHASE CONSTANT

BFREQO=PROPAGATILON FRECUENCY,HZ

PFREQ=PLASMA FREOUENCY,HZ

CEREN=ELECTRON-NEUTRAL COLLISIuN FREQUENCY, 1/SEC
ALPHA=ATTENUATLON CONSTANT,1/M

BETA =PHASE CONSTANT,1/M

RI=INDEX OF REFRACTION

e NzE2E2 2 KS]

REAL KR,KI,KMAG
DATA C,P1/2.998E+08,3.141592653/

R1=PFREQ/BFREQ
WPROP=2,*PI*BFREQ
R2=CFREQ/WPROP
RIS=R1*R1
R2S=R2*R2

KR=1.-R1S/(1.+R2S)
IF{KR.LT.0.) WRITE(6,1)
KI=R1S*R2/(1.+R2S)
KMAG=SORT(KR*KR+KI*KI1)

ALPHA=SQRT(.5*( KMAG-KR) ) *WPRGP/C

RI=SORT(.5*(KMAG+KR))
ZETA=RI*WPROP/C
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RETURN

1 FORMAT(1H ,'PLUME IS LOCALLY OVERDENSE')

END
RkAkkkhkhkkhhkhkkhhkhhkhhhhhkkkhhkhhkhhkkAkhhh kR Ak ARk kkhkhkkhkkkkkkikkkAkk

SUBROUTINE PRFIPL(XO,XF,XI,X2,MTYPE,NTYPE)

COMPUTE THE POINT(S) AT WHICH THE LOS FROM X0 TO XF INTERSECTS
THE PLUME BOUNDARIES

QOO0

MTYPE.LT.O0 : XF=INITIAL DIRECTION COSINES

MTYPE.GE.O : XF=COORDINATES OF FINAL POINT

NTYPE=1, LOS PASSES COMPLETELY THROUGH THE PLUME (TWO SOLUTLONR,
X1,AND XE, OR NO INTERSECTION, INSECT=FALSE)

NTYPE=2, X0 OUTSIDE THE PLUME, XF INSIDE PLUME (ONE SOLUTICN, XI)

NTYPE=3, X0 INSIDE THE PLUME, XF OUTSIDE PLUME (ONE SOLUTION, XE)

[sNsNeNeNesNeNe!

INCLUDE 'PRFICM.FOR/NOLIST'
LOGICAL ROOT!
DIMENSION X0(3),XF(3),XI(3),XE(3),XD(3),SU(3),R00T(2)

INSECT=.FALSE.
ROOT1=,FALSE.
IF(MTYPE.GE.0) GO TO 5
DO 1 I=1,3
SU(1)=XF(1I)

1 CONTINUE
GO TO 20

5 CONTINUE
$8=0.
DO 10 I=1,3
XD(1)=XF(1)~X0(I)
SS=SS+XD( 1)**2

10 CONTINUE
SL=SQRT(SS)
DO 20 1=1,3
SU(T)=XD(I)/SL

20 CONTINUE
NZM1=NZ-1
DO 90 I=1,NZMI
IP=1+1
SLOPE=(FF(1P,NPTS(IP),1)-FF(I,NPTS(1),1))/(Z(IP)=-2(1))
A=FF(I,NPTS(I),!)+SLOPE*(X0(3)-2(I))
B=SLOPE*SU(3)
XP=X0(1)*SU(1)+X0(2)*SU(2)
XPS=XO(1)**24+X0(2)**2
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CPS=SU(L)RR2$SU(2)%*D
AR=B*B-CPS
3R=A*B-XP
CR=AXA-XPS
L LSC=BR*BR-AR*CR
JF(DISC.LT.0.) GO TO 90
LECARLEOLDL) GO TO 60
DISC=SORT(DISC)
R1=(-BR-DISC)/AR
R2=(~BR+DISC)/AR
IS(RILLT.OL.JANDL.R2LLT.O.) GO TO U
INSECT=.TRUE.
ROOT(1)=AMINI(R1,R2)
IF(RILLT.OL) ROOT(1)=R2
TF{R2.LT.(h) ROOT(1)=RI
Z1=XO03)FROOT (L) *SUC
TF(ZILLT.ZCI)WORVZ1LGTLZCIP) ) GO TO 40
0o 30 J=1,3
NI(J)=XO(JII+ROOT( 1) *SULD)
30 CONTINUE
ROOT 1=, TRUE.
IF(NTYPE.EQ).2) RETURN
400 CONTINUE
ROOT( 2 )=AMAX1(R1,R2)
[F(ROOT(2).NELROOT(1)) GO TO 44
ROOT(2)Y=ABS(Z(NZ)-X0(3))
SN TO 45
44 CONTINUE
22=XCU ) +ROOT(2)*SU(Y)
TFQZ2.LTZ( 1) JORVZ2.GT.2(IP)) GO TO 90
45 CONTINUE
20 50 J=1,3
NE(I)=XO(N+ROOT(2)*SU( )
50 CONTINUE
IF(NTYPE.E().3) RETURN
{F(ROOT!) RETURN
GO TO 90
60 CONTINUE
Ri=-1,
TE(BR.NE.O,) RI=-,5*CR/BR
[F(R1I.LT.0.) GO TO 90
INSECT=. TRUE.
IF(NTYPE.EO.3) GO TO 70
ROOT(1)=R1
DO 65 J=1,73
LI(I)=XO(I)+ROOT( 1) *SU(I)
65 CONTINUE
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ROOT1=, TRUE.
IF(NTYPE.EQ.2) RETURN

GO TO 90

CONT INUE

ROOT(2)=R1

DO 75 J=1,3
XE(J)=X0(J)+ROOT(2)*SU(J)
CONTINUE

IF(NTYPE.EQ.3) RETURN
IF(ROOT1) RETURN
CONTINUE

IF( .NOT. INSECT) RETURN
IF(NTYPE.EQ.3) GO TO 105

IF(Z1.GE.Z(NZ) .AND.SU(3).NE.0.) ROOT(1)=(Z(NZ)=X0(3))/SU(3)

Do 100 1=1,3 :

XI(1)=XO(1)+ROOT(1)*SU(1)

CONTINUE

IF(NTYPE.EQ.2) RETURN

CONT INUE _ :
IF(Z2.GE.Z(NZ) .AND. SU(3).NE.0.) ROOT(2)=(Z(NZ)-X0(3))/SU(3)

DO 110 I=1,3

XE(1)=X0(1)+R0OOT(2)*SU(1)

CONTINUE

RETURN

END _
hhkhkhkkkhkdhkkhdhRihkhkkhkhkhhkkhkhkAhRhkhhkkhkAhhhkihkhkkAhdhkhkhkhkkhhkhkhkkhikkhkhikhkik
SUBROUTINE PLOT(NO,A,N,M)

INTEGER*2 YLAB(50)

DIMENSION OUT(101),YPR(11),ANG(9),A(1)

DATA MX,MY/6,5/

DATA YLAB/13*' ','F ',’R l,':: ’;'Q ','U ','E ',’N ','C ','Y "
”l ','D ','I ','F "IF ','E ','R ','E ','N ','C ','E,',' v’
#UK "L,TH 'L,'Z T, 13%

DATA ANG(1)/'*'/, BLANK/' '/

FORMAT ('1',60X,7H CHART ,13,//)

FORMAT (1X,A2,1X,F1l.1,5X,101A1)

FORMAT (1X,A2)

FORMAT(10A1)

FORMAT( 16X,101H. . . . .

1 . . . . . o)
FORMAT (//,9X%,11F10.1)
FORMAT (/’/,53X,' SCATTERED AMPLITUDE,DB/HZ ')

NLL=5C

PRINT TITLE
WRITE(MX, 1)NO
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C FIND SCALE FOR BASE VARIABLE
XSCAL=(A(N)-A(1))/(FLOAT(NLL-1))
c FIND SCALE FOR CROSS-VARIABLES
Ml=N+]
MI=MAN
YMAX=A(M])

DO 40 J=M1,M2
IFCA(J)-YMAX) 40,30,30
30 YMAX=A(J)
4() CONTINUE
YMIN=YMAX~40,
YSCAL=( YMAX-YMIN)/100.0
FIND BASE VARIABLE PRINT POSITLON
XB=A(1)
L=]
MYX = M-I
[=1]
45 F=1-1
XPR=XB+F*XSCAL
[F(A(L)-XPR) 50,50,70
o FIND CROSS-VARIABLES
DO 55 IX=1,101
OUT( [X)=BLANK
DO 60 J=1,MYX
LL=L+J*N
IF(A(LL).LT.YMIN) GOTO 60
JP=((A(LL)=-YMIN)/YSCAL)+1.0
OUT(JP)=ANG(J)
60 CONTINUE
C PRINT LINE AND CLEAR, OR SKIP
WRITE(!X, 2)YLAB( 1) ,XPR,(OUT(I2),1Z=1,101)
L=L+1
GO TO 80
70 WRITE(MX,3) YLAB(I)
B0 IsI+]
[F(1-NLL)45,84,86
84 XPR=A(N)
GO TO 50
PRINT CROSS-VARIABLES NUMBERS
86 WRITE(MX,7)
YPR(i)=YMIN
DO 90 KN=1,9
90 YPR(KN+1)=YPR(KN)+YSCA.*¥10,0
YPR(11)=YMAX
WRITE(MX,8)(YPR(IP),IP=1,11)
WRITE(MX,9)
RETURN

[
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SUBROUTINE PRFIRZ(ZP,RP)

COMPUTES PLUME BOUNDARY RADIUS R AT AXIAL LOCATION 2

aoon

INCLUDE 'PRFICM.FOR/NOLIST'

IF(ZP.LT.ZLL.OR.ZP.GT.2ZUL) GO TO 30
I=1
10 CONTINUE
IF(ZP.LE.Z(I+1) .AND.ZP.GE.Z(I)) GO TO 20
I=1+1
IF(1.GT.NZ) GO TO 30
GO TO 10
20 CONTINUE
RP=FF(I,NPTS(I), 1)+ :
1 (ZP=-Z(I))*(FF(L+1 ,NPTS(I+1),1)=-FF(L,NPTS(L),1))/(Z(I+1)-2(1))
RETURN
30 CONTINUE
WRITE(6,40) ZP,RP,ZLL,ZUL
40 FORMAT(1H ,'NO BOUNDARY SOLUTION',2X,4(1PE10.3))
RETURN
END
o Je Je Je de A Jo K F Fo K Je sk Fe Kk % K & g Kk vk k ek v K vk Tk K Kk e ke e sk ke ok vk ok ok ok dle dk ok Ak ke ok o ok de e e ok e ok sk Rk ok ok ok ok Kk

SUBROUTINE PRFISC

C

C COMPUTES VOLUME SCATTERING CONTRIBUTION TO ENERGY RECEIVED AT
C THE ANTENNA

c

c USES GAUSSIAN QUADRATURES FOR INTEGRATIONS OVER CIRCUMFERENCE,
C RADIUS, AND AXIAL LENGTH

C

C

INCLUDE 'PRFICM.FOR/NOLIST'

LOGICAL IN,RAY

DIMENSION RTHETA(10),WTHETA(10),RRAD(10),WRAD(10),RZ(24),WZ2(24),
1 X(3),ST(3),SR(3),H(9),DUM(3),XI1(3),XE(3),ERV(3),XFV(3),SFV(3),
2 SN(3),VP(3),5D(3)

DIMENSION VOLTH(500),VOLR(500),VOLZ(500),FVOLZ(102)

DATA TWOP1/6.283185307/
DATA NNZ,NNR,NNTH,NF/24,10,10,50/

DATA RTHETA/.97390653,.86506337,.67940956,.43339539,.14887434,
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] = 14887434,-.43319539, - . n/94095,~.86506337,-.97390653/

DATA WTHETA/ .0h667 1 34, .154945135,.21908636,.26926672,.29552422,
1 L29552022,.20926672,.219086%A, 14945135, 066671357
DATA RRAD/.0O7652652,.227785859,.37370609,.,51086700, .A3605368,

1 LT4633171,.83911697,.91223443,.96397193,.99312860/

DATA WRAD/ . 19275339,.14917299,.,14209611,.13108864,.11R19353,

1 L0192, nB327674,.06267205, JUADANL4ETY, LO1T61501/

DATA RZ/.001229 | ,0064699, , 0158755, .02924085,.04/0123,.06861 15,
09412009, , 123428 |, 1904188, 192933K8,.232841 ,.2759A34,
L3221277,.3711326,.4227757,0476855,.533097 ,.5913130,
6512442, .7126376,,7752363, .8387777,.9029953,.9676 1499/

DATA WZ/.00315335,.00732755,.01147723,.0153793,.019n1hl6,

i 023570, 6, ,02742651,.03116723,.03477722,.03824115,

LOL4135509 ), 04467550, 04T 1 b0A 0031035904, ,05289019,

+05519956G,.0572/7729,,11591 1484, 160711544,

L06263942 L 0b311419,.0639242, 00440616, .06473770/

(VS 3N SO o

PATH=_FALSE.
DOPPLER SHIFT PARAMFETERS

VTM=SCALP(VT,VT)
VRM=SCALP(VR,VR)
VPM=FF(1,1,7)+VM(3)
VTM=SORT(VTM)
VRM=SORT(VRM)

ESTIMATE OF MAXIMUM FREQUENCY SHIFT

DDF=BFREQ* (VTM+VRM+2.*VPM}/C
DFO=~DDF

DNF=NF

DELDF=2.*DDF/DNF

WFP=NF+!

OUTER, Z-INTEGRAL

ALAM=C/BFREQ
CONST=(ALAM**2)/((2,*TWOPL)**3)
ZNORM=ZUL-ZLL

AEXP=11./6.

VOLZZ=0.

DO 600 L=1,NFP
VOLZ(L)=0.
CONTINUE

DO 300 1=1,NNZ
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X(3)=ZLL+RZ(1)*ZNORM
CALL PRFIRZ(X(3),RPZ)

MIDDLE, R-INTEGRAL
VOLZR=0.

DO 610 L=1,NFP
VOLR(L)=0,
CONTINUE

DO 200 J=1,NNR
R=RRAD(J)*RPZ

INNER, THETA-INTEGRAL
VOLZA=0.

DO 620 L=1,NFP
VOLTH(L)=0,

CONT LNUE

CALL PRFILI(X(3),R,H)
IF(H(5).LE.0.) GO TO 100
DO 100 K=1,NNTH
THETA=PI*(1.-RTHETA(K))
X(1)=R*COS(THETA)
X(2)=R*SIN(THETA)

CHECK FOR ADMISSIBLE DIRECTIONS

SST=0.

SSR=0.

DO 50 L=1,3
ST(L)=X(L)-XT(L)
SR(L)=XR(L)-X(L)

CONTINUE

SST=SCALP(ST, ST)
SSR=SCALP(SR, SR)
SST=SQRT(SST)
SSR=SQRT(SSR)

DO 60 L=1,3
ST(L)=ST(L)/SST
SR(L)=SR(L)/SSR

CONTINUE
COSPT=SCALP(DCT, ST)
COSPR=-SCALP(DCR, SR)
IF(COSPT.LE.0.) GO TO 100
IF(COSPR.LE.0.) GO TO 100
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ATTENUATION AND PHASE FOR THE INCIDENT AND SCATTERED KAY
INCIDENT RAY

iT=1

CUNTINUE

CALL PRFIPI(XT,ST,XI,DUM,~1,2)
IN=,FALSE,

RAY=,FALSE.

CALL PRFLIT(XT,ST,X1,ATTENI,PHASEL,ERV,ERVM, XFV, SFV, [N, RAY)
[N=.TRUE.

RAY=RAY1R

CALL PRFILT(X1,ST,X,ATTEN?,PHASE 2, ERV ERVM,XFV,SFV, IN,RAY)
IF(RAYTR) THEN
IF(ERVM.LE.EPSA(2)) GO To 85
55=0,

DO 75 L=1,3
XI(L)=XI(L)+RC*ERV(L)
ST(L)=XI1(L)=-XT(L)
SS=SS+ST(L)**2

CONTINUE

$S$=SORT(SS)

DO 80 L=1,3

ST(L)=ST(L)/SS

CONTINUE

ATTENUATION SET TO LARGE VALUE IF KU CONVERGENCE

IT=1T+l

[FCIT.GT.NIT) ATTEN2=40.
IF(IT.GT.NIT) GO Tu 85
GO TO 70

END IF

CONTINUE

TRANSMITTER GAIN

COSTA=SCALP(ST,DCT)
IF(COSTA.LT.-1.) COSTA=-1.
IF(CNOSTA.GT. 1.) COSTA= 1.
TAANG=ACOS(COSTA)*180./P1
EXPTG=0.

IF(TAANG.GE.90.) GO TO 87
CALL PRFIAG(TAANG,TAG,1)
EXPTG=10.**(TAG/10.)
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CONTINUE

ATTENT=ATTENI+ATTEN2
PHASET=PHASE1+PHASE2

SCATTERED RAY

IT=1
CALL PRFIPI(X,SR,DUM,XE,-1,3)

CONTINUE

IN=. TRUE.

RAY=RAYTR

CALL PRFIIT(X,SR,XE,ATTENI,PHASE],ERV,ERVM,XFV,SFV, IN,RAY)
IN=.FALSE.

RAY=.FALSE.

DO 95 L=1,3

SR(L)=SFV(L)

XE(L)=XFV(L)

CONTINUE

CALL PRFIIT(XE,SR,XR,ATTEN2,PHASE2,ERV,ERVM,XFV,SFV, IN,RAY)
IF(RAYTR) THEN

IF(ERVM.LE.EPSA(1)) GO TO 105

$5=0.

DO 110 L=l1,3

XE(L)=XE(L)+RC*ERV(L)

SR(L)=XE(L)-X(L)

SS=SS+SR(L)**2

CONT INUE

SS=SQRT(SS)

DO 115 L=1,3

SR’L)=SR(L)/SS

CONTINUE

ATTENUATION SET TO LARGE VALUE IF NO CONVERGENCE

IT=1IT+1

IF(IT.GT.NIT) ATTEN2=40,
IF(IT.GT.NIT) GO TO 105
GO TO 90

END IF

CONTINUE

RECEIVER GAIN
COSRA=-SCALP(SFV,DCR)

IF(COSRA.LT.-1.) COSRA=-~1,
IF(COSRA.GT. 1.) COSRA= 1.
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RAANG=ACOS(COSRA)*180./P1
EXPRG=0,

IF(RAANG.CGE.90.) €O TO 107
CALL PRFIAG(RAANG,RAG,2)
EXPRG=10.%*(RAG/ 10.)

CONTINUE
ATTENR=ATTENI+ATTEN2?
PHASER=PHASE 1 +PHASE?D
PHASE=PHASET+PHASER
ATTEN=ATTENT+ATTENR
COSSC=SCALP(ST, SR)
IF(COSSC.GT.1.) COSs8C=1.0
IF(COSSC.LT.~1.) COSSC==1.0
SCANG=ACOS(COSSC)
SCATA=SIN(. 5*SCANG)

DENOM={ 1. +4,*(H(4)*SCATA) **2 ) **AEXP
CSX=SCALP(NDCTO, SR)
XANG=ACOS(COSX)

SINX=S IN(XANG)
CROSS=H(5)*(SLNX**2)/DENOM

VOLTHT=CROSS*EXPTC*EXPRG*EXP( =2, *ATTEN) *WTHETA(K) / ((SST*SSR) **2)

DOPPLER SHIFT CALCULATIOUNS

DO 630 L=1,3
SD(L)=SR(L)~ST(L)
VP(L)=VM(L)

CONTINUE

VP(3)=H(6)+VP(3)
ANG=2.*SCATA
TI=H(7)*H(b)*H(6)
V1=SCALP(VT,ST)
V2=SCALP(VR, SR)
V3=SCALP(VP,SD)

VS=V1-V2+V3

DFaDF0

DO 640 L=1,NFP
PDQ=PDF(DF,VS,TI,ANG, BFREQ)
VOLTH(L)=VOLTH(L)+PDQ*VOLTHT
DF=DF+DELDF

CONTINUE
VOLZA=VOLZA+VOLTHT

CONTINUE

VOLRT=RRAD(J)*WRAD(J)
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DO 650 L=1,NFP

VOLR(L)=VOLR(L)+VOLTH(L)*VOLRT
650 CONTINUE

VOLZR=VOLZR+VOLZA*VOLRT

200 CONTINUE

VOLZT=PI*ZNORM*CONST*RPZ*RPZ*WZ(1)
DO 660 L=1,NFP
VOLZ(L)=VOLZ(L)+VOLR(L)*VOLZT

660 CONTINUE
VOLZZ=VOLZZ+VOLZR*VOLZT

300 CONTINUE
WRITE(6,730)
730 FORMAT(1H1,20X,'VOLUME INTEGRATED SCATTERED ENERGY AT DOPPLER-
ISHIFTED FREQUENCY'//4X,'N',7X,'DF, KHZ',2X,'DF*C/BFREQ',
2 2X,'SCATTERED POWER, DB/HZ'/)
DF=DF0
DO 750 I=1,NFP
FNORM=DF*C/BFREQ
DFKHZ=DF/1000.
FVOLZ(1)=DFK4Z
K=1+NFP
IF(VOLZ(I).LE.O.) VOLZ(I)=1.E~38
FVOLZ(K)=10.*ALOG10(VOLZ(1))
WRITE(6,740) I,FVOLZ(1),FNORM,FVOLZ(K)
DF=DF+DELDF
750 CONTINUE
VOLTDB=0.
IF(VOLZZ.GT.0.) VOLTDB=10.*ALNG10(VOLZZ)
WRITE(6,760) VOLTDB
760 FORMAT(1H ,///40X,'FREQUENCY INTEGRATED SCATTERED POWER= ',F10.3,
1 ' DB")
740 FORMAT(IH ,2X,13,2X,3(1PEll.4,1X))
C
c PRINTER PLOT OF DOPPLER SHIFTED SCATTERED POWER
c
CALL PLOT(1,FVOLZ,NFP,2)

RETURN

END
Fe e e e e g e e e e e e e e o e A e ok e e vk o v sk vk v e d e v e e ek e e ek ok 3k e ok o vk T e kT vk ok ok ok ok ok ok e ok R ok ok T ok ok e vk e e e ok
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FUNCTION PDF(DF,VMK,QQ,ANG,BFREQ)

GAUSSIAN PROBABILITY DENSITY FUNCTION FOR DOPPLER SHIFTED
FREOUENCY
AVERAGED OVER ALL ANGLES

DF=(F-BFREQ)

VMK=EFFECTIVE COMPONENT OF MEAN RELATIVE VELOVITY
O =DIMENSIONAL MEAN SQUARE TURBULENCE INTENSITY
ANG=MAGNITUDE OF PROJECTION OF SUM OF UNIT VECTORS

DATA PI,C/3.141592653,2.998E+08/

NNS=2, *OOXANG*ANG

POF=0),

IFL0QS.EN.0.) RETURN
A=C*DF/BFRE()-VMK

ARG=A**2/0QS

CONST=SORT(2.*P1*QQ)

AVG=ABS(ANG)

PDF=EXP(~ARG)*C/ (CONST*AVG*BFRE()
RETURN

END

J dk ok de dk Jk % e Je A ok sk e e vk ke e e sk Tk g e e e de e A e e ok e e ok ke ok ke ke sk e ol st ok ok ok ke ok ok kg ok ok vk v sk 7 kK ki kK ok ok ke ok e ke ok
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FUNCTION SCAT(AK)

COMPUTES Q-FUNCTION FOR TOTAL SCATTERING CROSS~SECTION

X=2, % (A*K)**2
A=CORRELATION LENGTH
K=WAVE NUMBER

DATA PI,EX],EX2,EX3/3.141592653,-.83333333,.16666667,1.1666667/

SCAT=0.

X=2,*(AK**2)

XCUBE=X*~3

IF(XCUBE.GT.N,) GO TO 10

RETURN

CONTINUE

XI=1.42.*X
SCAT=(2.*X*X+2.*X+1. ) * (1. -X1**EX1)/5.~

1 2. %( 1, +X)*(XI**EX2-1. )+(XI1**EX3-1.)/7.
SCAT=SCAT*6.*P1/XCUBE

RETURN
END

FhkdehhkkhkhkhhhAkhhkAhhhkrhhhhkhhkkhhkhkhhhhhhkhhkhkhhkhhhkhkhhhhhhkhhhkhkhdhihkhihkhkhhk
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FUNCTION SCALP(A,B)

SCALP=SCALAR PRODUCT OF TWO VECTORS A AND B

OO0

DIMENSION A(3),B(3)

SCALP=0.

DO 1 I=1,3

SCALP=SCALP+A(I)*B(1)
1 CONTINUE

.RETURN

END
dekkhkhhkhkhhkhkkhkhkhhhkkhkkhkhkdhkkhkhhhhhkhkkhkkhhhhhhhkhhkhkhkhkhkhkhkhkhhkhikkhkhkihkhkih
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Appendix C
DERIVATION OF THE RAY TRACE EQUATION

This appendix outlines the derivation of the equation defining the
trajectory of the refracted rays through the plume. We include a
derivation that starts with Maxwell's equations to show the
approximations made {in the geometric optics limit of EM wave
propagation used in PRFIC.

By combining Maxwell's equation for the electric and magnetic
fields ® and H, and assuming a time dependence of each component of the

form e'iwt, the vector wave equation (for either £ or B) 1is (Reference
9)

728 + k2n2f = -2V ;% Vn2 (C-1)

The lowest order approximation neglects the right hand side for
sufficiently small Vn2/n2, The approximate equation satisfied by the
electric field i{s then

V2B + k2n2F = Q. (c-2)

In this approximation, the components of the electric field vector all
obey the same equation, and it is pogssible to replace the vector by a
scalar amplitude, ¢, such that

V49 + k2n2¢ = 0. (c-3)

We seek solutions to this equation in the form

o = AelkS, (C-4)

where A,S are two real functions of position. A is an amplitude, and S
is a phase, called the Eikonel. If we equate real and imaginary parts
of Eq. (C-3) for ¢ given by Eq. (C-4), there are two equations for A
and S
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2
ore = (95)2 + 02 = 0

2v -A—Z-s- + V25 = (C=-5)

For short wavelengths (large k) and propagation paths such that VZ2A/A
is small, the first equation reduces to the Eikonel equation

VS = n, (C-6)

which is the one we solve to determine the ray trajectory. The second
equation gives the effect of ray focusing and is not solved in this
first version of PRFIC. It reduces tol!l

TnlA a‘-’-;(nzA) = -7 .t (c-7)
and its solution is
n2A = (n2A), exp - V.tds (c-8)
0 0

where t is a unit vector in the direction of the ray trajectory, and s
is the length along the trajectory. A is essentially the area of a ray
bundle propagating along the path, and it can increase or decrease
according to the integrated divergence of the unit vector ¢t along the
path., Since t is a unit vector, it has no divergence except that due
to change in direction. There is no focusing for a straight
line-of-sight.

tIMolmud, P., "Raybend, a Ray Tracing Program for Microwave Propagation
Through Rocket Plumes,” JANNAF 12° Plume Trajectory Meeting,
U.S. Air Force Academy, Colorado Springs, Nov. 18-20, 1980. (paper,
UNCLASSIFIED.) also (CPIA  Publication 332, December 1980,
pp. 273-312, publication, UNCLASSIFIED.)
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Using the geometry of the wave froant and its normal, the Eikonel
equation can be manipulated into an equation for the ray trajectoryl2

4 (nt) = ¥n . (C-9:
ds

This is the form of the equation solved in PRFIC. The solution
proceeds in the following stepwise manner (Reference 7). The position
vector of the trajectory is ¥ = {x(s), y(s), z(s)} , and

t=- g—: = r'(s) (C-10)

The solution at ¥ (s + 4s) 1is obtained from that at #(s) by a
series expansion

(s + A8) = £(s) + r'(s)as + % r”(s)as? (c-11)

and

r'(s + As) = r'(s) + r"(s) As (C-12)

By geometry we obtain (Reference 7)
r"(s) -:11- In - E(f *« Un) (C-13)

Each term in the expansion (Eq. (C-11)) as now defined at s, and the
values at s + As, can be obtained. For completeness, Table C-1
provides the components of each vector in the rectangular cartesian
coordinate system used in the calculation.

TZ2Kerr, D.E., Propagation of Short Radio Waves, McCraw Hill, New York,
1951, pp. 41-44,
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Used in Kay Trace Solution

14

a
Components g 3 !
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Appendix D
INDEX OF REFRACTION FLUCTUATIONS

The purpose of this appendix {s to outline the contribution of the

fluctuating plume properties to the index of refraction structure
constant

n'
€ = 1.6 3773 (p-1)

néz is the ensemble average of the index of refraction fluctuation.
The functional dependence of n is

n=n (wp(ne), ven(xi,T)). (D-2)

A Taylor series for n' can be written, giving

en '

dw v v
L A an AL an T. (p-3)

+
dup g € Gvgy axg b7 vy T

en en

An ensemble average of n' yields

- 2 fw |2 dw N IV, =
P g (.3_"_ (..E) niZ + 2 _?.“_) (__P) ) CA 2n x40,
aup ang awp an, i1 W, X4

dw . v - N N 2 v 2
+ (31’1)( P)( an )( en) AT 4+ 2 Z an ) < aen> ey
awp Ing [ \dv,, T {=1 j=1 Van x4

2 v N 3v 2 fav_ _\2
an en en ' 1 n en v
+2 > T + < ) ( ) T (D-4)
<3"en> T [T g v aT

142




NWC TP 6386

In principle, the mean square index of refraction fluctuation depends
on the cross-correlation of the electron number density, temperature,
and chemical species fluctuations.

This degree of detail is not generally available in current exhaust
plume flowfield models. The g~equation formulation does give estimates
of these quantities, although its accuracy in afterburning, ionized
flows has not been established, Moreover, a systematic examination of
the importaunce of eachk term in Eq. (D-4) is warranted before the effort
to include all these contributions is undertaken.,

In the vefification of PRFIC, we have used only the first term
which gives

N

o~

“p
< (D-5)

or, using w3 = n.e?/e,me, w/c = 2r/A = k, and the Thompson radius of
the electron r, = e2/4me mc

(D-6)

We have used an additional assumpt%on for this study, that the
fluctuations in nl depend only on T , through the equilibrium (Saha)
equation. We have used this approach for the purpose of verification,
because there was no other estimate available withiﬁzthe SPF code at
the time. We do have a g-equation formulation for T =, based on the
major afterburning species, but no similar results for Ezz itself were
available at this time.

The Saha equation for the electron number density is

nd 2ym _kT\3/2
e e I
e e I (-7

(We have used the approximation n = n - n, 1in the denominator because
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ng/n << 1.) With this relationship,
an
n! = — T (D-8)

and

(D-9)

S jw

tZ7 o nl _.L+
fe” 7 1 (zkr

2 T'z
) - (D-10)
T

We obtained ;TT from our SPF modified with the g-equation. The
ionization potential, I, was taken to be that of potassium (I/k =
50,354 K). The actual number density of electrons, ng, is given by the
kinetics solution in SPF.
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Appendix E
DOPPLER SPECTRUM OF SCATTERED POWER

Radiation scattered by the turbulent fluctuations has a frequency
spectrum because of the distribution of velocities of the mean and
fluctuating velocity. The frequency shift for a particular velocity
can be derived by a sequential application of the Doppler shift to the
incident and scattered wave. At the scattering volume, the apparent
frequency is (see Figure E-1).

<
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<

+

<

[»]

<t
-3
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L ]
njn?
~~
m

i

—
N’

and at the receiver, the apparent frequency of the scattered wave is

v =V

0 e
—~

(4]

]

1o

A

+v'! VS/R

If w is the local mean axial velocity of the plume, and §' the
random turbulent fluctuation, then

VT/S = V- (wk + b, +an (E-3)

Ug/p = ok + 0+ 30 - U (E-4)

The total frequency shift between the transmitter and receiver is
then

vt o= v+ 7? Bpes-Vge )+ @h+V ) (E-8)+3 » (t -3

(E-5)
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FIGURE E-1. Coordinate System for Scattering.
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or
(v = ve)  cav > - —r ~ A +, -~ A
vo————-=-;;— =(VT 5 - VR e t) + (wk + Vm) e+ (s -t)+q' + (s -1t)

(E-6)

Let the component of the fluctuating velocity that contributes a
Doppler shift be written as

>

q' . (; - E) = 2u' sin (E-7)

|C

where u' is the component of the turbulent fluctuating velocity in the
direction (§ - £). At each point in the plume, there will be a
probability distribution of frequencies about the shift due to the mecan
velocities. The frequency shift due only to the mean velocities is

°é—Z=(§T-§—vR-E)+(G§+Vm)-(;-E) (E-8)

For the first version of PRFIC, we have taken the probability
density function of the velocity fluctuations to be Gaussian.

1 u'? + v'l 4+ w2
[ ' ' 2 —— - -
P(u', v', w') (Zn ?‘Z)J/Z exp = (E-9)

q

Furthermore, we assume that the fluctuations are isotropic. That is,
the magnitude of the total fluctuating velocity is independent of
direction. With the assumption of isotropy, we can choose a coordinate
system at each scattering point with cne coordinate direction aligned
with the direction of the velocity fluctuation u' in Eq. (E-7).
Fluctuations in the other two directions do not contribute to the
Doppler shift, so we can integrate over them to find the probability
distribution for u', alone.

147




NWC TP 6386

P(u') =/’ f P(u',v',w')dv'dw’ (E-10)

u's
exp - —— (E-11)
2nq 2 2q'?

With the relation between u' and Av (Eq. (E-6)), we can use P(u')
to determine P(Av)

R NI R AP S IR T A B CIE S B € )
vO
and
cdlav)
v
du’ --———°—6 (E-13)
2 @
2sin >
using

P(4av)dav, (E-14)

f P(u’)du’

the probability density for the Doppler shifted scattered power is

cAv 2
R B e
P(Av) = R (E~15)

expl- -
V(Z“ q'?) v, sin% 8 ' 7% sin? 92-

~
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with

-~

Vo= (fpeS-Tg0)+ k+T) (-1 (E-16)

the effective component of mean velocities contributing to a Doppler
shift. All the individual velocities are known from the velocities of
the transmitter, receiver, missile, and exhaust plume flowfield.
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NOMENCLATURE

Coefficient in scalar wave equation

Index of refraction structure constant

Speed of light

Electric field strength

Electron charge

Transmitter and receiver antenna gains, respectively
Planck's constant

Ionization potential

Unit vector in x,y,z directions, respectively
Magnitude, real, and imaginary components

of complex dielectric constant

Missile flight Mach number

Mass of electron

Index of refraction, or total particle numbe: density
Electron number density

Power; P, is incident power

Probability density distribution

Pressure, or 2k4AZ

Root mean square turbulent velocity fluctuation
Total scattering function

Radius, or range

Thompson electron radius

Eikonel

Distance along ray trajectory

Unit vector from scatterer to receiver
Temperature

Unit vector between transmitter and
scattering point

Velocity components of exhaust plume

Velocity of missile, transmitter, or receiver
Coordinate directions

Plume species mole fractions

Attenuation constant, aspect angle, or
direction of ray

Phase constant, or angle

Angle

Plasma frequency, rad/s

Transmitter frequency rad/s
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Subscripts

, R

590 -

Superscripts

NWC TP 6386

Frequency, Hz (v = w/2n)
Collision frequency

Plasma frequency, Hz
Permittivity of free space
Angle between electric vector and scattering
direction

Scattering angle

Polar coordinate

Spectrum function

Scattering cross section
Solid angle

Wavelength

Turbulence macroscale
Turbulence energy dissipation

Transmitter, receiver
Chemical species
Electron

Neutral

Fluctuating quantity
Ensemble average
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