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respectively. The FULLNOZ calculations were carried out by
H. S. Pergament,J and the LAPP calculations by R. F.
Sperlein.

The Black Brant exit nozzle conditions are based on a
nozzle area ratio of —7.8 and a chamber pressure of 4.5 x 106

N/m2. Inclusion of finite rate chemistry effects has a first-
order effect on the initial electron concentration, but a
negligible effect on the major species properties. Isentropic
expansion of the nozzle conditions to an ambient pressure of
3.02x 103 N/m2 provides the LAPP input conditions. Dash
et al., 1 who examine the effect of various starting techniques
on plume calculations at altitude, show that at and below 25-
km altitude the temperature boosts associated with shock
(total pressure) losses are small, significantly less than 10%.
This applies even to the isentropic expansion technique used
here. This expansion can be replaced by techniques ac-
counting for "global" pressure losses in the exhaust shocks.l

The Black Brant centerline temperature and electron con-
centration profiles, for the Ting-Libby7 and Donaldson-
Gray8 eddy diffusion models, shown in Fig. 2, illustrate that
the length of the calculated electrical plume compares well
with the measured length of the radar plume of Fig. 1.

The sensitivity of these calculated plume structures to
several uncertainties was assessed.2 The Black Brant motor
produces Al2O3(s) which is chemically inert and is decoupled
from the chemical processes. A study of the radar cross
section of the Al2O3(s) by Mann and Sperlein9 shows particle
scattering to be negligible. Uncertainties in startline tem-
peratures due to rocket base recirculation10'11 and af-
terburning due to chemical rate uncertainties were found to
have a relatively small effect on the electrical plume for
reasonable ranges of these parameters. The sodium impurities
in the Black Brant propellant were subjected to definitive
quantitative analysis to specify this dominant source of the
plume-free electrons.

The calculated plume RCS profiles, obtained using the
PARCS code12'13 by Sperlein, are shown with the radar data
of Mclntyre and Lynch in Fig. 3. The centerline electron
concentration decay, evident by 150 m in Fig. 2, is com-
pensated by increases in flow diameter so that the reasonably
constant profiles in Fig. 3 result. The two calculated RCS
profiles provide similar radar cross sections (see Table 1), and
compare well with the radar data within the error bounds of
the calculations and measurements. The reader should bear in
mind the highly absorptive nature of these low-altitude
plumes due to the electron neutral collision frequency being
much larger than the radar frequency. This effect reduces the
Black Brant plume RCS at 24.2 km altitude by ~ 16 dB. In
sum, the overall calculation approach provides a good
estimate of all major aspects of the radar observables and can
be applied to rocket plumes below 20-30 km altitude.

The agreement among the total RCS values in Table 1
partly results from compensating effects. The predicted axial
RCS values at small axial distances are about equal to or
small compared to the observed axial RCS values, while this
relation is reversed at large axial (>150 m) distances.
Quantitatively, this is the same result as that found by Dash et
al.1 with regard to IR "station" axial radiation prediction.
They compared predictions obtained using the Donaldson-
Gray eddy diffusivity model to those obtained wind two-
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Introduction

RADAR (electromagnetic scattering) data provide a
detailed view of the rocket plume (exhaust) flowfield of a

Black Brant sounding rocket at 24.2 km. These data allow a
quantitative analysis of rocket plume radar dimensions and
amplitudes. The rocket nozzle and exhaust flows are
calculated using constant pressure, finite rate chemical
kinetics, with turbulent diffusion expressed by eddy dif-
fusivity models. The nozzle exit plane flow is isentropically
adjusted to ambient pressure to start this diffusion flame
calculation. It has been shown by Dash et al.1 that this
flowfield pressure adjustment for rocket plumes is acceptable
at altitudes below 25 km. A first-order modified Born scat-
tering calculation is used for estimating the radar observables
of the electrical flowfield. It is shown that this technique
explains all major aspects of the radar observables and it is
expected to perform equally well for other rocket plumes
below 20-30 km altitude. This analysis is discussed in detail in
Draper and Sperlein.2

Discussion
The Doppler shifted radar cross sections (RCS) of "high"

altitude (above 100 km) rocket plumes were examined by
Draper et al.3 using a model assuming frozen chemistry, a
"frozen" hypersonic turbulence originating in the com-
bustion chamber, and the Booker-Gordon scattering model.
In contrast, low-altitude (below 30-40 km) plume flows are
characterized by fast chemical processes, large electron-
neutral collision frequencies, and intense turbulence
generated in shear layers. Excellent rocket plume radar data,
described by Mclntyre and Lynch,4 provide a detailed
description of the Black Brant RCS values and their Doppler
and spatial behavior with altitude. The Black Brant body and
plume are reconstructed at 29.3 s after launch and 24.2 km
altitude in Fig. 1. The 200-m-long electrical plume observed
far exceeds the 2-3 m length of the first Mach cells which
accommodate the exhaust to the ambient flow. Hence, most
of the flow in which mixing and electron scattering originates
is pressure matched and shock free. The rocket nozzle and
plume flows were calculated using finite rate chemistry nozzle
and plume constant pressure codes, FULLNOZ5 and LAPP,6
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Table 1 Comparison of RCS values from field data and calculations

Fig. 1 Black Brant rocket body and radar plume (hatched region)
shown in relationship to the radar range resolution elements at 24.2
km altitude. Each radar range element is 15 m in length along the
radar line of sight.

Axial Distance (m)

Fig. 2 The plume centerline temperatures and electron con-
centrations calculated using LAPP and two eddy diffusivity
models.6'7

— Radar Data of Mclntyre & Lynch

—— —— Calculation Using LAPP /Donaldson-Gray Model

———— Calculation Using LAPP6/Ting-Libby Model

Plume Length Included in a Radar
Range Interval.
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Fig. 3 The observed and calculated radar plumes compared.

equation models (e.g., Ke2 cm3 turbulence models, see Ref.
1). In both cases, the eddy diffusivity model appears to show
the slower mixing at small axial distances and faster mixing at
large distances. The net result was that their predictions of
total IR signatures, using different turbulence modeling
approaches, were in better agreement than might be expected

RCS source Total incoherent RCS, dBsma

LAPP calculation6

Donaldson-Gray model8

Ting-Libby model7

Radar field data
Mclntyre and Lynch4

-10.5±5b

-10.4±5b

-11.6±2C

aThe PARCS12>13 RCS calculations were carried out at 1.326x 109 Hz and a
viewing angle from nose-on viewing of 138 deg. bThe ±5 dB spread in un-
certainty reflects current judgment that absolute RCS values should be qualified
with a factor of 10 uncertainty. cWhile the instantaneous measurement is far
less noisy, the ±2 dB covers the continuous scintillation observed in plume
total RCS values.

from inspecting the station or axial profiles. The result is that
the total signature (IR or RCS) is relatively insensitive to the
turbulence model, while spatially resolved data are of greater
importance for studying the performance of alternate tur-
bulence calculation methods.

Acknowledgment
This work was supported by the Air Force Rocket

Propulsion Laboratory under Contract No. F-4611-75-C-0021
monitored by W. J. Rothschild and R. F. Sperlein. Charles E.
Kolb of Aerodyne Research, Inc., provided critique of the
plume chemical kinetics. David Mann, now of the Air Force
Rocket Propulsion Laboratory, contributed in discussions of
the electromagnetic scattering problem. Harold Pergament,
now of the Aeronautical Research Associates of Princeton,
has been generous in providing critiques of all aspects of the
work over many years time. Bernard Lynch and Frank
Mclntyre of Riverside Research Institute provided the review
and reformatting of the radar data.

References
I Dash, S. M., Pearce, B. E., Pergament, H. S., and Fishburne, E.

S., "The Prediction of Rocket and Aircraft Exhaust Plume Structure:
Requirements in IR Radiation Signature Studies," AIAA Paper 79-
0045, New Orleans, La., Jan. 1979.

2Draper, J. S. and Sperlein, R. F., "Analysis of Radar Returns
from a Rocket Plume," ARI-RR-169, Aerodyne Research, Inc.,
Bedford, Mass., Jan. 1979.

3Draper, J. S., Jarvinen, P. O. and Conley, T. D., "Analysis of
Radar Return from Turbulent Rocket Plumes," AIAA Journal, Vol.
9, Sept. 1970, p. 1568.

4McIntyre, F. and Lynch, B., "AMRAD Data on NASA
Skylab/Calroc Black Brant 21.013 Flown on 4 September 1973,"
Research Note N-2/343-7-10, Riverside Research Institute, N.Y.,
March 1975.

5Pergament, H. S. and Thorpe, R. D., "A Computer Code for
Fully Coupled Rocket Nozzle Flows," AFOSR-TR-75-1563,
AeroChem Research Laboratories, Princeton, N.J., June 1969.

6Mikatarian, R. R. and Pergament, H. S., "AeroChem
Axisymmetric Mixing with Nonequilibrium Chemistry Computer
Program," TP-200, AeroChem Research Laboratories, Princeton,
N.J., June 1969.

7Ting, L., Libby, P. A., "Remarks on the Eddy Viscousity in
Compressible Mixing Flows," Journal of Aerospace Sciences, Vol.
27, Oct. 1960, pp. 797-798.

8Donaldson, C. duP. and Gray, K. E., "Theoretical and Ex-
perimental Investigation of the Compressible Free Mixing of Two
Dissimilar Gases," AIAA Paper 65-822, San Diego, Calif., Dec. 1965.

9Mann, D. M. and Sperlein, R. F., "Plume Contrail Radar Cross
Section," AFRPL-TR-76-55, Aerodyne Research, Inc., Bedford,
Mass., Nov. 1976.

10Victor, A. C., "Calculation of Rocket Plume Afterburning
Coupled to Reacting Base Recirculation Regions," Journal of
Spacecraft and Rockets, Vol. 14, Sept. 1977, pp. 435-583.

I I Draper, J. S., "Plume Separated Region as a Flameholder,"
AIAA Journal, Vol. 14, March 1976, pp. 358-362.

12Rickman, J., Tait, K. S., and Mann, D., "Plume Attenuated
Radar Cross Section Code: Users' Manual," AFRPL-TR-75-14,
Aerodyne Research, Inc., Bedord, Mass., March 1977.

13Rickman, J., "PARCS2 Users Manual," ARI-RR-103, Special
Tech. Rept., Aerodyne Research, Inc., Bedford, Mass., March 1977.


