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Introduction

INI-MAGNETOSPHERIC plasma propulsion (M2P2) is a

deep space plasma sail propulsion concept proposed by
Winglee et al.! The concept is to generate a magnetized plasma
bubble that expands into the solar wind and use solar wind pressure
to accelerate a spacecraft. The magnetized plasma deflects the solar
wind, and this deflection transfers momentum from the solar wind
to the plasma source. The propulsive force depends directly on the
cross section of the plasmabubble, which in turn dependson how the
magnetic field in the plasma drops off at large radii. Winglee et al.!
presented magnetohydrodynamic simulations in three dimensions
that show that the generation of plasma changed the asymptotic
magnetic field behavior at large radii from the 1/r* of a dipole in
vacuum to approximately 1/r. The exact dependenceis very impor-
tant the for application of M2P2 to spacecraft propulsion because
the ratio of the stagnation pointin the solar wind to the initial plasma
radius is expected to be large and a small change in the exponent
would make a largedifferencein the thrust produced.In this Note, we
show that, for an idealized M2P2 in a constant velocity, spherically
expanding, perfectly conducting, high beta plasma, the magnetic
field falls off as 1/r in agreement with numerical simulations. This
slow falloff means a large interactionregion between the M2P2 and
the solar wind and supports the previous studies of the effectiveness
of plasma sail propulsion.

Analysis

We assume a constant velocity, spherically expanding, perfectly
conducting,highbetaplasma. Neglectingelectronpressureandelec-
tron inertia, the electric field E in the plasma can be written as

E=-vxB (1)

Received 23 September 2002; revision received 2 December 2002; ac-
cepted for publication 31 January 2003. Copyright © 2003 by the American
Institute of Aeronautics and Astronautics, Inc. The U.S. Government has a
royalty-free license to exercise all rights under the copyright claimed herein
for Governmental purposes. All other rights are reserved by the copyright
owner. Copies of this paper may be made for personal or internal use, on
condition that the copier pay the $10.00 per-copy fee to the Copyright Clear-
ance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include the
code 0022-465003 $10.00 in correspondence with the CCC.

*Senior Scientist, 169 Saxony Road, Suite 210.

TSupervisor, Advanced Propulsion Technology Group, 4800 Oak Grove
Drive. Member ATAA.

597

where v is the fluid velocity and B is the magnetic field. The plasma
mass continuity equations in the frame of the moving plasma is
dp
— +pV-v=0
a P
where p is the plasma mass density. To derive the magnetic field,
we combine Faraday’s law with Eq. (1):
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Using the fact that the magnetic field is divergence free and com-
bining with Eq. (2), we obtain
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This result, Eq. (4), can be found in textbooks on plasma physics 2
In one-dimensional spherically symmetric flow, v is radial and B

has polar and radial components.In the equatorial plane, B has only

a polar component:
d (Bg) _ 1 By,
dt\p/) p r

For a constant radial velocity, the mass density decreases with the
inverse square of the radius, p o 1/r2. Using the definition of the
radial velocity v, =dr/d¢, we find that the magnetic field strength
drops inversely with radius:

&)

By < 1/r (6)
in agreement with the numerical results of Winglee et al., without
inclusion of additional current sources or the solar wind.

In this idealized example, the magnetic field expansion is driven
by the plasma, whose kinetic energy is assumed to be large enough
thatthe expansionvelocityremains constant.If plasmais continually
beingaddedandexpanding,then the magnetic coil would feel a back
electromotive force corresponding to the increasing inductance L.
This requires additional electrical power Py, to the magnet, beyond
the ohmic losses considered by Winglee et al.':

dL
P,=RI*+ 123 (7)

where R is the wire resistance and / is the magnetic current. The
inductance is related to the magnetic field energy in the volume V

of plasma by
1 L
=LI" = —B°dV (8)
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where (¢ is the permittivity of free space. In the constant velocity
approximation this magnetic energy is supplied by the Poynting
flux:

(1/mo)(E x B) -A = (1/0)B> - A )
where A is the area across which the plasma flux is supplied.

Conclusions

The rigorous analytical derivation shows that 1 /r scaling is con-
sistent with magnetic field lines “frozen” in a spherically expanding
plasma and not just a result of a numerical simulation. The mag-
netic field energy is imparted at the source and does not rely on
the properties of an interacting solar wind for additional energy.
However, the derivation is idealized and still leaves open critical
questions concerning the application of M2P2 to real spacecraft
propulsion.
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Introduction

HE prediction of the occurrence of boundary-layer transition

remains as one of the most challenging problems in basic
physics. Transition occurs when disturbances present in a laminar
flow are amplified and grow to the critical amplitude necessary for
breakdown to a turbulent flow. The complexity of this problem is
compounded by some unusual reversals in transition behavior for
hypersonic flow. A discussion of the many paradoxes associated
with high-speed transition may be found in Ref. 1. At present, there
are no general empirically derived correlations for predicting hy-
personic transition. Limited success in correlating transition data
has been achieved by restricting the empirical database and thereby
limiting the generality of the correlations. However, there are points
in some of these correlations where the spread in uncertainty can
vary as much as an order of magnitude .

Future opportunities for acquiring high-speed boundary-layer
transition data through flight testing will be rare due to the exceed-
ingly high costs involved. Thus, the current challenge is to exploit
the existingexperimental database and to develop a method thatreli-
ably predicts the onset and movement of boundary-layertransition.
The purpose of this Note is to describe a simple algebraic correlation
for predicting laminar-to-turbulentflow transition on the frustum of
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smooth, nonablating sphere cones in free flight. This correlation is
based on an analysis of a large set of well-documented high-speed
ground-and flight-testdata using a transition Reynolds number with
a length scale equal to (6°/5)!/2, where 6 is the momentum thick-
ness and S is the body-surface streamlength. Because most reentry
configurationsemploy an ablativethermal protectionsystem, the ap-
plicability of the presentcorrelationto bodies with ablating surfaces
is examined.

Analysis and Data Selection

Inconsistenciesin the data analysis can lead to scatter in the cor-
relation process. For example, different investigators will employ
different methods to predict edge conditions and, hence, will com-
pute different local edge Reynolds numbers. Thus, transition lo-
cation is not a well-defined quantity when reported in terms of a
transition Reynolds number. For this reason, only results from ex-
perimental investigations that report actual transition locations are
utilized. The most accurate method for determining transition on-
set location is believed to be onboard measurement of the sudden
rise in surface heat transfer rates. Consideration for data selection
required this method of transition detection for reentry flight tests.
For ballistics-range ground tests, however, transition locations are
typically estimated from shadowgraphs during low-Mach-number
runs or from drag measurements during high-Mach-numberruns.

Ballistics-range data are invaluable because they are free of the
acoustic disturbances that contaminate conventional shock- and
wind-tunnel measurements. However, results from shadowgraphs
generally yield transition locations roughly halfway between onset
and end.’ Transition onset locations can be estimated from optically
determined shadowgraphresults using information given in Refs. 3
and 4. A comparisonof transition detection methods givenin Ref. 3
shows that peak temperature recovery factor locations roughly co-
incide with average transition streamlengths determined from shad-
owgraphs, that is, Spea A Sopticar - In addition, quiet-tunnel data from
Ref. 4 suggest that the value of Sonse/ Speax approaches 0.8 for high
edge unit Reynolds numbers. This implies that S/ Soptica 2 0.8.
Although no analogous correction exists for drag-inferred transi-
tion data, they are included here as reported in the literature to in-
crease the high freestream Mach number statistics associated with
the database.

Inaddition, mostreentry applicationsemploy anosetipmade from
an ablating material to withstand the high temperatures generated
near the stagnation point during flight. An additional complication
can be avoided by restricting the data selection to geometries with
one type of nosetip material. This restriction is not a severe one
becausethe vastmajority of the availableflightsemployed some type
of graphitic material. Thus, only those reentry configurations with
a graphitic nosetip are included in the present empirical database.

Other requirements, which substantially reduce the size of the
available database, include 1) a sphere—cone configuration having a
nonablating frustum material; 2) a high-speed free-flight flow envi-
ronment, where the freestream Mach number is greater than 3.5;
3) a small total angle of attack at transition, namely, less than
1.25 deg for ballistics-range data and less than one-tenth of the
half-cone angle for reentry data; and 4) a reentry or descent-phase
laminar-to-turbulent flow transition. The final empirical database
consists of 101 points, which were selected from the ballistics-
range results of Potter’ (5 points), Reda® (26 points), and Sheetz’
(21 points) and the flight-test data of Berkowitz et al.? (32 points),
Johnson et al.® (8 points), and Krasnican and Rabb® (9 points). This
database covers a wide parameter space in terms of nose radius,
half-coneangle, and freestream conditions. With respect to geomet-
ric parameters, the value of nose radius varies from 0.001 to 4 in.
(0.00254 to 10.16 cm), whereas the value of half-cone angle varies
from 5 to 22 deg. As for freestream conditions, the Mach number
varies from 3.5 to 23.1, whereas the unit Reynolds number varies
from 0.7 x 105/ft to 76.7 x 10%/ft (2.3 x 10%/m to 251.6 x 10%/m).

The goal hereis to determinethose parametersthataccuratelycor-
relate frustum transition. This is not an easy task because there have
been many previous attempts to correlate transition data. A good
example of the difficulty involved may be found in Ref. 2, where



