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CALCULATION OF SOLAR WIND FLOWS
ABOUT TERRESTRIAL PLANETS

Stephen S. Stahara
John R. Spreiter

I. INTRODUCTION i

This is the final summary report under Contract No. NASW-
3184 for the National Aeronautics and Space Administration. All
of the impcrtant results of the research performed under this
contract have been reported in the open litsesrature, both in
scientific journals and as technical papers at scientific
meetings, with appropriate acknowledgements tc NASA support.
This summary report provides a statement of the problem studied,
a descriptive summary of the most important results, a reference
list and copies of all puklications resulting from the research,

and a list of all participating scientific peresonnel.

2. STATEMENT OF PROBLEM STUDIED

The problem toward which the research under this contract
was directed was the mcdeling of the three~dimensicnal global
interaction of the solar wind with terrestrial planet magneto/
ionospheres. This was to be accomplished based on a continuum
rather than particle viewpoint. The theoretical method employed
is based on an established singie fluid, steady, dissipationless
magnetohydrodynamic model that is appropriate for the calcula-
tion of supersonic, super-Alfvénic solar wind flow past magneto/
ionopause obstacle shapes tyrical cof terrestrial planets. The
overall objective was the erablemert of rational modeling
studies to be performed on the glnbal solar wind interaction
problem for the Earth and other terrestrial planets. This would
involve the develorment and utilization of a multi-facited

coinputaticnal procedure that embodies the theoretical model
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and incorporates advanced numerical methods so as to enable more
general and detailed studies to be performed than heretofore
possible. Comparisons of predictions from the model were antic-
ipated both with existing theories where possible and with
observational results where available. Additionally, the model
was to be employed in several collaborative efforts with other
space scientists in which predictions from the model would both
augnent other theoretical analysis and assist in interpreting

results and comparisons with observations.

3. SUMMARY OF IMPORTANT RESEARCH RESULTS

The important results obtained under this contract are

as follows.

3.1 Development and Verification of the Basic
Procedure for Predicting th= Global Plasma and
Field Properties of the Three-Dimensional
Solar Wind Flow Past Terrestrial Planet
Magneto/Ionopause Obstacle Shapes
The basic theoretical model for predicting the global
interaction of the solar wind with terrestriazl planet magneto/
ionospheres involves solution of the continuum partial differ-
ential equations of magnetohydrodynamics of a perfect gas
having infinite electrical conductivity and zero viscosity and
thermal conductivity which express the conservation of mass,
momentum, energy, and magnetic field. The computational
method developed to solve these equations is described in
detail in ref. 1. Briefly, two separate finite-difference
procedures are employed; one to treat the flow domain encom-
passing the bow shock and obstacle back to the terminator,
and another to treat the flow domain downstream of the termin-
ator. The reasons for doing this are discussed in ref. 1.
The result is the achievement of a computational efficiency

not possible by any other existing means.
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One of the fundamental tasks of this part of the study
was verification 2f the accuracy ind range of validity of the
computational procedure. This verification was accomplished
through comparisons with other theoretical methods, and also
by exercising the procedure on computations for obstacle shapes
and solar wind flow conditions that span the entire range of
interest of applications to terrestrial planets within the
solar system. These results are reported in ref. 1 and
demonstrate both the accuracy and robustness of the procedures.

Finally, one of the most significant achievements of the
program was the incorporation of the entire computational
procedure embodying the theoretical method into a modular,
completely automated, user-friendly code. This permits any
general user access to the results of the model at very reason--
able computational cost. This feature of the effort is demon-
strated in ref. 1 where examples are provided of detailed maps
of the global interaction region for all important plasma and

field variables.

3.2 Further Development and Evaluation of the
Predictive Model by Detailed Comparisons of
Plasma and Field Properties with
Observational Data
The advanced computational model that was developed
above was further refined and generalized. These developmentg
related to both obstacle shape geometry and oncoming solar

wind conditions and are detailed below.

A new family of obstacle shapes for solar wind/iono-
spheric interactions were determined which take account of
gravitational variation in the scale height. These results
are reported in ref. 2. A cataleg of solar wind flows past
these new shapes were obtained and results are presented in
ref. 8. This catalog proved instrumental to a wide number of

investigators engaded in related solar wind studies.




A significant refinement included in the computational
model under this task has been the allowance of an arbitrary
oncoming direction of the interplanetary solar wind. This
refinement is detailed in ref. 2. This feature has been
instrumental in showing that the asymmetry of the bow shock
at the Earth previously observed and attributed to magnetic
effects is either non-existent or at a level below that
measurable by current spacecraft instrumentation. These and
extensive related results employing the computational proce-
cures which further demonstrate the accuracy of the predic-

tive model are reported in refs. 4 and 5.

Finally, a provision for the determination of time
histories of plasma and field properties along an arbitrary
spacecraft trajectory has been incorporated into the computa-
tional model. This feature has proved invaluable ' a providing
theoretical results for direct comparisons with spacecraft
observations. Details of this provision and results of time
history comparisons with plasma and field data- from the Pioneer-
Venus spacecraft are provided in ref. 2. 1In particular, compar-
isons with magnetic field observations for several orbits at
guiet-time conditions are given and dispiay very good agreement.
Because determination of the frozen magnetic field is the last
step in the computational model, its accurate prediction serves
ac a critical test of the correctness and accuracy of the
theoretical and computational models.

3.3 Collaborative Efforts Employing
Present Predictive Model
A number of collaborative efforts have been undertaken
with other space scientists in which predictions from the
present model have been employed to interprete observational
results as well as to augment other theoretical analyses. The
most extensive of these efforts has been with Dr. James A.

Slavin and Prof. R. E. Holzer at the Institute of Geophysics




and Planetary Physics, UCLA. Results from the current pre-
dictive model provided the theoretical basis of an examination
of solar wind flows past all the terrestrial planets. This
was applied, first, to modeling the mean bow shock shape and
its position and is reported in ref. 4; and then to interpreting
these comparisons in light of both observations and previous
analyses (ref. 5). The results from this study reported in
refs. 4 and 5 represent the most detailed and comprehensive
study to date of the global interaction phenomena of the solar
wind with terrestrial planets, from the aspect of observations
of the bow shock position and shape. They both confirm and

verify the model's applicability to all terrestrial planets.

Another collaborative effort employing the current pre-
dictiv.: model was carried out with John D. Mihalov of the
Space Sciences Division at Ames Research Center. In that
effort, which formed the basis of Mr. Mihalov's dissertation
for Engineer's Degree from Stanford University, the predictive
model was employed in a series of calculations. involving time
histories of detailed plasma and macnetic field properties in
the ionosheath region of Venus, and comparisons thereof with
observations from the Pioneer-Venus orbiter. These results
are reported in ref. 6 and also indicate the correctnescs of the

present model.

Finally, additional efforts have been underway with
Ms. Nancy Crooker of UCLA regarding ISEE observations, Dr.
William Krudsen of Lockheed Palo Alto Research Labs regarding
Pioneer-Venus velocity potential analyzer observations and
interpretations of the Venusian ionopause, and Dr. Janet
Luhmann of UCLA regarding magnetic field draping observations

at Venus.
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A NEW PREDICTIVE MODEL FOR DETERAIRING SOLAR WIND-TERRESTRIAL PLANET INTERACTIONS

John R, Spreiter

Division of Applied Mechanics, Stanford University, Stanford, California 94305

Stephen S. Stahara

Nie’sen Engineering & Researcn, Mountain View, California 94043

Abstract. A computational model hes been
developed for the determination of the gasdynamic
and magnetic field properties of the solar wind
flow around a magnetic planet, such as the earth,
or a nonmagnetic planet, such as Venus. The
procedures are based on an established single-
fluid, steady, dissipationless, magnetogasdynamic
model and are appropriate for the calculation of
axisymmetric, supersonic, super-Alfvénic solar
wind flow past a planetary r-gneto/ioncsphere.
Sample results are reported iJor a variety of
solar wind and planetary conditions. Some of
these are new appiications; others are included
to show that the new procedures produce the same
results as previous procedures when applied to
the same conditions. The new methods are
completely automated ard much more efficient and
versatile than those employed heretofore.

Introducrtion

The magnetogasdynazic model for the inter-
action of the solar wind and a planetary magneto-
sphere, or icnosphere if the planet is nopmag-
netic, has been found to be of great utility in
the prediction and interpretation of cbservations
in space. The developmeat of this model has a
long history stemming from the work of Spreiter
and Jones [1963), Dryer and Fave-Petersen [1964,
1966]), Spreiter and Summers [1966), Alksne [1967],
Dryer and Heckman [1967]), Spreiter et al. [1968,
197C], Alksne and Webster [1970), Spreiter and
Alksne [1965, 1970], and Spreiter and Rizzi
[1974]. Although the usefulness of the original
results is wel]l established, there is murh to be
desired. Results have been calculated for only
a iimited set of solar wind and planetary condi-
tions. Moreover, the original solutions bordered
on what was barely possible at th: time, required
considerable hand computation, and were extremely
laborjous. Improvements in both numerical
merhods and computer capabilities have now
rendered such procedures thoroughly obsolete,
both from the standpoint of efficiency of ralcu-
lation and generality of application.

To remedy this situatior, a new, efficient
proccedure has been developed that provides the
pur- ical solution {or the streamlines, magnetic
£ield lines, and contours of density, speed,
temperature, and magnetic field intemsity
similar te those familiar from the original
literature. The basic thenretical model emploved
is that described by Spre.ter, Alksne, and their
colleagues in the work cited ahove. The present
solution makes full use of recent advances in
nonlinear computational fluid dynamice. These
advances include an algorithm of Beam and Warming

Copyright 1980 by the American Geopbysical Unmioa.
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[1976] to determine the gr:jynamic flow near the
nose of the magneto/ionopause. The remainder of
the flow field is calculated by using a method
devaeloped by Kutler et al. [1973) and by Chsussee
et al. [1975]. The magnetic field is alsv calcu-
lated quite diffe:ently than it was previously,
being based on the decomposition of Alksne &nd
Webster [1970). This paper presents an outline
of the principal features of the analysis and a
sample of the results. Complete details of the
computational procedures are provided by Stahara
et al. [1977].

Mathematical Model

The fundamental assumption of the present
work and all of the geophysical work cited above
is that the average bulk properties of solar
wind flow around a planetary magneto/ionosphere
can be described adequately by solutions of the
continuum equations of magnetogascynamics of a
perfect gas having infinite electrical conduc-
tivity and zero viscosity and thermal conduc-
tivity. These equations, which express the
conservation of mass, momentum, energy, and
magnetic field, are given by the following
expressions:

%% * 3%: (V) = 0 1)
ai: (V) + al (V¥ + péy, - %
+%§aﬁ+%-hceu)-o (2)
f% (E%i + pe + pt + %;)

2
S ev_ B -
+3:k [pvk(z +e+p+0)+sk] 0 (3)

i_.°_ - -
5T " ixk (Vilk Vtﬂi), 3‘1 0 (4)
wvhere
« 2 - i 2 _
‘1 3’1 N Sk ar (ka 'kviai) (5)

and the eyuation of state of a perfect gas is
given by

P
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In accordance with standard usage the symbols ¢,
P» V, T, e= CT, and h = e+p/; = C T refer tc
the densicty, pressure, velocity, et irature,
internal energy, and enthalpy; Cv and C_ refer to
the specific heats at cc.stant volume a pres-
sure; R = (C -Cv)u = 8.31x107 ergs/g °K is the
universal ga$ constani, ard . represents the
mean moleculdr weight nondimensionalized so that
. = 16 for atomic oxygen. For fully ifonized
hydrogen, u is thus 1/7. The magnetic field B
and the Poynting vecter § for the flux of electro-
magnetic energy are in Gaussian units. The
gravitational potential ¢ and acceleration g are
assumed to be due to missive fixed bodies so that
their time derivatives are zero. Because of the
omission of dissipative terms in these equations,
surfaces of discontinuity may develop in the
solution, across which the fluid and magnetic
properties change abruptly, but in such a way
that mass, momentum, magnetic flux, and energy
are conserved. These are approximations to
comparatively thin layers across which similar
changes in the fluid and magnetic properties
occur in the corresponding theory of a dissi-
pative gas and correspond hysically to the bow
wave, magneto/ionosphere boundary, and possible
other thin regions of rapidly changing pre: :rties.

The shape of the magneto/ionospheric obstacle,
assumed to be axisymmetric about a line through
the planet center extending parallel to the
free-stream solar wind velocity vector, may ue
specified in either of two ways: by a numerical
table of coordinates or by use of simplified
models from the cited references, which enable
the calculation of approximate wugneto/ionopause
shapes upon specification of a small number of
solar wind and piznetary magnetic field or ionmo-
spheric parameters.

For .Lie earth or other magnetic planets having
a dipole field this shape is obtained by rotating
the equatorial trace of the three-dimensional
magnetosphere surface determined by galancing
the Newtonian pressure p = Ko Vi cos“y against
the magnetic pressure due to 3t"times Phe tangen-
tial component of the dipole field. Here, K and
f are constants usually taken to be unity (see
Spreiter [1976] for a discussion), ¢ and V are
the density and velocity of the solar wind, the
subscript = refers to conditions in the incident
stream upstream of the bow wave, and ¢_ is the
angle Detween V_ and the normal to the magneto-
pause. These considerations lead to the
following differential equation for the geocen-
tric distance to the magnetopause r_ as a func-
tion of geomagnetic longitude ¢, measured in
such a way that ¢ is equal to n/2 at the magneto-
sphere nose and increases to 3/l as one moves
around the flank of ihe magnetosphere to the
remote tail [Beara, 1960):

" =6 _. /.6

dt t sin¢cos 2+ vV -1
D m B N
g o i: coszc -1

n/2 < 9 < 3n/2

=r /D,

In this equatiou, r
1/6°

- 2p? 2
D= alf B.qllrln_v_) is the geocentric
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distance to the magnetosphere nose, where a
refers to the radius of the earth, and B, s the
average intensity of the field at -the geowagnetic
equator.

For a nonmagnetic planet having a sufficiently
dense ionosphere to withhold the solar wind, such
as Venus appezars to be most of the time, the
ionopause shape is determined by balancing the
Newtonian pressure and the ionospheric pressure
approximated by

[ f-r.)
P = Py exP l- rHraJ (8)

gerivea trom (1)=-(3) by assuwing steady condi-
ticns, negligible velocity and magnetic field,
and a constant 1onosgheric scale height H=kT/mg,
where k = 1.38 x 19716 ergs/°K is Boltzmann's
constant, m is the mean molecular mass, and PR
is the pressure at some rzference radius r_.
These considerations lead to the folleowing differ-
ential equaticn for the coordinates ry of the
ionopause as a function of angle € from the
ionopause nose as measured at the planetary
center [Spreiter et al , 1970):

sin 26 - 24" = !

=

L]
-
o

|~

(]

]

o
"
-

2(. = sin"2)

in which A = exp [=(rj = Ro)/H], where Ry is the
value of vy at the ionopause nose where £ = 0.

A family of ionopause shapes can be obtained by
integrating (9) for different values of H/R,.
Appropriate values of H/R, for application to
Venus and Mars appear to be in the range from
0.01 to 0.30.

Two important parameters which characterize
the solar wind flow in the magnetogasdynamic
model are the free-stream values for the Mach
number M = V/a and the Alfvén Mach nuaber
M, = V/A, in which a = (y p/p)'/2 is the speed
of sound, A is the Alfvén speed A = (BZ/4n:)1/2,
and vy is rhe ratio of specific heats, usually
taken to be 5/3 in solar wind applications.
Because M, _ is typically greater than 5 in the
solar wind, an important simplification may be
introduced on the basis that for large M, _ the
magnetic terms in the momentum and snergy equa-
tions (2) and (3) are generally sufficiently
small compared with the gasdynamic terms that
they may be disregarded therein. This decouples
the solution for the fluid motion from the
magnetic field, which may be calculated subse-
quently by using the induction equation (4) and
values for V already calculated.

Although few detailed comparisons have been
made, other than those of Spreiter and Rizzi
[1974), which made use of their complete magneto-
gasdynamic numerical solution for the special
case of aligned flow, it .s generally regarded
that the magnetic field calculeted in cthis way
reprocuces the broad characteristics of observa-
tions. However, the process indicates magnetic
field strengths that may be too large immediately
outside the magnetopause. Zwan and Wolf [1976]
have made an interesting analysis of conditions
in this region and concluded that the strong



sagnetic fields would drive the plasma out along
the field lines and produce a thin region of
depleted plasma density. Crooker and Siscoe
[1977] have shown further that an observed
anisotropy of the magnetosheath pressure occurs
naturally from a mirror instability of the
resulting flow alrig the magnetic flux tubes.
Neither of these properties nor any representa-
vicn of the long discussed possibility of
magnetic merging at the magnetopzuse are captured
bv the present model, but the ready ability to
genera‘. our solutions for any specified condi-
tions should aid in further study of such pheno-
meéna.

Calculation of the Casaynamic Flow Properties

The gasdynamic ejuations for supersonic flow
past a blunt-tosed obstacle representative of a
planeta:y magneto/ionosphere are solved most
effectively by using one method for the nose
region, where the flow accelerates from subsonic
to supersonic spleds, and another for the
remaining region, where the flow 1is purely
superscnic. In the present work the scolution
for the nose region is calculated by using a
new axisvmmetric implicit urateady Eulexr equation
sclver (IMP), which dete;mines the steady state
sclution by a time-marching procedure. The
remainder of the solw. is calculatec by
using a shock-captu . o rching procedure (SCT),
which spatially »'v - uces the solution downstream
as far as requires Ly sclving the steady Euler
egua’ .ons.

Implicit Unsteady Euler Equation Solution
for the Nese Region

The partial differential equarions employed in
the implicit code are the unsteady gasdynamic
Euler equations cerived from (1)-(3) by deleting
the magnet.! and gravitational terms and special-
izing for axisymmetric flows. Upon introduction
of the generalized independent variable trans-
formaticon 1 = 7, £ = £(T,X,R), these equations
may be written as

(L/3), + [Ie U+ EgE + £LF)/I),

>

2 1(".1.1.' + fle + nRF)/J]r +G=0 (10)

where
g ] ou
cu p"'ou2
U= E=
cv ouyv
ce, | (oe +p)u
(11)
ev o) ov
puy puv
I G ov?
(ret+p)\'_‘ (Det*p)v

and J = Exr: £ Ty is the transformation
Jacobian. fn thgse equations, T denotes time,

X the axial downstream coordinate, and R the

Spreiter and Stahara: Solar wind/Placetary Intersctions Model 6771

cylindrical radisl distance; u and v are the
velocity components !n the X and R directions;
er = p/lo(y=1)] + (u® + v2}/2 and Subscripts
denote partial derivatives with respect to the
indicated variable.

The analysis commences by introducing a compu-
tational mesh in polar {r,B) coordinates such
that one family of coordinatezs consists nf rays
from the planetary center spaced at equal incre-
ments of £ measured from the obstacle nose and
the other of curved lines intersecting each ray
so as to divide the portion of it between the
magneto/ionopause and the shock wave into a
fixed number of equal segments. The coordi-
nate transformation equation is then used to
ma; the portion of the X,R,T physical space
bounded by (1) the bow wave, (2) the downstreaz
outflow boundary at £ = w/2, (3) the obstacle
surface, and (4) the stagnation streamline at
£ = 0 into a rectangle in tke £, n, T computa-
tional space as iliustrated in Figure 1. Gene--
ally, the transformation metrics at zach time
step are not known beforehand and must be de‘er-
mined numerically ac part of the solution.
Integration step size is established by using _
the eigenvalues of the Jacobian matrices A and B,
where A = 3E/3U, B = 3F/3U, and also where
U=U/J, E= (ExU + ExE + ERF/J, and
F= (nql < ngE + ngF)/J.

Boundary conditions for a properly posed
mathematical problem are that the flow satisfy
the axisymmetric Rankine-Hugoniot shock relations
derivable from equation (10) along item 1 above,
be entirely supersonic along item 2 above, be
parallel to items 3 and &4 above, and Le symmetric
about item 4 sbove. Init-.al condicions are
determined by use of an upproximating formula
for the coordinates of the bow shock wave,
dependent on vy, M_, and the shape of the obstacle,
and by prescribing a Newtonian pressure distri-
buticy on the obstacle. The remainder of the
initial properties on the obstacle surface can
then be determined from the conditions that the
flow must be tangential to the surface and
possess constant entropy. A linear variation
for the flow properties between thz bow shock
and the obstacle is then prescri%ed. This
provides the initial flow field, which is then
integrated in & time asymptotic fashion until

the steady state solution is obtained.
The basic numerical algorithm used in the IMP

code was developed by Beam and Warming [1976]
and is second-order accurate, noniterative and

—>
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Fig. 1. Transformetion from pbysical domain to
rectangular domain.
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Fig. 2. Comparison of flow properties predicted
by present implicit method with other techniques
and experiment for svyersonic flow past a sphere;
M = 4,926, vy = 1.4, (a) Stagnation line density.
(B) Surface pressure. (c) Shock standoff
distance.

spatizlly factored. In particular, the 'delta
form' with Euler time differencing is employed.
When applied to (10), the algorithm assumes the
form

1+ a:eii“)u + Lrinin)(ftﬁ' -

.- a-.(eci“ +¢fM 0 av
where A and B are the Jacobian matrices, I is the
identity matrix, 6£ and é are_second-order,
central difference cperatdrs, U™ « 0(nst), and
LT is the integration step size.

Equation (12) is sclved at the interior points
only. It requires two 4x4 block tridiagenal
inversions at each time step of the integration.
The solution proceeds as follows:

1. Define 80 = 0™ - §°.

2. Form the right-hand side of (12), and store
results in the 1:'”1 array.

3. Apply smoothing ﬁnﬂ N (e/8)S/7J.

4. Define U = (I + a14 B")2al, and solve the
matrix equation (I + At& A ) = ™! for T,

£
storing the result in the L'n+l

array.

S. Colve the matrix equation

=0, .- 1 -

(I + ﬁréﬂl JAU = © for aU.

6. Obtain the values of ﬁn+1 from the
relation ﬁn+1 = AU + ﬁn. S5e .

7. Transfer the contents of U to Un. and
repeat all steps until satisfactory convergence

is attained.
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S is a fourth-order smoothing term introduced
to eliminate nonlinear stabilities that msy arise,
since the use of central differemces in the
spatial directions results in a neutrally stable
algorithm.

At the boundaries, modification of the differ-
encing algorithm to account for the particular
conditions described sbove is accomplished as
follows. The obstacle surface flow tangency
condition is incorporated through the use of
Kentzer's [1970] scheme, while at the symmetry
plane the variables are reflected according .
vhether they are odd or even. At the outflow
boundary, wvhere the flow is entirely supersonic,
the dependent variables are datermined by extra-
polation from the adjacent interior points. For
the upstream boundary, formed by the bow shock
wave, the sharp discontinuity approach of Thomas
et al. [1972] is used. The interior tlow field
bounded by there various boundaries is treated
in shock-capturing fashinn and therefore allows
for the correct furmation of secondary internal
shocks should any occur.

Shock-Capturing Marching Solution
for the Downstream Solution

The shock-capturing technique of Kutler et al.
[1973] and Chaussee et al. [1975] employed herein
is based on the set of four equations for steady
axisymmetric flow obtained from (10) and (11) by

r
20- —— Present theory 4
— — — Inverse metnod |

Bow shock

oln
(@]

cs-
i
- | S ]
20 o G
(o)
5 —
a- N o~ Bow shock -
p 3 Magnetos,dere
B 2 boundary -
| —— Presen! theory _
- - = inverse method
Ox—5 %5 5 65 -0
x/D
()

Fig. 3. Comparison of implicit and inverse
methods for shock shape and sonic line location
ard density distribution along bow shock and
magnetosphere boundary for M_ = 8, y = 5/3 flow
past the rotated equatorial trace of the magneto-
pause. (a) Shock shape and sonic line location.
(b) Density distribution.

m;,b_u-;,;.-m .
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setting the t derivatives to sero. The fourth
of this set of equations, which represents
conservation of total emergy pe , can be
integratad to obtain the rlhtisn h '("Op/p =
const for the total enthalpy per unit BASS.

The computational mesh is defined by lines of
constant X and (r-r,)/(R _-R ), where and R
are functions of X thu 8esiribe the radial
cylindrical coordinates of the magneto/ionopause
ané bow shock wave at the same X as the field
point (X,R) illustrated in Figure 1. The three
remaining partia’l differential equations for
copservation of mags and of axial and radial
mopentus are then transformed to a rectangular
ccaputational space by £ = X, n = (R-Rb)l(l-nb)
to obtain

F3:
]

I

a C =
+ T +G=20 (13)

-

= ) 3
F-"F-la—ﬁi'bq,n-a—?,

(Rg - Rb)]}/(i‘ - R

coeE_ 2 R oK)

R

o

(14)

The finite difference counterpart of (13) is
integrated with respect to the hyperbolic coordi-
nate { to yield values for the conservative
variable E. Subsequent to each integration step
the physical flow variables p, p, u, and v must
be decoded from the components e, or E. This
necessitates the sclution of four simultaneous,
nonlinear equaticas and is facilitated by using
the relations v = ¢1fe1. P=e -eu, o =elu,

22
——Indented shape /
20~ _ _ _Free surfoce ol
/
| B- =

Embedoec subsom:
pochet (indented
16 surface only)

mbedoec
14- < Bow shock shock
\ p -~
|2 \\ ¥ . -
10- A

o LA '_

»” P
/ v
06- =
d Sornic line (both free

(o7 ond ingentec surfoce -

02- | -
| ‘ 5)
12 10 04 02
x/D
Pig. 4. Bow shock and embedded shock locations
for solar wind flow with M_ = 5, y = 5/3 past the
rotated principal meridian of the magnetopause.

C © & X & % & T 0 %

A oeg
Fig. 5. Magnetopause pressure coefficients for
the principal meridian magnetopause shapes shown
in Figure 4.

and h = y/(y-1)(p/p) to determine the following
quadratic equation for u:

2 e, - ¢1u1 e, 2
L PO, S i SR N T
2 -1 e t e,

2
. - PN L b= . A1
T +[T_1 .lu h + o 0 (15)

Twe roots exist; one corresponds to subsonic flow
and is discarded, since u is always supersonic
in the present application, while the other corre-
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Fig. 6. Variation of shock standoff distarce

with oncoming Mach number and ratio of specific
heats for various magneto/ionopause traces &s
determined by the present implicit procedure.
(a) Magnetopaur: equatorial trace. (b) Ionopause
trace -B/R, = 0.01. (c) Iomopause trace

-lllo e 0.5.
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Fig. 7. Shock shapes for various supersonic
flows past the rotated equatorial trace of the
magnetopause; combined near (blunt body) and
far (marching) scluticns.

sponds to supersonic flow and gives the desired
solution.

Since only the bow shock wave is treated as a
sharp discontinuity and any others that may be
present are 'captured' by the difference algo-
ritlc sciection of the appropria.e finite
differcuce scheme to advance the calculation in
the £ direction is of prime importance. As in
the blunt body aerodynamic analyeis of Kutler et
al. [1973] and Chaussee et al. [1975], the numer-
ical integration of (13) is accomplised by using
the finite difference predictor-corrector scheme
of MacCormack [1969] the most efficient second~-
order algorithm for anock-capturing calculatioms.

Calculation of the Streamlines

The streamlines are determined by integrating
trajectories through the known velocity field, as
this procedure was found to be more accurate than
the alternative mass flow calculation. The calcu-
lation of a particular streamlipe is initiated
at the bow shock, where its slope is calculated
with ac exact gasdynamic relation contained impli-
citly in both the blunt body (IMP) and marching
(S5CT) solution, and continued by stepwise inte-
gration in X using & modified third-order Euler
predictor-corrector method. Bivariate linear
interpolation from the flow fileld grid points is
employed to obtain the velocity components (u,v)
required at the stepwise points along the stream-
line trajectory.

Calculation of the Magnetic Field

With the flow properties known from the gasdy-
namic solution, calculation of the magnetic field
B proceeds by integrating the steady state
counterpart of (4). commonly interpretec as indi-

Br T T T v v____a

2l

< -

2k

s
4_.. L A - i b " - e 4
S -2 0O 2 4 3 8 C 2 4 & 8
Fig. B. Shock shape for H_ = 8, v = 5/3 flow
past an ionopsuse shape with B/R_ = 0.1: combined
near (blunt body) and far (wchgn;) field solu-
tions.
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Fig. 9. Streamline map for M_ = 8.0, y = 5/3
flow past the rotated equatorial trace of the
magnetopause: combined blunt body and marching
flow field.

cating that the field lines move with the fluid.
This leads tc a straightforward calcuiation in
which the vector distarce from each point on an
arbitrarily selected field line to its corre-
spouding point on an adjacent field line in the
downstream direction is determined by numerically
integrating /V dt over a fixed timse interval ét.
Once the coordinates of the field lines are
determined, the magnetic field at any point may
be calculated from the relation

B/|B_| = oat /(o_laL_|), vhere AL 1s the vector
length of a small element of a fiux tube.

Such a procedure is valid gemerally, but its
use in tle present calculatioms is confined to
only one component of the magnetic field. The
other components are determined by use of the
Alksne and Webster [1970) decomposition dependent
upon the axisymmetric properties of the gasdynamic
solution and the linearity of the magnetic equa-
tions.

Calculation of the Contour Lines

Contours are calculated for condimensiocnalized
velocity |V[/V_, density po/p_, and magneric field

w:g, 0 vzl €'

YELOLI®Ts Nove
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el
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”/Tc-
r?’;‘.‘ ,
[ j o
i o .= a9, = .
Fig. 9b. Velocity map for M_ = 8.0, y = 5/3 flow

past the rotated equatorial trace of the magneto-
:nu: combined blunt body and marching flow
ield.
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:asponents (B/B_) and (B/B_), by application of
o searching procedure. After a value for the
:ontour line is specified, the shock boundary is
seacched for intervals which bracket the selected
va..t. a~fter one such point is located by inter-
.210n, the remainder of the contour is deter-
- »v 'walking' around the contour, searching
(a-~ step for tne interval and then interpo-

.=i tc find the point throush which the contour,

passes. This is repeated until a boundary
. is reached. The closed contours are
~< in a similar manner. Linear interpolation
.« used throughout the process. The coordinates
- 1ne contour lines are output as listings, pen
-.-:s. or both.
Results and Discussion

To verify the correctness of the new procedures
a-: to demonstrate their capability for calcula-
ting sclar wind flows for a variety of conditions,
s large number of test cases have been run, and
a sacple have beer evaluated by comparison with
;reviously available theoretical and experimental
results. Figure 2 presents such a comparison for
s.personic flow of air (y=1.4) past a sphere at
v, = -.926. The variation of density along thre
stagnalion stream’ine is provided in Figure 2a,
w.iie the variations of surface pressure p, and
sho.r standoff distance £ with angular dii?ance
trx the nose are given in Figures 2b and 2c. 1In
these and similar comparisons the results provided

. theé new procedures are in essentiallv perfect
agreement with thnse of previous numerical solu-
lions an. experiment.

Figure 3 exhibits a comparison of results
predicted by tne present method with those
criginally calculated by Spreiter et al. [1966,
.¥62 for the same solar wind and magnetosphere
concditions, using the inverse method of Inouve
an: Lomax [1962] for the blunt nose region and
the method of characreristics for the downstreac
supersonic region. Figure 3a displays the loca-
tions of the bow wave and sonic line for flow
past the equatorial trace of the magneropause
for M_ = 8 and y = 5/3. The density distribuzion
along the magnetosphere boundary and along the

).
L. s
. e -
e e
y 5. S T . = =.
Fig. 9c. Temperature map for M_ = B.0, y = 5/3

flow past the rotated equa:ori;T trace of the
Bagnetopause: combined blunt body and marching
flow field.
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shock wave are given in Figu.- 3b. Essentially
perfect agreement is obtained between the present
implicit technique and the inverse method.
Similarly perfect agreement has been obtained
with all of the results presented previously in
the cited references by Spreiter and his
colleagues. The presern: method is, however, both
more efficient and more versatile.

Figures 4 and 5 prese”® ne. results that illus-
trate the geometric flexibility of the present
solution and its ability Lo capture embedded
shock waves as well as the bow shock, a feature
which the inverse method cannmot duplicate. This
case is for M_ = 5 and y = 5/3 flow around the
exisymmetric shape generated by rotating the
principal meridian of an indented magnetopause
zbout its axis and may be compared with an experi-
mental test by Spreiter et al. [1C6B]. This
particular profile shape, derived by Spreiter
and Briggs [1962] from the Beard [1960] approxi-
mation to the classical Chapman and Ferraro [1931]
theory, contains a pronounced dent with a concave
corner in the vicinity of a magnetic neutral
point. Spreiter and Summers [1967] argued that
the presence of an embedded shock wave would make
it impossible for the magnetosheath plasms to
follow such an ind 'nted contour and that there
would form instead . free surface approximating,
in the meridian plan., a tangent line across the
indentation and capping an embedded cusp region.
Figure 4 presents results for both the indented
and the free surfaces, denoted by solid and dashed
lines. For the indented surface a shock wave
is located on the body &t approximately £ = 80°,
just as in the experiment, while for the free
surface the pressure coefficient displays an
approximately constant value as anticipated.
Finally, we note that the calculation of a
supersonic flow with an embedded shock and subse-
quent subsonic pocket provides a severe test for
any blunt body procedure. The ability of the
present code to provide copnvergent results for
such a flow demonstrates the capability for
further extension and application to more general-
ized profiles than was haretofore possible.

As a final illustration of the range of condi-
tions for which the implicit code has been tested,
Figure 6 summariszes results for the shock standoff
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distance provided by the gasdynamic calculations
for three values for y for three different
magneto/ionopause shapes and a range of values
for M_ from 3 to 25. These condizions span the
range of interest of geometrical and solar wind
conditions for which the computer programs devel-
oped herein would be normally applied.

In order to confirm the ability of the march-
ing code to continue the solution to some arbi-
trarily specified downstream location, solutions
have been carried far downstream for a wide
variety of cases typical of solar wind inter-
actions. Figure 7 exhibits the location of the
bow wave downstream from thz nose region to
x/D = =11 for flows with y = 5/3 and M_ = 3. 8,
and 25 past the rotated equatorial trace of the
magnetopause. For this calculation, starting
ronditions for the marching code (SCT) are provi-
ded by the blunt body (IMP) code on the line
x/D = 0.0, which is the usual lccation at which
the two solutions are joined by the computer
program. The marching code then determines the
rerainder of the flow field back to the speci-
fied downstream location. Since for the shapes
considerec herein the downstream flows are quite
smooth, the marching calculation is very effi-
cient (less than 30s, CDC 7600, OPT=2 compiler).
Similar results are presented in Figure B for
M =8 and y=5/3 flow past an ionopause shape with

= —
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z 7 “ s
bl 4 4 . —————.
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Fig. 10. Contours and field line locations of

the magnetic field components (B/B_), and (B/B ).
in the plane of nagnetic symmetry for M_ = 3.0
and y = 5/3 flow past the rotated equatorial
trace of the magnetopause.
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l?loto.l. Those results have been carried ™
xno--zo in keeping with the observation that R,
for Venus and Mars is only slightly greater than
the planetary radius, whereas for the earth, D is
of the order of 10 earth radii.

To illustra'» the capability of the present
procedures to determine streamlines, contour maps
of various flow properties, and magnetic field
lines and contours, as well as to demonscrate the
automated plotting capability for displaying these
results, Figures 9 and 10 have been prepared.
Figure 9 illustrates the computer-genevated
streamline locations and contour maps of velocity
ratio V/V_, temperature ratio T/T_, acd density
ratio o/p_ for the complete near- and far-field
flow about the equatorial trace of the magneto-
sphere for M_=8 and v = 5/3. Based on this gasdy-
namic solution, Figure 10 exhibits the corre-
sponding results for the magnetic field (B/B)
and (B/B ), in the plane of magnetic symmetry tor
B_ parallel and perpendicular to V.. In addition
to demonstrating the overall smoothness of the
computed results these two figures illustrate the
ability of the present techniques to provide the
completely automated production of report quality
plots of both gasdynamic and magnetic field
properties for solar wind flows past axisymmetric
magneto-ionopause shapes.

Concluding Remarks

Advanced numerical techniques have been
applied to produce an efficient operational
comprter solution for the well-established dissi-
pationless magnetogasdynamic model for axisymme-
tric, supersonic, super-Alfvénic solar wind flow
past either magnetic or nonmagnetic terrestrial
planets. The solution consists of the following
assemblage of computer codes; (1) bluut body code,
to determine the gasdynamic solution near the
magneto/ionopause nose, (2) marching code, to
determine the gasdynamic solution downstream of
the magneto/ionopause nose, (3) streamline code,
to determine coordinates of flow field stream-
lines, (4) magnetic field code, to uetermine
frozen-in magnetic field, (5) contour code, to
determine coordinates of contour lines of flow
and magnetic field properties, and (6) plotting
code, to plot selected flow and magnetic field
results.

Comparisons are reported which demonstrate
the accuracy of the present techniques by compar-
ison with previously established theoretical
methods and with experimental data. New results
are presented for a variety of solar wind flows
which illustrate the flexibility and generality of
the methods.
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Ahstract. Advanced computational procedures
are applied to an improved model of solar wind
‘low past Venus to calculate the locations of the
jonopause and bow wave and the properties of the
¢lowing ionosheath plasma in the intervening
region. The theoretical method is based on a
single-fluid, steady, dissipatirnless, magneto-
svdrodynamic continuum model and is appropriate
for the calculation of axisymmetric supersonic,
super-Alfvénic solar wind flow past a nonmagnetic
z.anet possessing a sufficiently dense ionosphere
1¢ stand off the flowing plasma above the subsolar
scint and elsewhere. Determination of time
nictories of plasma and magnetic field properties
along an arbitrary spacecraft trcjectory and
srovision for an arbitrary oncoming direction of
:ne interplanetary solar wind have been incor-
scrated in the model. An outline is provided of
tne underlying theory and computational procedures,
anc sample comparisons of the results are pre-
sented with observations from the tioneer Venus
orbiter.

Introduction

The magnetohydrodynanic model of Spreiter et al.
'187C] for solar wind flow around the Venus iono-
sphere, stemming from the closely related earlier
studies for the earth and its magnetosphere
[Spreiter, 1976; Spreiter and Jones, 1963;
Spreiter and Rizzi, 1974; Spreiter et al., 1966,
19658, 1970; Dryer and Faye-Peterson, 1966; Dryer
and Heckman, 1967], provides a theoretical basis
for the understanding and interpretation of
observations from the viewpoint of a fluid rather
than a particle description of the flow. The
basic pattern for the associated calculations
using this model was established by Spreiter et
al. |1966] for the case of the earth, or any other
planet with a dominant dipole magnetic field; and
by Spreiter et al. [1970] for the case of Venus
and Mars, or any other planet with no significant
magnetic field but a sufficiently dense ionosphere
tc stand off the solar wind above the planetary
surface. This consists of (1) representing the
magnetopause or ilonopause by a magnetohydrodynamic
tangential discontinuity, (2) solving for the
snape of the magnetospheric or ionospheric
ovstacle using simplified approximations for the
pressure of the deflected solar wind flow at the
obstacle boundary and for the planetary magnetic
and atmospheric proper..es, 1) solving for the
location of the bow wave and for the density,
velocity, pressure, and temperature throughout
the flow as a gasdynamic problem, disregarding
the electromagnetic forces because of the charac-
teristically high values of the free-stream

Copyright 1980 ty the American Geuphysical Union.
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Alfvén Mach number, and finally (4) calculating
the magnetic field as a frozen-in convected field
assuming that the other fluid properties are
provided sufficiently accurately by the gas-
dynamic solution.

Prior to the work reported recently by Stahara
et al. [1977], the utility of this model was
severely restricted because results were avail-
able only in the form of plots in archival
journals for a limited set of solar wind and
planetary conditions. Results for intermediate
points or for other conditions had tu be deter-
mined by interpolation. Stahara et al. [1977]
improved on the basic model in many significant
ways. New and more effective algorithms were
introduced to perform the calculations, enabling
the determination of results for a wide range of
specific conditions typical of solar wind/
terrestrial planet inreractions for both magnetic
and nonmagnetic planets.

In the current work summarized here, that model
has been extended and generalized in several
important directions. These include (1) extension
of the gasdynamic capability for treating free-
stream Mach numbers as low as M_ = 2, (2) devel-
opment of a new family of ionopause shapes which
includes the effect of gravitational variation in
scale height of the ionosphere, and (3) develop-
ment of the capability for readily determining
the plasma properties along an arbitrary space-
craft trajectory, simuiltaneously accounting for
an arbitrary direction for the incident solar
wind relative to a chosen coordinate system.

The Mathematical Model - Formulation
of the Fluid Representation

The fundamental assumption underlying the
przsent work and that reported in all of the
references cited above is that many properties
of solar wind flow arcund a planetary magneto/
ionosphere can be adequately described by the
continuum equations of magnetohydrodynamics for a
single-component perfect gas having infinite
electrical conductivity and zero viscosity and
thermal conductivity.

Governing Equations

The magnetohydrodynamic equations for the
conservation of mass, momentum, energy, and
magnetic field are as follows:

3,3 =
kg ax, (nvk) 0 (1)

'1‘&

2 2
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and the aquation of state of a perfect gas is
given by
p=tll (6
M

In these equations and those to follow, the
symbols o, p, v, T, e = CyT, and h = CPI refer
to the density, pressure, velocity, temperature,
internal energy, and enthalpy, and C, and Cp
refer to the specific heats at constant volume
and pressure_in the usual way. The symbol

R = (Cp-Cy)M = 8.3x107 erg/g°K is the universal
gas constant, and M is the mean molecular weight
nondimensionalized so that M = 16 for_atomic
oxygen. For fully ionized hydrogen, M is thus
1/2. The magnetic field B and the Poynting vector
S for the flux of electromagnetic energy are
expressed in terms of Gaussian units. The
gravitational potential ¢ and acceleration of
gravity g are assumed to be due to massive fixed
bodies so that their time derivatives are zero.
G = 6.67x10 %m?/g 8% is the gravitational con-
stant. These equations apply in the region
exterior to the ionosphere boundaryv, as shown in
Figure 1, and alsc in & degenerate sense in the
ionosphere.

Because of the omission of dissipative (erms
in these equations, surifaces <! discontinuity may
develop in the solution, across which the fluid
magnetic properti s change abruptly, bu: in such
a way that mass momentum, energy, and magnetic

Interplanetary
Solar Wind

vey
- =

Bow ghock

flux are conserved. These are approximatioms to
comparatively thin surfaces across which similar
but continuous changes in the fluid and magnetic
properties occur in the curresponding theory of a
dissipative gas, and they correspond physically
to the bow wave, ionoiphere houndary, and possibly

other thin regions of —apidly changing properties.

The conservation of mass. momentum, energy, and
s3g.¢tic flux lead to the folluwing relations
between the quantities on *the two sides of any
such discontinuity:

o ;
(ov?] = 0 )
oy + vh 4 (p+52/8:)ﬁ-ln!‘h’n] .0 (8)
2
[ [fov? e seen v &)

( 32? Bty * E)] s

“n \ E;) 4n (9

! .yt oa . - )
(8, ~ vo=1B yt] 0 (10)

Here, (n, t) denote unit vectors normal and
tangential to the discontinuity surface, where
Qn represents the local normal velocity of the
discontinuity surface and v} = vy - qq is the
fluid normal velocity component relative to the
normal velocity q, of the discontinuity surface.
The square brackets are used to indicate the
difference between the enclosed quantities on
the two sides of the discontinuity, as in

[Q] = Q;-Q;, where subscripts 1 and 2 refer to
the conditions on the upstream and downstream
sides, respectively, of the discontinuitv.
Correspondingly, the average of Q) and Q; is
represented by <Q> = (Q; + Q3)/2.

Five classes of discontinuities are described
by (7)=(10). Of these, only two, the fast shock
wave and the tangential discontinuity, are of
significance in the present analysis. The former,
having proparties that satisfy the relations

* 1 . : 4
vp?#C [e1>0 [p}] >0 [B]=0
(1)
(B,1>0 [82]-0 (ovh)® 382/ (4ncl/en)

boundary

Streaml.ine

Fig. 1.
terrestrial planets.

Illustration of overall features of sclar wind interaction with nonmagnetic
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is appropriate for representing the bow wave; and
the latter, having properties given by

va=B =0 lyl¢0 [Bl¥cC
(12)
(10 [p+B2/8r] =0

is appropriate for representing the ionopause
that separates the flowing solar wind and the
planetary ionosphere.

High Alfvén Mach Number Approximation

Two important parameters that characterize
steady magnetohydrodynamic flow past a stationary
obstacle are the free-stream Mach number
M, = v./a, and the Alfvén Mach number Mp_=v./A.,
in unigh as= $!p/c) is the speed of sound and
A= (B%/4m0)1/2 15 the speed of a rotational cr
Alfvén wave along the direction of the magnetic
field, and y = C,/Cy is the ratio of specific
heats of the plasma.

For typical solar wind conditions at Venus,
both M_ and M,  are high, values of the order of
10 being representative. As a result, important
simplifications of the equations may be intro-
duced. Since the order of magnitude of the
momentum flux term in (2) and the kinetic energy
flux term in (3) is related to that of the
magnetic terms in the same equations by the
square of My , consideration of the magnetic
terms may be decoupled from the solution of the
gasdynamic portions of those equations. The equa-
tions for the fluid motion thereby reduce approxi-
mately to those of gasdynamics, and the magnetic
field B can be determined subsequently by solving
the remaining equations using the values for p
and v so determined. Furthermore, be-ause of the
la-ge value for M_, the terms involving g and ¢
can be disregarded in the solar wind flow because
of the relatively small effects of gravity on the
flow. This is not true, of course, in the iono-
sphere, where the comparative stationarity of the
gases results in a very nearly hydrostatic
variation of the pressure with altitude.

The precise specification of the range of use-
fulness of the decoupled approximation remains
elusive in the absence of exact solutions of the
complete magnetohydrodynamic equations. The only
such solutions for the present category of flows
are those of Spreiter and Riczi [1974] for the
special case in which B_ is aligned with v_.

They indicate results virtually identical to those
of the simpler decoupled theory when M, 1is about
10 or greater and notably differing results as

Mp, 1s decreased below 5.

For other magnetic field alignments one can
only make estimates of the relative magnitudes
of the divurgences of the neglected magrnetic
terms BBy /4m + B“44y/Bn and Sji compared to the
terms pvyvy + péyy and ovk(v2/2 + e+ ple)
retained in the gasdynamic analysis and then
speculate about how large the magnetic terms can
become before they invalidate the solution. In
regione where the momentum flux and kinetic
energv terms are large in comparison with the
pressure and enthalpy terns the sguare of the
local Alfvén Mach number Mi = (pv’/2)t(B2/8n)

Spreiter and Stahara: Solar Wind Flow Past Venus 7717

may be considered to provide a rough measure of
the dominance of the gasdynamic terms in the
calculation of the fiuid motion. _Since this
yuantity is related to Mi_ by My = (o/o_)(v/v )2,
(3 /B)? Mp.» and p/o_, v/v_, and B/B_ are indepen-
dent of M, _at 1|t|¢ Mp “it follows that M,y
tends to remain large for large M, except where
pv? << p_v2 or where B? >> B.. These conditions
are most ﬁknly to be unr.wnteud near the
stagnation point, where v vanishes; but p reaches
a maximum value comparable to p.v: there, and

that contravenes the initial premise upon which
the estimate is predicated. A localized region

of small My does not therefore necessarily signal
a failure of the approximation.

As a further consideration in making such
estimates, it should be noted that the orienta-
tion of B_ is very important in the determination
of B?/B throughout the flov. In particular,
near the stagnation point, B?/32 >> 1 if B. makes
a substantial angle with v_; whereas I’IB
vanishes ar the ltlgnaticn point when B 1:
parallel to y,, since B is everywhere ptopnrtional
to pv [Spreitcr and Rizzi 1974]. For this case
therefore Hx = (D-/D}HA-, gad My does not vanish
even at the stagnation point because p/p is
about 4-5 for representative conditioms.

A definitive theoretical evaluation of the
decoupled approximation will have to awair the
development of more advanced methods for the
solution of the complete magnetohydrodynamic
equatious. In the meanwhile. considerable in-
sight can be gained by comparing the predictions
with conditions actually measured in space during
appropriately steady conditions. The small scale
of the Venus flow field compared with that of the
earth's magnetosphere makes the data from Pioneer
Venus particularly valuable for this purpose; and
the results presented here show our initial
efforts to carry out such comparisons. This
should be considered no more than a beginning,
however, as we only have data from two orbits;
many additional comparisons should be carried
out tc obtain a more comprehensive understanding
of the relation between thz thecretical and
observational results.

Under the conditions outlined above, (2), (3),
(8), and (9) are thus simplified to the following:

3
at (ovi) a‘k (cvivk + péik) 1] (13)

2 2
2 |ev” 2 v -
T {2 +°°]+3xk [pvk [2 +c+plp}] 0 (14)

lov - vy +pl =0 (15)

[v' . Llovz +ce + p]] =0 (16)
n 2 J

These equations, together with (1) and (7), are
just those of gi¢sdynamics and must be solved for
the location of the bow wave and the gasdynamic
properties v, p, o, aad T of the flow field aboat
the ionospheric obstacle. With these properties
so determined, .4) and (10) can be used to deter-
mine the magnetic field B. Although all of the
solutions described here are for the steady state
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Fig. 2. Illustration of ioncpause shapes for atwospheres with various (1) comstant
scale heights H/R, and (2) gravitationally varying scale heigh:s associated witk a
constant T/M atmosphere and characterized by ﬂfﬁb.

obtained by setting 23/3t = 0, and v; = vy, l.e.,
qn * 0, the unsteady equations are presenied in
the foregoing because one of the computational
methods used to determine the gasdynamic solutiom
explovs an unsteady procedure, integrating in
time until the steady state sclution is obtained
asymptotically.

Determinaticon of the loncsphere Boundary

The determination of the ionosphere boundary,
or ionopause, makes use of the idealization that
the ionospheric piasmi is sphericailir symmetric,
hvdrostatically supported, infinicely electricelly
conducting, devoid of any magnetic field, gravi-
tationally tound to the planet, and incapable of
mixing with the solar wind plasma, as sketched
in Figure 1. This interior plasma is considered
to be ceparated from the flowing soclar wine
plasma by a tangential discontinuity across
which the relations of (12) applv. Because the

agnetic pressure B*/87 is much smaller than the
icnized gas pressure p in the ionopause, the
relation [p + B¥/87) = 0 of (12) may be
simplified to

Patm © L Bbfs')flov (7

The variation of the pressure with radial
distance from the planet center is given accord-
ing to the hvdrostatic equaticn by

dp/dr = -pg (18)

wvhere p and ¢ are the ionized gas pressure and
density, r is the radial distance measured from
the center of the planet, and g= [g| =gg(rg/r)?,
where subscript s denotes values 2t the surface
of the planet. Combination of (18) and the
perfect gas law given by (6) provides
- L[ ) 19
B = Pp exp ") ¥ (19)
Ra

where PR i{s_the pressure at some reference radius
Rg and H = RI/Mg represente the local scale
height of the ionospheric plasma.

I1f R is regarded as constant, i.e., if
variations of g and T with r are disregarde,
(19} can be integrated directly to obtain
l‘-li}

P‘PRQ*P [- H

(20)

Because of limited knowledge of the ionospheric
properties of Venus at the time, the simple
variation of p with r given by (20) was adopted
in the initial study of Spreiter et al. [1970]
and also in the more recent analysis of Stahara
et al. [1977] involving the inirial application
of advanced computational methods tc this problem.
Data from the Pioneer Venus spacecraft [Knudsen
et al., 1979a, b] have provided much additional
knowledge of conditions in the Verus ionosphere
and, in particular, have shown .hat the assump-
tion of an isothermal (T = const) ioncsphere at
the heights of concern here is quite reasonable.
V' .a this assumpt on, including the variation of

PO
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gravity with height, the following result for the R1 i "I.
pressure is obtained: Mli) = exp |- [_H__]
R * (r - R‘ll) - (%32
PERgep) T — (2la) 8:T = const :
Her or
- R, = \
vhere }_(Ri) = exp |- RR [Ti_;ln']
; E 2 H -+ RIJ (25b)
HeH, * (Rg/R) (21b) 8 =8, [-?'J , T = const
A. peing the planetary radius and Hg = iTIFIss- depending upon whether or not the gravitation
Equations (20) and (21) provide the two models variation is included in the scale height. It is
erployed in this study for the ionosphere pres- convenient to choose the reference radius Ry to be
sure variation required in the pressure balance the distance R, from the center of the planet to
relation of (17). the nose of the ionopause. Then pg = p, = xn_v:,
On the basis of the typically hypersonic and
values for My it has been assumed in all the
previous analyses cited above that the pressure cos™y = A(R,) (26)
of the solar wind plasma on the ionopause could
be represented adequately by the Newtonian at all poiuts along the ionopause. To proceed,
approximation cos’y must be expressed i1 terms of Ry and g, where
2 2 Ri(£} represents the radial coordinate of the
P = Ko v _cos™y ionopause and £ is the angle measured at the center
of the planet with respect to a line that extends
1 (22) directly upstream. The appropriate expression is
ve1]72 [Spreiter et al., 1970]
g« 1| Loens)™ )
T P , (@Y%  (R,décoss + dR sing)
N cos“y = _d_s_l = 3 2 (27)
- dRi + (Ridﬁ)
where , 1s the angle between the outwaru normal to
the ionopause and the flow dire~tion of the undis-  Substitution of this expression into (26) results
turbed solar wind incident on the bow wave and K in the following ordinary differential equation

is a constant usually taken as one but whose for the ordinates of the ionosphere boundary:
actual value to provide the correct gasdynamic
stagnation pressure at the nose of the ionopause Supersonic region method
is as in” cated. of chorochistics

The Newtonian approximation stems from gas- solution
dvnamic analvsis of hypersonic flows and is
appropriate in the range of y from 0° to somewhat e esstion
less than 90°. 1In view of the close assoziation method $0iution
between the magnetic pressure B‘/Br and the gas
pressure p in magnetohydrodynamics, it seems 5:';':"“‘
equally plausible tc assume that the corresponding
relation

Mogneto  on3sphere DOunddy
| (onigymmetric)

v-nl S
5 & 5 — —-? onel, . - - —_
p+ B°/Br = Kp_v_cos™y (23)
Subsor.: region
is an appropriate, if not superior, relation for
the combined magnetic and gas pressure of solar - ]
wind plasma on a planetary ionopause or magneto-
Oostase ~cse Snote-copur ng marching
Pauses: $5. ¢ $0'ut o0
For the high Mach number flows typical of -olar
wind conditions, K apprcaches C.881 for v = 5/3 Imp ct unstead, | Stesd, Euler ﬂ
and N.B44 for Y = 2. A discussion of effects of Euler equotcr | equdton L1
rinor constituents, such as ionized helium, in the $0'ver | SOlver ,_a-f\—
sclar wind and of some differences between a fluid =1
anc¢ collisionless particle representation has been —+
given by Spreiter [1976], but the most important
effect of the introduction of the Newtonian e
approximation is that *he calculation of the shape
of the ionopause decninles from the calculation of B8 I
the properties of the external flow. 1In this way
we arrive at the following equation for the pres- . | — e & e e

sure balance at the ionopause location Ri: "
Fig. 3. Comparison of former and present compu-
cos 'y = pR"'(R ) (24) tational procedures for determining the gas-

dynamic flow properties of solar wind-magneto/
where ionopause interactioms.
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sk (28)
. 2(A - linzﬂ)

dR

L 1[.11\2!- an-a!] .

Results for various ionopause shapes obtained
by integratirg (28) for different values of H/Rg
using the constant scale helght model equation
(25a) were provided by Spreiter et al. [1970].
Similar results using the isothermal model equa-
tion (25b) in the range 0.0l < H/R, < 0.5 are
provided in Figure 2, where for comparison the
constant scale height shapes for corresponding
H/Rg values are also illustrated. Data from
Pioaeer Venus indicate thet the range ~f interest
for application fc Venus appears to be
0.01 < H/R; =< 0.10. They alsc indicate that the
theory provides a good representatlon of the
ionopause shape on the dayside but that conditions
on the aightside are both more complex and variable
than presently accounted for by the thecry (see,
for example, Brace et al. [1979], Russell et al.
[1979b]), or Brace et al. (this issue). To pro-ide
insight into some of the zhanges to be encountered
in the theory, some results are also included
herein ir which the nightside isnopause is
arbitrarily flared in and out from the calculated
shapes of Figures 1 and 2.

Calculation of tue Gasdynamic
Flow Properties

Determination of the gasdynamic flow properties
is the most difficult and time-consuming portion
of the numcrical solution of the foregoing equa-
tions. As sketched in Figure 3, two different
wethods are used in the calculations: one for the
nose region, where both subsonic and supersonic
flows occur, and another downstream of that
region, where a more computationally economical
procedure can be employed, since the flow is
everywhere supersonic. In the original analysie
of Spreiter et al. [1970] an inverse iteration
method was used for the nose region, and the
method of characteristics was employed for the
remaining superscnic region. Both of these
procedures are inferior to more recently developad
methods and have been superseded in the current
model. The nose region is treated ueing a new
axisymmetric implicit unsteady Euler equation
solver specifically developed for the present
application. That procedure determines the
steady state solution in the nose ragion by an
asymptotic time-marching procedure. The down-
stream solution is determined by a shock capturing
marching procadure which spatially advances the
solution downstream as far as required by solving
the steady Euler equations. Inasruch as these
methods are complex and lengthy to describe, only
an outline of the procedures is provided here.

The Nos2 Reg‘on Solutiom

The nose region procecure solves the unsteady
gasdynamic equations (1), (6), (7), and (13)-(16)
for axisymmetric flow. The analysis commences by
mapping the portion of the ionosheath bounded by
the stagnation streamline, the bow wave, the
ionopause, and a line through the terminator
(8 = n/2) iato a rectangle. The physical boundary
conditions are also transferred appropriately.
Initial flow field conditions are prescribed by
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using a linear variation of the flow properties
between those calculated at an assumed location
for the bow wvave and those calculated at the iocno-
pause, using a Newtonian pressure distribution
approximation on the latter boundary. Starting
with this initial flow, the unste:dy equations are
integrated in a time-asymptotic fashion uatil the
steady state solution is obtaine«.

The basic numerical algorithm employed wcs
developed by Beam and Warming [1976) and is second-
order accurate, noniterative, and spatially
factored. At the ionopause and bow shock bound-
aries a modiiication of the differencing algorithm
is introduced to account for the particular
features of the present applicat fon. The tangency
condition at the ionopause is t:eated u.ing the
method of Kentzer [1970]), and he sharp discor-
tinuity approach of Thomas er 1. [1972] is used
at the bow wave. Any secondar ' shocks which may
occur in the nose region are aitomatically
determined via the shock-capturing characteristics
of the algoritha.

In our earlier work [Stahara, et al., 1977] it
was found that for certain ionopzuse shapes which
have a significant amount of lateral flaring at
the Jawn-dusk terminator, for example, constant
scale height shapes for H/R, 2 0.5, and/or cases
invoiving lov free-stream Mach numbers M_ < 3,
the axial -om onent of velocity at some points on
the termina:or plane 8 = 7/2 may hecome subsonic.
Although this has no effect on the nose region
solver, the downstream solution cannot be obtainec
for these cases, since the marching-region solver
vhich determines the soluticn downstream of this
starting plane requires supersonic axial veloc-
ities in order to proceed. In the present effort
this limitation has been removed by developing the
capability fur adding an additional portion of the
flow field, located downstream of the terminator,
to the blunt body solution as iilustrated in
Fig.re 4. This effectively generalizes the
capability of the present procedures to treat a
wide variety of ionopause shapes, including all
of the shapes described by the constant scale
height and constant temperature models found using
(25a) and (25b), as well as to treat lower free-
stream Mach numbers down to about M_ = 2.

The Downstream Region Solution

The solver for the downetream supersonic region
s based on the original work of Kutler et al.
[1972, 1973] and Chaussee et al. [1975] and solves
for axisymmetric flow the steady state gasdynamic
equations in conservation law form indicated by
(1), (6), (7), and (13)-(16) with the time
derivatives set to zero. Of these, (l4), which
represents cthe conservation of energy, can be
integrated for the steady flow to yield the
following equation for the total enthalpy:

h. = h+ (u? +v))/2 = const (29)
where h = e + p/p = CpT is the enthalpy per unit
mass. This relation also holds in the nose region
in the liait as the steady state flcw solution is
approacked. The computational mesh defined by
lines of constant X and (R - Ry)/(Rg - Ry), where
and are functions of X that describe the
radial cylindrical coordinates of the bow shock
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Fig. 4. Illustration of additional flow field segment to the obstacle nose solution

for determining the gasdynamic flow properties of solar wind-ionopause interactioms.

wave and ionopause at the same X as the field
point (X, R), is transformed into a rectangular
computational grid. The gasdynamic squations are
similarly transformed and integrated numerically
to obtain the solution. Since only the bow shcctk
wave is treated as a sharp discontinuity and any
others that may be present are 'captured' by the
difference algorithm, selection of the appropriate
finite difference scheme to advance the calcula-
tion in the X direction is of prime importance.
Following the analysis of Kutler et al. [1972,
1973] and Chaussee et al. [1975] the method used
is the finite difference predictor-corrector
scheme of MacCormack [1969], the most efficient
second-order algorithm for shock-capturing
calculations.

Calculation of the Streamlines

Tre accurate determination of the gasdynamic
stresmlines is crucial, since they provide the
basis for the frozen magnetic field calculation
described in the following section. The stream-
lines are determined by integrating fluid particle
trajectories through the known velocity field,
since this procedure was found to be more accurate
than the alternative mass flow calculation. The
calculation of a particular streamline is
initiated at the point where the streamline
crosses the bow shock. At that point, exact
values of the streamline slope dR;/dX are given
by the following relation involving M_, Y, and the
angle {g between the free-stream direction and the
tangent to the shnck wave:

dR (2coté )(H251n26 -1)
S S - S
— (30)

- 2
2+ M (Y +1- 2sin 65)

which is contained implicitly in both nose and
marching region gasdynamic solutions. At other
points, the local sireamline slope is given by
the ratio

dRS/dK = v/u (31)

and the streamline determination is made by step-
wise irtegration in X using a modified third-order
Euler predictor-corrector method. Bivariate
linear interpolation between the flow field grid
points is employed to obtain the velocity com—
ponents (u, v) rejuired at the stepwise points
along the streamline.

Calculation of the Magnetic Field

With the flow properties known from the gas-
dynamic calculaticns, the magnetic field B may be
determined by integrating (4) and (10); or
alternatively, the following equations may be
derived from them:

BT geagmt <2
Dt |)g 450 e [c_l =g @Dy 539)

i«n which § is an a:oitrary surface moving with the
fluid and D/Dt is the material or substantial
derivative dD/Dt = 3/3t + (v+V). These equations
are commonly interpreted as indicating the field
lines move with the fluid. For the steady state
in which 3/3t = 0 and v: = v, these equations
lead to a straightforward calculatinn in which the
vector distance from each point on an arbitrarily
selected field line to its corresponding point on
an adjacent field line in the downstream direction
is determined by numerically integrating / v dt
over a fixed time interval At as iadicated in

Figure 5. Once the magnetic field lines are
Bow shoze
Fielg line—~y
- 45 =
Prs— Ol //’- i
ion
Ve J ' OnOpouse

Fig. 5. Illustration of quantities used for mag-
netic field line calculation in the plane of
magnetic symmetry.
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deterzmined, the magnetic field at any point may te
calculated from the relation

B, oL
DN A l

where i{ is the vector length of a small element
of a flux tube.

Such a procedure is valid generally, but its
use is confined in the prefsent calculation to only
the component of the magratic field (B' cthat lies
in the plane of magnetic symmetry defin.d by the
plane containing the axis of symmetry of the iono-
pause and the magnetic field linc¢s upstream of the
bow wave and furthermore is associated with only
the component of the interplanetary magnetic field
rhat lies in the plane of magnetic symmetry and is
perpendicular to v_. The remainder of the magnetic

1=1d calculation makes use of a decomposition due
ro Alksne and Webster [1970] in which the
axisymmetric properties of the gasdynamic sclution
and the linearity of the magnetic field equations
(%) and (10) or (3I) are employed to derive the
following relationship for the magnetic field B,
at any point P:

B 'B_ 1 B

[Cp) (Tp) - [Zp)
By wij=—=—1 B e B g =y B (34}
-P |~B=Jl‘ =y, '\B J ’ ’-l n "B"ln "n

As lllustrated in Figure 6, subscripts ", %, and n
refer to contributions associated with the com-
ponent B.n of B_ parallel to v_; the component Bw.:
perpendicular to v_ in the plaie that ccntains the
point P, the center of the planet, and the vector
Vei andé the component B.n normal to the latter
plane, where e, is a unit vector in the latter
direction. The unit ratios (Bp/B,)w and (Bp/B_)g
can be calculated directly from the gasdynamic
solution by the expressions

Bp) _ “p¥e AN -
‘_B_‘J" 0 v ! leJn R‘P ;.n o
,rx

Plgnet

‘\\\\\\“-:fﬁﬂocuseﬁ
s 1
wave -
\\.z

N

w‘-m.; Ba i
Fig. 6. Illusiration of the componcits of the
three-dimensional magnetic field.

OF POOR QU

wvhere Rp is the radial cylindrical coordinate of
the streamline through P, as indicated in Figure 6.
In carrying out the determination of (Bp/B,),
usiig (33), values for al/|sf,| are determined
initially at the points where the streamlines and
perpendiculas-component field lines intersect.
A generalized quadrilateral interpclation scheme
followed by a fifth-order smoothing is then
employed to determine the corresponding values at
the computational grid points where values for
o/ow are available for calculation of (Bo/B_);.
At the bow shock, exact formulas are used for th.
magnitude and direriion of AL:

(?:.{.EH:.{_I)z =1+ cotze(l-l-bz)

- 2D x csc 8 x cot 8 x cos(8=-4)

(36)
v=8+sin} {[Dx cot @
« sin(8=6)1/(|aL|/|2E_[)}
where
Dz -1 - 6(Hisin29 - 1)
= (‘\'Hisinza + 1)/[(14-1)2»1::1::23]
2 2.2 2L
coté = [(V*IJH.IIE(H.sin §-1)] - 1] tané
rdR,
<% |_H§}
8 = tan dej

and ¢y is the angle between the free-stream direc-
tion and the AL vector.

Tfinally, the resultant magnetic field vector
can be expressed in terms of components relative
to any orthogonal (X, Y, Z) coordinate system.

If the coordinate system is orienfed so that the
point P lies in the (X, Y) plane, the magnetic
components are

B,/B_= [(fg'/ﬂa)u cos & cos 3

4

{|B|/B_), cos ¢ sin :p)]cos ay

-]

~

(]
L]

[(IB[/R_). sin 3 cos i (38)
+ ([B|/B), sin v sin up)]cos e

B /B_ = (B/B.)n sin a

where ¢ is the local flow angle given by

(39)

and the interplanetary nmagnetic :i-id angles a

and & indicated in Figure 6 ar: defined by

-

B B
2 :ln-1 . t e i (40)
e B By

R T T e
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Towa:-ds
sun

Fig. 7. 1llustration of sun-planet (xg, yg, 2Zg) and solar wind (x, y, z) coordinate
systems and the azimuthal (1) and polar (op) solar wind angles, both shown in a

positive sense.

r B, L
ML 2

n / 2 e

/Bt + (B

(41)
- lz. -1
o ton 1

/——__TP_—____T

(Bx-) + (BYw) |

The generalization of these results when the point
P ‘s at some arbitrary (X, Y, Z) point not in the
(X, Y) plane are provided below in the spacecraft
trajectory section.

Calculation of the Contour Lines

In crder to provide convenient summary informa-
tion of the detailed plasma and magnetic field
properties determined by the above model, contour
and field line maps are determined for the impor-
tant field properties. Contours are calculated
for nondimensionalized velocity |v|/v,, density
0/Pw, &nd magnetic field components (T[[Il_)u.
(|3|/8_), and (B/B_),. Details of these calcula-
tions are provided by Stahara et al. [1980].

Since the temperature is a function of [yi/v. only
for a specified H. and Y, i.e.,

. lvl)?
3—2'1-} HE [1 - T {42)

T/T_=1+

lonopause

Fig. 8. Illustration of solar wind (x, y, z) and (X, Y, Z) coordinate systems and
the interplanetary magnetic field and magnetic field angles (up. °n)'
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am,
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Calculated ionopause and bow shock locations and ionosheath properties for

M, = 8.0, Y = 5/3, H/R, = 0.10, and B_ either parallel or perpendicular to v_.
(a) Streamline map. (b) Velocity map, (c) Density map, (d) Temperature map.

(e) Parallel magnetic field map.

velocity contours may also ve considered as tem-
perature contours with only a relabeling required.

Solar Ecliptic/Solar Wind Coordinate
Transformation

To compare resul”s of the present calculations
with observational data, it is necessary to con-
sider the appropriate transformations between the
spacecraft and solar wind coordinate systems.
Part of the data required as input to the theo-
retical model consists of oncoming interplanetary
values of solar wind temperature, density, and
velocity and magnetic field vector components.
lhese are usually reported in a sun-planet or

(f) Perpendicular magnetic field map.

solar ecliptic reference frame, whereas the
natural coordinate system for the theoretical
model is one which aligns the axial direction with
the oncoming sclar wind, since the gasdynamic
calculation is assumed to be axisymmetric about
this direction. Thus the interr'anetary input
data must be transformed to the solar wind system
to initiate the theoretical determinution. Once
the gasdynamic and magnetic field calcuiations in
the solar wind system are complete, those results
must then b. transformed back to the sun-planet
system to allow direct comparison with the space-
craft data obtained as a function of time along
its trajectory.

For the sun-planet system (xg, yg, 2g) the

ORIGINAL PAGE IS
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X/R,
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** M=g.0 7-157 A/R.=0.10

R/R.

E J T ]

Fig. 9.

origir is placed at the planetary center, the
Xx; ax.s is directed toward the sun, the yg axis
is directed opposite to the planetary otb!tal
motion, and the zg axis is orthogonally northward.
The dir=ction of the oncoming solar wind is such
that the azimuthal angle, including aberration
effects due to planetary motion, of the sclar wind
velocity vector in the planetary orbital plane is
4, and the out-of-orbital plane polar angle 1s ¢;.
The positive sense of the azimuthal angle is for
wvest-to-east flow, and that of the polar angle is
for north-to-south flow, as indicated in Figure 7.
Also {llustrated is the solar wind (x, y, 2)
coordinate system defined by (R, ¢p). This sysiem
is somewhat inconvenient because the direction of
$olar wind flow is in the negative x direction;
therefore the internal gasdynamic and magnetic
field calculations are performed ia the (X, Y, 2)
system {llustrated im Figure 6.

The coordinates and vector transformations from

<7
X/R.

(d)

(continued)

the ecliptic sun-planet (xg, yg, Zg) system to the
(X, Y, Z) solar wind system are given by

QX -couﬂcoscp -:1nﬂconop sinep] qus]
Ul sinf -cosfl 0 Qy-: (43)
Q, -conﬂsinep aiuﬂsintp toltp Q,'j

where (Qy, Qy, Qz) represents the Cartesian com-
ponents of any vc:tor referred to the (X, Y, 2)
system, and (Qx., Oy, Qz;) represents the
corresponding vectcr®in the (xg, yg» 2g) system.
Thus for a transformation of coordinates,

Qe Qs Q) = (X, ¥, 2)
(Q‘.u Qy'l Ql-) - (x'u y'l I.)

(44)

i
|
H
i
H
{
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Fig. 9.

while for a vector transformation of, say, the
magnetic field,
’ » = (B ,B, B
(Q‘ Qy Qz) ( x' By z) i
Q. »Q -Q )=¢(_,B_ ,B_)
% Yy I s Yg %

The inverse transformation from the solar wind to
the sun-planet system is given by

fos} —co:ﬂcosop sinQ -colﬂliu‘p Qx

EQY’% = sinﬂcustp -cosfl linﬂ.inop QT (46)
f |

quaj uinop 0 conop Qz

3.8

(£)

R
2.8 4.8 -1.0 =1L -8 -4 4.8 EN}

(continued)

Properties Along a Spacecraft Trajectory

One of the primary aims of the present effort
has been to develop the capability to determine
plasma and magnetic field properties, as predicted
by the theoretical model, at locations specified
along an arbitrary spacecraft trajectory, and in
such a form as to enable comparisons to be made
directly with actual spacecraft data. To
accomplish this, the following procedure has been
developed and implemented in the current model.
First, from the known oncoming interplanetary
conditions provided in a sun-planet reference
frame, the azimuthal and polar solar wind angles
(2, ¢,) are employed in (43) to establish both the
10:1:200 Xy, Yp. Zp) of the trajectory point and
the interplanetary magnetic field components
(Bx,,» By,, Bz,) in the solar wind (X, Y, 2Z) frame.

P -
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Fig. 10. Illustration of typical flow field grid density for gasdynamic solution;

M_= 3.0, Y = 5/3.

in the next step, in which the axisymmetric gas-
dvnamic and unit magnetic field calculations are
carried out, it is convenient to take advantage of
the axisymmetric property of the gasdynamic flow
and introduce still another coordinate system

(X, ¥', 2') related to the (X, Y, Z) system by a
rotation about the X axis by an angle ¢ such that
the v' axis passes through the point P. This
rotation defines a new coordinate svstem (x', y',
z'), where

‘x‘\l 1 0 0 ) fx]
iv" = |0 cos@ ninﬁi IYT (47)
| ]
z” 0 -siné 8! 1z
12" l sin colJ 2]
in which
=1 z
p = tan = | F (48)
Y
P
and
x' - .
¥
y's AT + 20 (49)
P P
' =0

Thus the (x', y') plane which contains the X axis
and the arbitrary point P corresponds directly to
the plane (X, R) = (Xp, ﬁp’ + ZP!). in which the
axisymmetric gasdynamic flow properties are calcu-
lated. In particular, the velocity magnitude v,
density p, and flow angle ¢ at the point P are
found by bilinear interpolation through the (X, R)
flow field grid. The vector velocity in the (X,
Y, 2) system is then given by the transformation

(vx\ 1 0 (] v coss!

*vy'i = |0 cosf8 =-siné||v sing (50)
v l 0 sind cose}‘ 0 ]

1) |

and then in the solar ecliptic system by the
transformation indicated by

= 0 -coal \
V:'] comcosep sinh comﬂnop Yy |
vy | = linﬂcoaep ~o8fi ainﬂlinep Vy (51)
v | sing ] cusé v
z Z
=J \ g v U

Calculation of the magnetic field at an
arbitrary point is somewhat more complicated,
since these components are dependent upon the
orientation of the incident interplanetary mag-

1727




7728 Spreiter and Stahara: Solar Wind Flow Past Venus

d IS [} +2°/m
Oi’\'u“m‘- F:&.GE -] - -
// _/'/

interplanetary g-v- direction:
aberration=§.5", polar

=@ Observational bow angle = -1.4

®8-8 shock crossings

0--80 Trajectory based on outboun.
interplanetary g-v- direction:
aberration=4.9", polar
angle = 7,6°

/. Ionopause, ino = .03

Planet, R/R, = 0.97

AR LY A e PP ] b,
-2 * l;l

Fig. 11. Pioneer Venus orbit 6 trajectories and observational bow shock crossings as °
viewad in solar wind coordinates based on inbound and outbound interplanetary solar

wind directioms; also, various bow shock shapes for different interplanetary solar
wind conditioms.
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Fig. 12. Cczparisca of ovserved (OPA) and theoretical time histories of ionosheath
plasma properties for Pioneer Venus orbit 6 based on inbound and outbound inter-
planetary solar wind conditions using s gasdynamic solution for M_ = 13.3, Y = 2.0.




Spreiter and Stahara: Solar Wind Flow Past Venus 7729

ORIGINAL PAGE 1S
OF m Interplanetary Conditions

o R e ey e ey
—O— Inbound 13.3 2.0 6.5° -1.4° 1,92 -6.84 -2.09
--MN--Outbound 13,3 2.0 4.9° 7.6° 2.96 -7.52 -4.67

sor
40
—f— Data
b [+]
el
gamma
20 =
10 3
- 1 1 I \ 1 ] | ] | 1 = !
-%0 -40 -3 -20 =10 0 10 20 o 40 S0 60 !

Time from periapsis, min.
al

30 + Data
20 [ =={==-Theory, inbound
= {3>=Thecry, outbound
10+~ "
[ ' ® 1
!! B 0

L
gamma lj
-10} '
|
-

s
. -20

g
5ok
L

gamma =g

L 1 A 1 1 L A 1 l b | )
-0 -4 -20 ] 22 40 60

Time from periapsis, min.
(b)
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Bow Shock Legend
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Fig. 14. Pioneer Venus orbit 3 trajectories and observational bow shock crossings as °
viewed in solar wind coordinates based on inbound and outbound interplanetary solar
wind directions; also, various bow shock shapes for different interplanetary solar
wind conditions.
netic field. With the known (Bx , By , Bz ) r B_
components the corresigonding components (Bi_. 5¥ tan-l n
" L] —_— e —
By, » B;_) in the rotated system are given by n LJ(Bw )T+ B g
" L
\ s = (55)
" B L}
EANN N x,] 5 2
i I =1 ] = tan A ———
- I—_-_'
kBY i |0 cos’ s:l.rw1 1BY [ (52) JB" ) + (B )2
| =1 \ P l-| L X Yo
By | 10 -siné cosg (B,
L= ( 'J

In this reference frame the parallel, perpendic-
ular, and normal interplanetary components are
identified as

B =8' (53)

The magnetic field angles a' and a; in the rotated
system are given by P

B_ B;

- 1 - -

a' = tan 1 7| = tan 1 U (54)
P %

The magnetic angle y associated with the incident
perpendicular component and the unit magnetic
field ratios ([B|/B_)., (|B|/B_),, and (B/B_), in
the rotated system are next determined by bilinear
interpolation through the flow field grid. Then
the magnetic field components (By, By, B;) in the
rotated system are calculated from

' . ] . O =
Bx coaun [cnlt cosup |B_|"

56)
9.] (
, . '._ .
+ cosy ninap ‘B-%;J B.

B
B' ' ; o.l;
- coaun [linc colup .B_

(57)

B

| 2

+ . e | — .

siny sinup |B | B_
1
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v aiagt & [ s
Bz sinan [B J B_ (58)

The magnetic field components in the scolar wind
(X, Y, Z) system are then determined from the
rotational transformation

( B, 1 0 0 Bx)l
BY = [0 ccs8 -sin€ By! (59)
B 0 s8iné cosé| |B 'J

A z

and finally in the sun-planet system from

[ ] -cosficos 8inf =-cosising | [B

!. coslic ‘p 0S8 ‘P X
‘By.| linﬂ:onep -cosfi linﬂlin@p By (60)
Bz lin.P 0 coucp Bz

Results

Using the computational procedures described
above, a large number of solutions have been
calculated for a wide variety of conditions repre-
sentative of those that mignt be experienced at
Venus. A sample of these results is illustrated
in Figure 9 for M_ = 8, Y = 5/3, and H/R, = 0.10

with B_ either parallel or perpendicular to v_.
These and similar determirations for the follouing
35 other sets of conditions have been included in
a catalog of results available from Stahara et al.
[1980]:

M_= (2.0, 3.0, 5.0, 8.0, 12.0, 25.0)
HIR° = (0.01, 0.10, 0.25)

i/no = (0.10, 0.20, 0.25)

Also included in that reference are a few results
for conditions well outside the range likely to be
encountered at Venus but that are useful because
they illustrate the extended capability of the
present procedures.

Verification of the new procedures has been
done in & variety of ways in addition to compari-
scn with previous results for sets of conditions
for which both sets of results could be determined.
These inciude consideration of a variety of
special test cases in which the location in the
flow field and the incidert interplanetary magnetic
field orientation were systematically changed so
as to produce both symmetric and antisymmetric
changes in the resultant ionosheath magnetic
field, as well as to reverse the roles of the
perpendicular and normal components. All of these
various permutations of the magnetic field calcu-
lations were successfully verified.

The final and ultimate check of the theoretical

——as e
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Intexplanetary Conditions
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Fig 16. Comparison of observed (OMAG) and theoretical time histories for the magnetic
field for Pioneer Venus orbit 3 based on inbound and outbound interplanetary solar wind
conditions using gasdynamic solutions M, = 7.38, Y = 2.0 for inbound and M_ = 5.96,

Y = 2.0 for outbound calculations. (a) Magnetic field magnitudes. (b) Magnetic field

components.

model and numerical procedures lies in the com—
parison of the predicted results with data
actually measured by a spacecraft. Attention is
now turned, accordingly, tc the results of pre-
lizinary compariscns with data obtained from
orbits 3 and 6 of the Pioneer-Venus orbiter.

These orbits were selected in conjunction with the
experime iters on the basis of completeness of data
and apparent steadiness of conditions during the
time of interest for the study.

To perform calculations suitable for comparison
with data from a particular orbit, it is necessary
to specify appropriate conditions corresponding to
those actually measured in both the ionosphere and
in the oncoming interplanetary solar wind plasma.
On the basis of data from the orbiter retarding
potential analyzer (OPRA) indicating the iono-
spheric scale height to be approximately 200 km
for orbits 3 and 6, a value of 0.03 was selected
for H/Ry or H/R;. For such small values the two
ionospheric pressure models indicated by (20) and
(21) yield essentially the same obstacle shape,
as can be seen from Figure 2. With regard to on-
coming interplanetary cenditions it is required
that values for the solar wind bulk velocity v_,
density o_, temperature T_, and magnetic field B
be specified. The first three are provided by
the orbiter plasma analyzer (OPA), and the
magnetic field is given by the orbiter flux gate
magnetometer (OMAG). OPA provides either iom or
electron data, but not both simultaneously. Fer
orbits 3 and 6, ion measurements were available
and have been employed. Dé&ta on the oncoming
direction of the solar wind, as given in terms of
the angles (Q, ¢p), define the coordinate rotations
required to align the gasdynamic calculation in the

free-stream solar wind direction; while information
of solar wind speed, denmsity, and temperature serve
to define the free-stream gasdynamic Mach number
M.
Although it is known the temperatures of the
ions and electrons may be substantially different
in the solar wind plasma (a ratio Te/Ty - 4 is
often representative), they are assumed to be equal
(Te/Tgy = 1) in the derivation of the single-fluid
magnetohydrodynamic equations upon which the
present calculations are based. Now that the
theory has been put into a more readily usable
form and more extensive data on the temperature
of both 2lectrons and ions are becoming avallable
for comparative studies, steps should be taken to
improve understanding of the relation between
single- and multiple-component plasma theories for
space plasma flows, and the calculative procedures
refined as appropriate.

With this information the detailed gasdynamic
and unit magnetic field calculations in the iono-
sheath region can be carried out. To provide an
idea of the detail cobtained by the present com-
putational procedures, Figure 10 displays the flow
field grid for one of the gasdynamic solutions
used in the comparisons. Values for each of the
plasma properties v/v_, p/pg,, T/T,, (B/B )«,

(B/B_ )1 and (B/B_), are determined at each inter-
sectTon of the grid lines, including the bow
shock, stagnation streamline, and ionopause
boundary. The final output of the calculation
consists of these quantities and the coordinates
of the bow shock and ionopause, expressed either
in tabular form or as plotted contours, and also
as time histories along a specified trajectory.

For comparisons with spacecraft data the time-

SRR VU P ———
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history predictions are the most convenient. For
the theoretical predictions, two sets of results
are usually generated on the basis of the last/
first interplanetary solar wind properties
measured before/after bow shock inbound/outbound
crossing.

Figure 11 displays some overall flow field
results for orbit 6. Indicated are bow shock
locations for the three combinations of M_ and
plasma specific heat ratio Y, i.e., (M., Y) =
(13.3, 5/3), (13.3, 2), (3.0, 5/3) for flow about
an ionopause with H/R, = 0.03. Also indicated are
two sets of points (solid lines with circles, and
dashed lines with squares) reprasenting the space-
craft trajectory as viewed in two solar wind
oriented coordinate systems. The trajectory
indicated by the solid lines and circles is that
based on the last measured direction (R, ¢p) =
(6.5°, =1.4") of the interplanetary solar wind
just prior to crossing the bow shock on the in-
bound leg, while the dashed lines and squares
denote the trajectory based on the first measured
direction (i, op) = (4.9%, 7.6°) of the solar wind
immediately after crossing the bow shock on the
outbound leg. These results illustrate the
extremely large dependence of spatial position of

(continued)

a trajectory peint, as viewed in solar wind coor-
dinates, on solar wind direction. For the partic-
ular angles indicated. the shift in X coordinate
of a trajectory poir. can be as great as a quarter
of the Venusian planetary radius and obviously
results in substantial differences in predicted
flow and magnetic field properties. Although
Spreiter and Rizzi [1972] noted the importance of
such an effect in the interpretation of the data
from Mariner 4 in its flyby of Mars, the effects
of angular shifts in the solar wind dirsction are
usually ignored in most discussions of the inter-
action. The present results, howaver, indicate
that this purely geometrical effect can be very
significant, even for directional shifts of less
than 5°, and must be accounted for in any
quantitative comparison of theoretical and
observational results.

The selection of values for M_ and Y in
figure 1. represents an attempt to resolve the
uncertainty in the appropriate values for these
parameters. Because only solar wind ion temper-
atures from the OPA were available for orbit 6,
the initial calculations of M_ were based on the
assumptions that Ty = Ty, which leads to M_ = 13.3
and Y = 5/3, as appropriste for a gas with parti-
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Fig. 17. Comparison of observed (OMAG) and theoretical time histories of the magnetic
field for Pioneer Venus orbit 3 based on inbound solar wind interplanetary conditions
using a gasdynamic solution for M_ = 3.0, Y = 5/3. f{a) Magnetic field magnitude.

(b) Magnetic field components.

cles possessing 3 degrees of freedom for their
molecular motion. The resulting location for the
shock wave is not in good agreement with the
observations. To investigate whether changing
the value for Y to 2, which corresponds to a gas
with 2 degrees of freedom as might be supposed to
occur if the magnetic field sufficiently aligns
the molecular motion, the calculations were
repeated with M, = 13.3 and Y = 2. The results,
indicated by the dashed line, are in improved,
but still not completely satisfactory, agreement
with the observed shock locations. Finally, if
it is assumed that the oncoming interplanetary
electron temperature is not equal to the ion tem-
perature but is substantially higher, we are led
to consider low values of the order of 3-5 for M .
Results for M_ = 3.0, Y = 5/3 are indicated in
Figure 1l by the solid line. It may be seen that
results calculated for these values and for the
inbound solar wind direction are in very good
agreement with the theoretical results. These
comparisons make evident both the possibilities
and the uncertainties in the use of ths theory at
the present level of understanding of the parameter
selection process.

Figure 12 displays the time history comparisons
of the predicted bulk plasma density, speed, and
temperature with OPA data. The solid lines with
circles correspond to results based on inbound
interplanetary conditions, while the dashed lines
with squares correspond to outbound conditions.
While the one data point in the ionosheath for
each quantity is in general agreement with the
theovretical calculation, the lack of more detailed
plasma data prevents a definitive conclusion. The
OPA requires approximately 9 min to acquire suffi-

cient data to enable determination of the bulk
plasma quantities. This time interval usually
presents no problem when the spacecraft is in the
interplanetary solar wind, but the large resolu-
tion time effectively averages the plasma quan-
tities in the ionosheath over such a large spatial
range that only overall comparisons of the bulk
plasma properties are possible with this
instrument.

The situation is quite different for the
magnetic field, since the OMAG provides essentially
instantaneous measurements. Figure 13 displays a
comparison of the data from orbit 6 with two sets
of theoretical results based on the inbound and
outbound interplanetary conditions. In these com-
parisons both sets of predictions exhibit good
agreement with the data for the appropriate part
of the trajectory. Thus, on the inbound leg the
predictions based on the inbound interplanetary
conditions are in good agreement with the data,
while the outbound-condition predictions are
notably inferior, particularly with regard to
shock crossing; and conversely. Since steadiness
of the interplanetary conditions was a criterion
used in the selection of orbit 6 for these com-
parisons, the results of Figure 13 serve to
illustrate the need for simultaneous measurements
of interplanetary conditions and planetary flow
field conditions in more definitive evaluations
of the theory.

Results for corresponding comparisons for
orbit 3 are given in Figures ! ", and 16. In
Figure 14, bow shock location sresented for
five different combinatioms oo _ .nd Y. The Mach
numbers M_ = 7.38 and 5.96 correspond to the in-
bound and outbound interplanetar; conditioms,

.
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respectively, for |v_', o_, and T_ as measured for
the ions by the OPA; the two values for ¥ = 5/3,

2 are indicative o. present uncertainty about the
effective ratio of specific heats for the solar
wind plasma. The bow shock location for M_ = 3
and Y = 5/3 given previously in Figure 11 for
orbit 6 is also included, because once again it is
closer to the observed shcck crossings. Also
provided in Figure 14 are the orbital trajectories
as viewed in solar wind coordinates for the in-
bound (2, ) = (3.3°, 0.15°) and outbound (1, ep)
= (3.7°, 4.8') solar wind directions.

The comparisons for the bulk plasma proper:ies
for orbit 3 shown in Figure 15 are marked again by
the paucity of observational data. What informa-
tion there is suggests agreement for the plasma
speed and density but a notable discrepancy for
the temperature. This is thoigat to be indicative
of the manner in which the bulx properties from
the theoretical model are interpreted in relation
to the observational measurements; i.e., the theo-
retical values correspond to those for a single-
component plasma in which it is coasidered that
the electrons and ions have equal temperatures,
whereas the measurements are for the ions omnly in
a muliicomponent plasma in which the ion and

0 20 4aC 60 80
Time from periapsis, min.

(continued)

electron temperatures are usually quite different.
A more penetrating analysis of the meaning of the
temperature in the theory and its relation to that
deduced by the experimenters from their data
appears to be a necessary and important subject
for future study.

Results for the magnetic field comparisons are
displayed in Figure 16, which provides time
histories of the magnitude and individual com-
ponents based on both inbound and outbound inter-
planetary conditions. Although the shock crossings
are somewha: in disagreement, since the calculated
results are for M, = 7.56, 6.96 and Y = 2, the
general trends displayed by the calculated and
observed results are notably similar, particularly
if account is taken of the drift with time along
the trajectory of the tranmsition from the calcu-
lations based on inbound conditions to ones based
on the outbound conditioms.

To demonstrate the improvement obtained in
magnetic-field results when a gasdynamic flow
field solution is employed which more closely
agrees with the observational bow shock locationm,
the magnetic field time histories from orbit 3 are
compared in Figure 17 using gesdynamic results for
M, = 3.0, Y = 5/3, and the directions (%, ¢p) =
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(3.3°, 0.15°) measured at the inbound shock cross-
ing. As can be seen, there is a marked improvement
in the agreement near the bow shock and quite good
agreement throughout the ionosheath for borh the
magnitude and the individual magnetic field com-
ponents. In addition to illustrating again that
further study needs to be made of the parameter
selection process required to relate the calculated
and observarional results optimally, these compari-
sons emphasize once again the need to account in
the calculations for the actual direction of the
interplanetary solar wind flow.

To illustrate the significance of this point,
Figure 18 has been prepared to show that even a
modest change of #6° in the direction of the
incident solar wind can have substanti-! erfects
on the location of the ionopause 2.u bow wave, as
viewed in a coordinate system -.igned with the
Sun-Venus direction which i typical of most
presentations of observational data. It would be
of considerable interest to determine how much of
the scatter of data for the location of the bow
wave may be at:tributable to this simple factor.

A further point of growing concern is associ-
ated with effects of significant changes down-
stream of the terminator of the ionopause shape
from that calculated herein. More detailed :=cm-
parisons will have to be reserved for future
studies, tut the resv'ts of Figure 19 for tke
theoretical characte. stic lines emanating from
the intersection of the ionopause and the termi-
nator define the region of influence of a small
inward or outward taper of the ionopause profile
downstream of the terminator. For the entire
region displayed extending downstream to more than
16 Venus radii, these results indicate that there
is no accompanying change in the location of the
bow wave. It may also be noted that the point
designated by number 2 in the Mariner 5 data from
Venus (see Spreiter and Alksne [1970] for an
earlier comparison with theory), where the iono-
sheath plasma changes from comparatively quiet

= 8,0, ¥ = 5/3 flow past a sphere/cylinder ionopause

to disturbed, is remarkably close to the charac-
teristic line from the term’'nator. Such behavior
could result from unsteady fiuctuations of the
ionopause surface beginning approaimately at the
terminator. The data from Pioneer Venus should be
examinea to determine whether this is a general
property of the plasma in the vicinity of these
characteristic lines or perhaps just the result
of some passing transient occurring at the time

of the Mariner 5 encounter.

Concludirg Remarks

The present application of advanced computa-
tional procedures to the modeling of solar wind
flow past Venus was undertaken to improve the
accuracy and utility of the theoretical predic-
tions. Starting with the steady, dissipationlcss,
magnetohydrodynamic model for axisymmetric, super-
sonic, super-Alfvénic solar wind past a nonmagnetic
planet with a shielding ionosphere, a number of
important theoretical extensions have been devel-
oped and implemented. These include the capability
for treating lower interplanetary gasdynamic Mach
numbers M_ down to about 2 and a wider variety of
ionopause shapes iIncluding a new family of shapes
which includes the effect of gravitational varia-
tion in the scale height. Additionally, the
capability for determining the plasma gasdynazic
and mugnetic fie'd properties along any arbitrary
trajectory, accounting for an arbitrary oncoming
direction of the solar wind, h:as been established.
All of these developmentc have been incorporated
into a current computational model to enable
detailed calculations of the solar wind inter-
action with Venus. The model has been compre-
hensively described hy Stahura et al. [1980].

Also included in that account ic an extensive
catalog of results for a wides range of flow con-
ditions and ionopause shapes representative of
those that might Le anticipated at Venus or at



Spreiter and Stahara: Solar Wind Flow Past Venus

o-°ﬂ’

ORIGINAL
[ OF POOR

oF 3

PAGE IS
QUALITY

7737

—— —a————

Characteristics
from terminator

"/-—-5ph0r0/4° cone
/—Sphcrl/cylindor

,———:§Ehere/-10°cone/cylxnder

1 1 | ——

3]

Characteristics
from terminator

!—Sphere/éc cone

i—SPhere/eylindax

—————
——

£‘Sphl:e,’-10° cone/cylinder

Fig. 19.

10

=k s X/R
12 14 16 18 9

Illustration of effect of various wake shapes on bow shock location and

characteristics from terminator; Y = 5/3, M_= 3 and 8.

some other nonmagnetic planet with a shielding
ionosphere.

Finally, theoretical results determined from
the model have been compared with data from two
of the early orbits of the Pioneer Venus crbiter
These comparisons have indicated the importance,
heretofore largely negiected, of the directional
variability of the oncoming solar wind. These
results, taken in toto, serve to verify the basic
theoretical model and the effectiveness of the
numerical solution, although it is evident that
further study should be applied to certain
questions relating to interpretation of plasma
quantities like the temperature. The results
demonstrate also the value uf the present theo-
retical procedures as a research tool capable of
roctinely providing--at small computational cost
anc in a form directly compatible with observa-
tions--details of the solar wind/planetary
atmosphere interaction process not previously
attainable.

With regard to future uses as well as improve-
ments of tle present model, the obvirus need for
a2 detailed study involving comparison between
theory and observat.ons for a large number of
orbits of the Pionser Verus orbiter is clear.

On the basis of the preliminary comprrisons for
" bits 3 and 6 the calculated magu=tic field
apoears to be remarkably accurate for relatively

quiettime conditions. Similar comparisons of the
plasma properties indicate a need for an improved
interpretation of the results from the single-fluid
theory in terms of multicomponent measurements.
Questions regarding the possible supp.ession by
the interplanetary magnetic field of the number

of degrees of freedom of the plasma require
further study and could be clarified through
systematic comparisons with data. Additionally,
observations from the Pivneer Venus orbiter of

the nightside ionosphere of Venus have revealed

a more complex and dynamjc structure than sus-
pected. These observations point, in particular,
toward the need for improvement of the simple
model used in the present method for the deter-
mination of the ionosphere boundary downstream of
the terminator. This improved determination would
involve an iterative procedure in which a balance
of the sum of the solar wind gasdynamic and
magnetic pressures along the ionopause surface
would be maintained against the ionospheric pres-
sure, not necessarily assumed to be spherically
symmetric. The present method, which balances

the extended Newtonian gas plus magnetic pressure
distribution against the ionospheric preesure,
might represent the first step of such an itera-
tion; but it is also possible that dynamic effects
associated with intermittently passing volumes of
magnetized plasma torn from more upstream regions

TSRS
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of the ionopause might greatly impair the generai
utility of any stationary model for the ionopause
downstream of the terminator. This is another
important topic awaiting further study.
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