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ABSTRACT

Aims. We aim to study the viscous interaction of the solar wind with the ionosphere of Venus in the magnetic polar regions by means

of hydrodynamical computer simulations.

Methods. We use a finite difference code developed for the solution of the Navier-Stokes, continuity and energy equations.

Results. We have calculated the flow properties, the shape and location of the boundary layer and the shock formed as a consequence
of the viscous interaction over the magnetic poles of the planet and advected downstream. By comparing our results to the flow
properties measured by the Venera 10 and Mariner 5 spacecraft in the Venus ionosheath, we determine that a Reynolds number for the
flow near the value Re = 20 is necessary to reproduce the position of the intermediate transition as well as the shock front. Also, on
the basis of our results we predict the existence of a stagnation region for the solar wind flow extending considerably upstream from

the viscous interaction region.
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1. Introduction

In situ measurements of the physical environment in the iono-
sphere and ionosheath over the magnetic polar regions of the
planet Venus indicate that many observed features can be best
understood as arising from the viscous interaction of the so-
lar wind plasma with ionospheric plasma over the polar regions
of the planet (see Pérez-de-Tejada 1995, 2006 and references
therein). We briefly review the main features believed to be re-
lated to viscous transport processes in the ionosheath of Venus.

Both the Mariner 5 and Venera 10 spacecraft observed a re-
duction of the flow velocity as they transversed the ionosheath
moving towards the planet (Romanov et al. 1979; Bridge et al.
1967). The accompanying decrease of plasma density and the
increase in the gas temperature as the spacecraft approached the
polar regions of the planet are consistent with the existence of
a viscous boundary layer arising from the direct plasma-plasma
interaction at the ionopause over the magnetic polar regions of
the planet (Pérez-de-Tejada et al. 1995).

According to Pérez-de-Tejada (1986a) the transterminator
flow observed by the Pioneer Venus Orbiter (PVO), i.e. the day-
side to nightside flow of upper ionospheric plasma with typical
speeds of a few km s~!, is consistent with the viscous dragging
of the Venus upper ionosphere by the solar wind flow in the
ionosheath above the magnetic polar regions. Pérez-de-Tejada
(1986a) has shown that the altitude integrated momentum flux
in the transterminator flow is comparable to the deficiency of so-
lar wind momentum as measured by Mariner 5 in the ionosheath
over the magnetic poles of Venus (Bridge et al. 1967; Shefer
etal. 1979).

It has been argued that the direct, viscous interaction be-
tween the solar wind plasma and ionospheric plasma occurs

preferentially over the polar regions due to the shielding pro-
vided by the piled-up IMF elsewhere over the planet’s iono-
sphere (Pérez-de-Tejada 1986b). Pérez-de-Tejada (2001, 2004)
has proposed that the viscous interaction leads to the carving
out of plasma channels at and downstream of the magnetic po-
lar regions providing an explanation for the ionospheric holes
measured by the PVO on the nightside of the planet (Brace
et al. 1983; Taylor et al. 1985).

The precise mechanisms responsible for the momentum
transport processes we describe in terms of an anomalous vis-
cosity have been addressed by Shapiro et al. (1995) and Quest
et al. (1997). They propose that viscosity could be related to
wave-particle interactions given the strongly fluctuating mag-
netic field in the ionosheath as measured by Mariner 5. However,
it is clear that the precise origin of the anomalous viscosity is not
fully understood at present and is beyond the scope of the present
paper.

In this paper we present the basic properties of a numerical
code developed to simulate the viscous interaction of the solar
wind with the planet Venus. As part of this ongoing effort, in this
paper we report a first attempt to gain insight into this problem
by concentrating on the flow properties above the magnetic poles
of the planet. The paper is organized as follows; in Sect. 2 we de-
scribe the basic equations and assumptions of the model used to
study the viscous interaction, in Sect. 3 we briefly describe the
numerical code we are using and other numerical details. Results
for a series of cases illustrating the effect of the various model
parameters are shown in Sect. 4. In Sect. 5 we discuss these re-
sults in the context of in situ measurements made by the Venera
10 and Mariner 5 spacecraft. Finally, in Sect. 6 we summarize
our findings and discuss our results.
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2. Problem setup

We assume that a direct, viscous interaction between the solar
wind plasma and the ionospheric plasma of the planet Venus oc-
curs only at very high latitudes. Whitten et al. (1984) has esti-
mated that the region of plasma-plasma interaction extends only
from about 80° solar zenith angle (SZA) to approximately 140°
SZA over each magnetic pole (as traditionally defined in terms
of the prevailing IMF). This suggests that, as a first approxima-
tion, one may neglect curvature effects entirely and consider the
boundary of the ionosphere where the direct interaction occurs
as a flat plate. Also, as extensively measured by PVO and other
spacecraft (Miller & Whitten 1991), flow velocities in the up-
per ionosphere are generally lower than 5 kms~!, much smaller
than the speed of the free flowing solar wind as it streams over
the planet’s polar regions. This suggests that a no-slip boundary
condition, with the flat plate taken at rest, is a good approxima-
tion for the scenario we want to model.

We consider only fluid forces in our model, i.e. we do not in-
clude the effect of the IMF, mass loading or any body forces. An
estimation of the effect of J X B forces in comparison to viscous
forces in the ionosheath has been carried out by Pérez-de-Tejada
(1999). Briefly, an order of magnitude comparison of the ad-
vection, magnetic and viscous terms in the x-component of the
momentum equation in the boundary layer yields:

poU? R B? . vU,
L anL s

where p,, U, and B, are typical magnitudes of the density, flow
velocity and magnetic field respectively, v is kinematic viscosity,
L is the characteristic length scale in the x direction and ¢ is
the thickness of the boundary layer. Using density and velocity
values for the solar wind in the ionosheath this equation can be
recast as:

2
0s Uz ~ 0s U? L + LL_Z
WY sw WY sw 2U§w Re 52

where V) is the Alfven velocity and Re is the Reynolds number

of the flow. Using § ~ L/ VRe as in a Blasius boundary layer we
see that the relative importance of both terms is given by:

J X B forces 1
viscous forces 2Mi

As discussed by Pérez-de-Tejada (1999) the flow over the po-
lar regions being super-Alfvenic implies that magnetic forces
are not the dominant factor when studying flow dynamics in the
region.

To estimate the importance of mass loading consider that
the total amount of momentum taken from the solar wind flow
in the ionosheath is, at most, the amount of momentum con-
tained in the flow of O* ions of ionospheric origin in the re-
gion, as they start essentially from rest. The dynamical impor-
tance of this process can be estimated by comparing the kinetic
energy in the flow of O" ions, po+ Ué+ /2, to the kinetic energy
in the solar wind proton flow, psw U, §W/ 2. Since the velocity of
the O" ions, Up- is, at most, equal to the velocity of the solar
wind protons, Usw, an upper limit on the relative importance of
mass loading on the flow dynamics is given by the comparison
of po+ and psw. According to data from August 11, 2006 from
the ASPERA4 instrument on board the Venus Express spacecraft
(Lundin, private communication), the mass density of O" ions in
the ionosheath, and consequently also the kinetic energy density,
is approximately an order of magnitude lower than that for H*.
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Fig. 1. Schematics of the geometry of our problem. The gray box rep-
resents the region we are modeling. The Sun is to the left and the flat
plate represents that portion of the ionopause where the direct, viscous
interactions between the solar wind and ionospheric plasma takes place.
Not to scale.

At present, we consider only the problem in 2D, x and y,
where x represents the distance along the plate, i.e. along the
Sun-Venus direction in our model, and y represents the height
above the flat plate, which represents the ionopause in our
model.

In summary, we propose to model the viscous interaction of
the solar wind with the ionosphere at the magnetic polar regions
of the planet Venus as a hydrodynamic, 2D, initially uniform
flow along a finite flat plate. Figure 1 illustrates the geometry of
our problem. In terms of our model, the flat plate represents the
portion of Venus ionopause over which there is a direct interac-
tion of solar wind and ionospheric plasma.

The full Navier-Stokes equations are solved together with
the continuity and energy equations in conservative form which,
after passing to dimensionless variables, can be written as:

oU OE OF
— -y (1)
o ox Oy
where

Je

pV
v=| "/, 2)

pVy

E;
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In the preceding equations p is the gas density, V, and V, are
the components of the velocity and E; is the total energy density
defined by;

1
E =pe+ Epv2 5)

with e being the internal energy per unit mass. In (3) and (4), k;
fori = 1,5 contain the following combinations of dimensionless
numbers and the adiabatic index for the gas, y:

1

ki = —
yM;
1
ky = —
2 Re
ks=(y-1)
Yy - DM
ky = L0
Re
ks = —1—.
RePr

The Mach, Reynolds and Prandtl numbers for the flow, M,, Re,
and Pr respectively, are defined as:

V
M, = —
CSO
VoL
Re = —
Polo
Pr = HoG
Ko

where quantities with subindex o are those used for the normal-
ization of the flow variables and parameters, ¢, is the specific
heat at constant pressure and L is the normalization for the spa-
tial coordinates. For simplicity, and in the absence of arguments
to do otherwise, we have assumed that flow parameters ¢ and «
are uniform and equal to y, and «,.

Ty, Ty, and Ty, in Eqgs. (3) and (4) are components of the
viscous stress tensor given by:

49V, 20V,
T =3 - 3 a5 6
30x 30y ©
v, av,
T, =— 7
Y ox " dy @)
and
20V, 44V,
T = —— —_—
w 3 dx * 3 oy ®)

Also, in Egs. (3) and (4), g, and ¢, are the components of the
heat flux vector given by:

. or
9x =732 9)
and
oT
qy = (10

_a_y.
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Finally, we have assumed throughout that the gas is ideal so that:

=1 P (11)
y—-1p
with the ideal gas equation of state, p = pRT. For the calcula-
tions shown here we have assumed the gas to be monoatomic,
ie.y=15/3.
In applying these set of equations to our flat plate model for
the ionopause of Venus at polar latitudes, Eq. (1) is solved in a
rectangular domain with the following boundary conditions:

— at x = xmin (left boundary) and at y = ymax (top boundary)
the flow is assumed uniform and with the properties of the
solar wind in the ionosheath at polar latitudes according to
the non-viscous calculations of Spreiter & Stahara (1980),

Vi = Vsw,

V, =0,
P = Psw,
T = Tsw,

— At X = Xpax (right boundary) the flow properties are assumed
to continue evolving smoothly as it distances itself from the
obstacle. All flow variables are linearly extrapolated in the x
direction.

— Aty = ymin (bottom boundary) the boundary conditions de-
pend on whether we are over the flat plate or not. The plate
is taken to extend from Xpae,1 tO Xplate2-

For Xplate,i < X < Xplae,2 the following boundary conditions

are used:
VX = O»
vV, =0,
oT

— =0,
Ay

and pressure, p, is extrapolated linearly from its values in
the region immediately above the plate. The condition for a
vanishing temperature gradient normal to the plate, implying
no heat flow across the ionopause, is traditionally used in
the solution of the flat plate, viscous problem and considered
appropriate for the steady state solution we seek.

We choose our normalization constants such that Vsw = psw =
Tsw = 1,1.e. flow properties V,, V,, p, p and T are all normalized
to their value in the solar wind as it enters the computational box.
The length scale normalization, L, is chosen to be the size of the
flat plate, which in our case represents the size of the ionopause
region where the solar wind directly interacts with ionospheric
plasma. If we consider that the interaction region extends from
80° to 140° SZA over the magnetic poles of the planet, then
L ~ 6300 km.

3. The numerical code

To address the problem described above, we have developed a
computational code following Anderson (1995). The code solves
Eq. (1) on a uniform, rectangular grid, using MacCormack’s
scheme which is 2nd order accurate in space and time. Although
we are solving the time-dependent equations for the flow, we
seek only the steady state solution. This is reached by evolving
the equations from a given set of initial conditions until there
is no variation in the flow properties up to a user defined toler-
ance. In the cases shown this is typically achieved after fewer
than 30 000 iterations.
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3.1. Finite difference scheme

In MacCormack’ scheme the solution is advanced over one
timestep by a sequence of intermediate steps, the predictor and
corrector steps. In the predictor step an intermediate solution is
calculated from the values of the physical variables, UZ’A’]. at a
given time () and position, (x;, y;), according to: ‘
U;,=U.; - ci|EL,, ;- E)

irl,j — i
t 1
- |Fj - Fi}]

i+l 12)
where ¢; = At/Ax, ¢c; = At/Ay and E' and F' are evaluated
with U" according to (3) and (4). This predicted solution is then
corrected to obtain the solution at the next time, ¢ + At, using:

Uﬁyzé[vb'*UZ‘cwEZ‘Eiu)
- e (F-Fip)]

where E* and F* are computed from U* using (3) and (4).
Following Anderson (1995), in the evaluation of E’ we use first
order backward differences for the x derivatives and centered dif-
ferences for the y derivatives. For F’ we use centered differences
for the x derivatives and backward differences for the y deriva-
tives. For E* we use forward differences for the x derivatives and
centered differences for the y derivatives. For F* we use centered
differences for the x derivatives and forward differences for the
y derivatives.

The time step, At, is calculated with the following ver-
sion of the Courant-Friedrichs-Lewy criterion as suggested by
Anderson (1995):

13)

At = min | K(ArcrL); j] (14)
where K is a constant, typically less than 0.5, and
(Vi l IVl 1 1 1
AtcrL)i; = ——t — =+ —
(Atcr )i Ax Ay M, | Ax2  Ay?
+ 2 (! + L) (15)
Re\Ax? Ay?

A full description of the code as well as the tests performed are
reported in Diaz-Méndez (2007).

3.2. Initial conditions

The steady state solution for the flow is obtained by evolving the
following initial conditions:

Vi(t = 0) = Vsw,
V,(t = 0) =0,
p(t=0) = psw,
T(t = 0) = Tsy.

Although significantly different from the final flow properties,
these conditions do not give rise to any long lasting instability in
the flow so that the final state does not depend on their precise
form or value.

M. Reyes-Ruiz et al.: Simulation of the solar wind — Venus viscous interaction

4. Results

Apart from the boundary conditions, the steady state solution
for the flow depends on the value of 3 dimensionless numbers;
the Mach number of the incident flow, M,, the Reynolds num-
ber of the flow, Re, and the Prandtl number, Pr. In the following
subsection we discuss what the fiducial values for M, and Re
should be and present results for this case. Next, we present re-
sults for a series of cases with greater M, and different Re to
illustrate the effect of each parameter. For the Prandtl number
we use Pr = 0.71 in all our calculations. Such a value corre-
sponds to a monoatomic ideal gas (Isachenko et al. 1977). Our
results are not significantly different if we use a similar value,
eg. Pr=1.

4.1. Fiducial choice of parameters

The appropriate value of M, to use in our model is taken from
the work of Spreiter & Stahara (1980) who calculated the flow
of the Solar Wind past Venus without taking into account vis-
cous forces. As we have argued, we expect the viscous effects
of the interaction between the solar wind and the ionospheric
plasma to be important mainly around the magnetic polar re-
gions of the planet. Hence, we consider the results of Spreiter
& Stahara (1980) as a good approximation for the flow at low
latitudes, where viscosity is not expected to play a crucial role.
According to Spreiter & Stahara (1980) the shocked solar wind
in the ionosheath, above the polar regions, is characterized by
M, = 2.

The value of Re is taken from the work of Pérez-de-
Tejada (1999), who estimates the value of the Reynolds num-
ber based on the thickness of the boundary layer as seen by the
Venera 10 and Mariner 5 spacecraft. Perez-de-Tejada (1986a)
also estimated Re by calculating the momentum transfer from
the solar wind to the upper ionosphere as measured by PVO
(Perez-de-Tejada 1986a) in the transterminator flow. We adopt
Re =~ 20 as a fiducial value based on these results.

The flow for our basic model, characterized by M, = 2 and
Re = 20, is shown in Fig. 2. For these calculations we have used
a grid of 200 x 400 mesh points, extending from xpi, = 0 to
Xmax = 9 and Ymin = 0 t0 ymax = 15. Figure 2 shows only a
portion of the computational box. In the choice of the vertical
extent of the computational domain care must be taken so that
both the shock front and the boundary layer are enclosed at all
times. The salient large scale properties of the flow are:

— The existence of a strong transition (shock front) starting
just before the nose of the ionopause interaction region (flat
plate) and extending upwards as the flow transverses the re-
gion. Upstream from this transition the solar wind flow is not
significantly affected by the ionospheric plasma.

— The existence of a viscous boundary layer over the flat plate.
The velocity, density and temperature gradients established
over the plate are carried downstream by the flow for several
length scales beyond the flat plate.

— A stagnation zone preceding the leading edge of the flat plate
where the reduction of the flow velocity results in an in-
creased density and temperature.

These features are qualitatively similar for all choices of model
parameters (M,, Re). However, their extent and amplitude de-
pends on the parameters M, and Re. In the following subsec-
tion we will compare results for different values of the model
parameters.



M. Reyes-Ruiz et al.: Simulation of the solar wind — Venus viscous interaction

M,=2, Re=20
5 \\\\\\\\\J\\\\\\\\\l\\\\\\\\\l\\\\\\\\\;l\\\\\\\\\

> > > 4

> > > > > >

e T P S

e

B e

B =

s > > > > > > > > > 4

3 B e A
=

= 4
B T T e
=

4 4
B T
~

B = I S
= =

e

T s > > > > > >

-
s s T > > > > 5 s > > > > > > > >
- |

S N NN

-
et O = O S
L - 4
Le s o o 0 0 8 s s s s T s s s > > > > > 5 > > > > > > > > > 4

D | | |

o

1 2 3 4 5

Fig. 2. Velocity field and density contours for the flow past a flat plate
model for the ionopause for the fiducial case M, = 2 and Re = 20. The
dark line between 1 and 2 in the bottom boundary indicates the loca-
tion of the flat plate. The velocity field is shown by the black arrows
and the shaded contours represent the gas density with lighter shaded
regions having the highest density. The lower dashed line indicates the
height of the boundary layer and the upper dashed line indicates the lo-
cation of the bow shock as inferred from the measurements of Venera 10
(Romanov et al. 1979).

In Fig. 2, corresponding to our fiducial model, the location of
the shock is indicated by the uppermost points at which the Solar
wind velocity is noticeably changed from its freestream values.
Owing to the strong viscous forces, Re = 20, the shock is not
an abrupt transition. This can be seen from the density contours
in Fig. 2 which show the density increasing gradually by less
than a factor of 2, from its value in the freestreaming flow to its
maximum value, indicated by the lightest shaded region in the
figure.

The behavior of the flow properties over the computational
domain can be seen in detail in the vertical profiles shown in
Fig. 3 for our fiducial case, with M, = 2 and Re = 20. Profiles
shown for V, T and p in the top, middle and bottom panels re-
spectively, illustrate the behavior of the different properties with
height above the flat plate; their actual value is not given by the
numbers on the abscissa axis. All profiles are shifted and in some
cases scaled to appear at their corresponding x location and they
start, at the top boundary, from the corresponding value for the
free streaming flow; the value they reach at the bottom boundary
depends on whether they are over the flat plate or not. For ex-
ample, the V, profile starting from x = 2 at the bottom boundary
actually shows V,/2+2. The corresponding 7" and p profiles start
from x = 2 at the top boundary of the middle and bottom panel
respectively, and show T + 1 and p + 1. The rest of the properties
are constructed similarly.

As can be seen in Fig. 3, the vertical profile of the x compo-
nent of the velocity, V,, indicates the existence of 2 transitions
as one approaches the ionopause. The velocity first goes from
its freestreaming value to a slightly lower one, about 25% less
depending on the x-position. We identify this transition as the
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M=2 Re=20

Fig. 3. Vertical profiles of flow properties at different positions along the
plate for the fiducial case M, = 2 and Re = 20. The top panel shows the
x component of the velocity; temperature and density profiles are shown
in the middle and bottom panels respectively. The dark line between 1
and 2 in the bottom boundary indicates the location of the flat plate.
In all panels, the lower shaded region indicates the range of boundary
layer thickness as inferred from the measurements of Venera 10 and
Mariner 5. The corresponding range for the location of the bow shock
is denoted by the upper shaded region. Profiles are intended to illustrate
the behavior of the different properties with height above the flat plate
and do not show their actual value directly (see text).

shock produced by the boundary layer as an obstacle. As one
continues to approach the ionopause, the velocity remains more
or less constant until, in the vicinity of the bottom boundary, it
decreases in a viscous boundary layer. The velocity decreases to
zero at the flat plate. Downstream from the flat plate, V, only
decreases to a fraction of its value above the boundary layer, as
there is no condition forcing it to zero at the bottom boundary.
The boundary layer is advected downstream from the interaction
region following the flow characteristics. Near the inner edge of
the plate, where the solar wind flow first interacts directly with
the ionospheric plasma, the shock front and the boundary layer
are not clearly separated. Upstream from the interaction region
and near the bottom boundary, there is a stagnation region as the
flow slows down to near zero velocities over the flat plate. This
can also be seen from Fig. 4, which shows the variation of flow
properties along the x coordinate at the very first gridpoint above
the flat plate.

The corresponding changes in other flow properties are as
follows. In temperature, shown in the middle panel of Fig. 3,
the shock front is marked by a fast increase, by about 50% over
its freestream value. A similar increase is also found for the gas
density, as seen in the bottom panel of Fig. 3. In the boundary
layer near the bottom boundary, viscous dissipation results in
elevated temperatures with the gas heating to more than twice its
freestream value. The gas in turn expands significantly as shown
in the bottom panel of Fig. 3 reaching, at the bottom boundary,
densities of about one half the value in the freestreaming flow.
The behavior of density and temperature in the stagnation region
and near the flat plate is also shown in Fig. 4, which shows the
variation of flow properties along the x coordinate just above
the flat plate. Note in this figure that the effect of the interaction
region are felt significantly upstream from its leading edge.

In the interest of brevity we have chosen not to show results
for a case with a value of M, smaller than our fiducial model.
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Fig. 4. Profiles of flow properties along the x coordinate, at the first
gridpoint above the plate, for the fiducial model with M, = 2 and Re =
20. The dark line between 1 and 2 in the bottom boundary indicates the
location of the flat plate.

2 T

Fig. 5. Same as Fig. 2 but for a model having M, = 5 and Re = 20.

It cannot be much smaller than 2, although a value of M, =
1.5 could be argued for on the basis of the results of Spreiter
& Stahara (1980). It yields very similar results to our fiducial
model. The only noticeable difference is a slightly higher shock
front, with an asymptotic inclination approximately 10° larger
than that shown in Fig. 2.

4.2. High M, case

To illustrate the effect of the Mach number of the incident flow,
M,, on the flow properties, in Fig. 5 we show the steady state
solution for the flow and in Fig. 6 we show the vertical profiles
of Vy, pand T for a case having M, = 5 and the same Reynolds
number as our fiducial model, Re = 20.

The main effect of increasing the incident Mach number is
to modify the location of the shock front. As expected, a greater
Mach number results in a shock front located closer to the obsta-
cle, which is traced by the light shaded region in Fig. 5. Although
the separation between the shock front and the top of the bound-
ary layer is not as clear as in our fiducial case, the height of

Fig. 6. Same as Fig. 3 but for a model having M, =5 and Re = 20.

the boundary layer should increase. It is well known that with a
faster freeflowing wind there is more kinetic energy to be dissi-
pated in the boundary layer, leading to higher temperatures, and
lower densities, near the bottom boundary. For hypersonic flow,
the increase in temperature in the boundary layer leads to its ex-
pansion so that its height increases from the classical, subsonic,
Blasius expression, which is inversely proportional to the square
root of the Reynolds number, to:

(16)

where the height of the boundary layer, J, is enhanced by the
value of the Mach number (Anderson 1989). Also evident in
Fig. 6 is the fact that the boundary layer disappears faster as one
moves downstream from the flat plate. At a distance behind the
magnetic poles 4 times the size of the interaction region, there is
almost no velocity gradient associated with the boundary layer.

4.3. High Re case

If the Mach number is kept at M, = 2, increasing the Reynolds
number has the effect of reducing the viscous effects on the flow
and the height of the boundary layer decreases in comparison
to our fiducial model according to Blasius expression. This is
seen in Figs. 7 and 8 which show the flow geometry and vertical
profiles of V,, T and p, respectively, for a case having Re = 100
and the same Mach number as our fiducial model, M, = 2.

Reducing the extent of the boundary layer has the additional
effect of making the obstacle appear less blunt to the incom-
ing solar wind. The asymptotic opening angle of the shock front
is more or less the same as in our fiducial model, however, the
height of the shock front is significantly reduced to almost a half
of its value in our fiducial model. A similar decrease in the ex-
tent of the stagnation region upstream from the inner edge of the
flat plate is found.

The increased Reynolds number reduces the viscous spread-
ing of the shock so that the jump in velocity and other flow prop-
erties across the shock front are more abrupt for the case with
Re = 100, shown in Fig. 8, than for our fiducial model.
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Fig. 8. Same as Fig. 3 but for a model having M, = 2 and Re = 100.

4.4. Low Re case

To illustrate the effect of reducing the Reynolds number in our
fiducial model, effectively increasing viscous forces, in Figs. 9,
10 and 11 we show results from our simulations using M, = 2
and Re = 5.

Several features of the flow are significantly affected by the
decrease in Re in comparison to our fiducial model. The disper-
sion of the shock front over a greater extent, and the increased
height of the boundary layer, results in no clear separation be-
tween these two transitions throughout the flow. The boundary
layer height, ¢, increases roughly by a factor of 2, according to
Eq. (16). As seen in Fig. 10 the change in flow properties, partic-
ularly T and p, associated with the shock front are now observed
at greater heights.

The effectively increased viscosity also affects the extent of
the stagnation zone preceding the inner edge of the flat plate,
as can be seen in Fig. 11. To address this issue we have ex-
tended our computational domain upstream from the flat plate
to xmin = —1. And even so, judging from the fast decline of V, as
soon as we leave the left boundary, it appears we have not caught
the full extent of the stagnation zone. With the current version of
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Fig. 9. Same as Fig. 2 but for a model having M, =2 and Re = 5.
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Fig. 10. Same as Fig. 3 but for a model having M, = 2 and Re = 5.

our computational code this is too demanding. Nevertheless the
tendency is clear; viscosity gives rise to significant effects on
the flow a considerable distance upstream from the region of di-
rect interaction between the solar wind and Venus ionospheric
plasma.

5. Discussion

Several features of our results can be compared to in situ
measurements carried out during the fly-by of the Venera 10
(Romanov et al. 1979) and Mariner 5 (Bridge et al. 1967) space-
craft. Figure 12 shows the trajectory of Venera 10 and profiles
of the measured ion temperature and speed. Figure 13 shows the
trajectory of Mariner 5 and profiles of the measured ion thermal
speed, ion number density and bulk velocity during the fly-by.
Both Venera 10 and Mariner 5 detected a transition
in the plasma properties, located between the shock front
and the ionopause, as the spacecraft approached the planet.
Perez-de-Tejada (1986a) has labeled this as the intermediate
transition, as shown in Figs. 12 and 13. It marks the beginning of
a significant decrease in gas velocity and density as well as in in-
crease in gas temperature. As argued by Perez-de-Tejada (1986a)
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Fig. 12. Trajectory and measured plasma properties during the fly-by of
Venera 10 (Romanov et al. 1979).

a simple explanation for this is the existence of a boundary layer
over the planet’s magnetic poles. In this model, the intermediate
transition represents the height of the boundary layer.

We have superimposed in Figs. 3, 6, 8 and 10 a pair of shaded
regions indicating a range in the position of the shock front and
the height of the boundary layer as derived from the measure-
ments of Venera 10 (Romanov et al. 1979) and Mariner 5 (Bridge
et al. 1967). The range in each case is defined by the difference
in the measurements of both spacecraft, with Mariner 5 hav-
ing measured a slightly higher shock front and boundary layer.
Defining the precise location of the shock front or the height of
the boundary layer from the results of our numerical simulations
is not straightforward; however, by comparing the velocity pro-
files in Figs. 3 and 8, it is clear that a choice of Re = 20 gives a
better agreement with the measured height of the boundary layer.

Comparing the boundary layer thickness and shock front
height as derived from the measurements of Venera 10 and
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Fig. 13. Trajectory and measured plasma properties during the fly-by of
Mariner 5 (Bridge et al. 1967).

Mariner 5 with the results from models with different Mach
number (Figs. 3 and 0) it is clear that the observed position of
the shock front cannot be accounted for if one assumes that the
Mach number over the planet’s magnetic poles is much greater
than 2. A similar conclusion is also reached if one looks at the in-
crease in temperature and the decrease in density from the top of
the boundary layer to the bottom. Measurements by Venera 10 as
reported by Romanov et al. (1979) indicate that the temperature
increases approximately by a factor of 4 as one transverses the
boundary layer behind the planet, as can be seen in Fig. 12. For
the model with M, = 5 and Re = 20, Fig. 6, the calculated tem-
perature increase at those distances is much greater. According
to Bridge et al. (1967) the densities measured by Mariner 5 in
its pass by Venus decrease by a factor of 3 across the boundary
layer, as seen in Fig. 13. Once again this is not consistent with
the results shown in Fig. 6 for the case with M, = 5 and Re = 20.

In summary, by comparing the positions of the shock
front and the intermediate transition measured by Venera 10
(Romanov et al. 1979) and Mariner 5 (Bridge et al. 1967) it ap-
pears that models characterized by a value of M, near 2 and Re
of approximately 20 are in good agreement. Among the models
we have computed, we have found that a model characterized by
M, = 3 and Re = 20 gives the best agreement with the measured
properties of the flow above and downstream of the magnetic
polar regions of Venus. The vertical profiles of V,, T" and p for
this “best fit” model are shown in Fig. 14.

6. Conclusions

We have carried out 2D numerical simulations of the hydro-
dynamical, viscous interaction between the solar wind and the
ionosphere of Venus at the magnetic polar regions, modeling the
ionopause as a flat plate. Our results indicate that as a conse-
quence of this interaction one expects to encounter the follow-
ing: a) a boundary layer of thickness ¢ given by Eq. (16) and
increasing as one moves downstream. The gradients in velocity
and other flow properties generated as the flow passes over the
flat plate are advected far downstream past the magnetic poles
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Fig. 14. Same as Fig. 3 but for a model with M, = 3 and Re = 20.

of the planet; b) a shock front located over the boundary layer at
a location depending both on the Mach number of the incident
flow as well as on its Reynolds number; and c) a stagnation zone
located at low heights, upstream of the inner edge of the region
of direct interaction between the solar wind and the ionospheric
plasma, modeled in our study as a flat plate. The amplitude and
extent of these features depends essentially on the incoming flow
dimensionless numbers, M, and Re.

By comparing our results for various choices of model pa-
rameters with the location of the shock front and boundary layer
height as derived from the measurements of Venera 10 and
Mariner 35, it is possible to rule out scenarios with a Reynolds
numbers much greater than Re = 20. This is illustrated in
Fig. 15, where the height of the shock front, Hy,, and the thick-
ness of the boundary layer, ¢, is plotted as a function of Re for a
series of models with different values of the incident Mach num-
ber, M,. The values plotted correspond to Hy, and ¢ evaluated
at x = 5. Also shown in Fig. 15 as shaded regions is the range
of Hy, and § as defined by the in situ measurements of Venera
10 (Romanov et al. 1979) and Mariner 5 (Bridge et al. 1967). It
is evident that, independently of the precise value of the Mach
number of a given model, a low value of the Reynolds number,
around Re ~ 20, is necessary to fit the measured position of the
shock front and the thickness of the boundary layer.

To our knowledge, this is the first attempt to include viscous
forces in the numerical simulation of the solar wind-Venus
interaction. As such, there are many pending issues still to be
addressed that could have potentially important consequences
on the details of the solutions obtained. Among these, some of
the more important are the following: a) we have completely ne-
glected the effect of the magnetic field on the flow; b) geometric
effects due to the curvature of the ionosphere are not addressed;
this is related to the choice of boundary conditions at the bottom
boundary of our simulation box when not over the flat plate. This
analysis will allow us to study, among other problems, the im-
portant issue of the variation in the shock front location with the
solar cycle (Slavin et al. 1980); c) further analysis is required of
the relation of the shock front found in our results and the shock
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Fig. 15. Direct comparison of the height of the shock front (gray set
of lines) and the thickness of the boundary layer (black set of lines)
for different computed models, with the range for each quantity as de-
rived from the measurements of Venera 10 and Mariner 5 spacecraft.
All quantities correspond to values as x = 5. The upper shaded region
indicates the range of Hy, and the lower shaded region denotes the range
of 6.

front as measured by the Mariner 5 and Venera 10 spacecraft;
and d) 3D effects and incoming flow time dependence need to
be assessed. These issues will be addressed in future work.
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