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APPLICATION OF ADVANCED COMPUTATIONAL PROCEDURES FOR 
MODELING SOLAR-WIND INTERACTIONS WITH VENUS - THEORY 

AND COMPUTER CODE 

by 

Stephen S. Stahara, Daniel Klenke, 
Barbara C. Trudinger, and John R. Spreiter 

SUMMARY 

Advanced computational procedures are developed and applied to the 

prediction of solar-wind interaction with nonmagnetic terrestrial-planet 

atmospheres, with particular emphasis to Venus. The theoretical method is 

based on a single-fluid, steady, dissipationless, magnetohydrodynamic 

continuum model, and is appropriate for the calculation of axisymmetric, 

supersonic, super-Alfvenic solar-wind flow past terrestrial planets. 

The procedures, which consist of finite-difference codes to determine the 

gasdynamic properties and a variety of special-purpose codes to determine 

the frozen magnetic field, streamlines, contours, plots, etc. of the flow, 

are organized into one computational program which has been extensively 

documented and is presented in a general user's manual included as part 

of this report. 

Theoretical results based upon these procedures are reported for a 

wide variety of solar-wind conditions and ionopause obstacle shapes. 

Plasma and magnetic-field comparisons in the ionosheath are also provided 

with actual spacecraft data obtained by the Pioneer-Venus Orbiter. These 

results have verified the appropriateness of the basic theoretical model, 

and have indicated the importance of accounting for the variable oncoming 

direction of the interplanetary solar wind. 



INTRODUCTION 

The magnetohydrodynamic models (refs. 1-9) of solar-wind interaction 

with planetary magneto/ionospheres and their associated calculations of the 

detailed flow and magnetic-field properties provide the basis of the 

theoretical understanding and interpretation of phenomena occurring in 

space around terrestrial planets from the viewpoint of a fluid rather 

than particle description of the flow. The general value and usefulness 

of results based on these models are now well established, and have 

advanced to the point where theoretical calculations can be used to 

predict important planetary and magnetic-field characteristics. 

Prior to the previous work reported in reference 9, the utility of cal

culations based on these models was severely restricted due both to the 

fact that the original solution techniques employed bordered on what was 

barely possible at the time, as well as that considerable hand computa

tion and intervention was required. Moreover, reported results were 

carried out for only a limited set of solar-wind conditions such as 

obstacle shape, oncoming Mach number, interplanetary magnetic field, 

etc., and were presented in archival publications only in the form of 

plots from which results for other conditions had to be determined by 

interpolation. The importance of the preliminary work of reference 9 was 

that advanced computational methods, based on current state-of-the-art 

algorithms, were introduced to this problem to provide the basic gas

dynamic solutions. The frozen-in magnetic-field was then solved for on 

the high-resolution flow-field grid, and the entire computational 

procedure was assembled into a user-oriented program providing the 

detaiied flow-field and magnetic-field properties in a convenient output 

format. 

In the current work reported here, those basic procedures have been 

extended and generalized in several important directions. These include 

the capability for treating very low oncoming interplanetary gasdynamic 

Mach numbers (Moo ~ 2.0), as well as quite general ionopause shapes. A 

new family of ionopause shapes has been developed which accounts for the 

effect of gravitational variation in scale height. Additionally, the 

capability for determining the plasma gasdynamic and magnetic-field proper

ties along an arbitrary spacecraft trajectory, simultaneously accounting 
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for an arbitrary oncoming direction of the solar wind, has been developed. 

Moreover, a large number of sample calculations have been performed for 

typical solar-wind conditions and, using the output contour-plot capa

bility, a catalog of these cases were established and are archived here 

for convenient quick-look use. Finally, a number of successful compari

sons were made by the present computational model with actual space-

craft observations obtained from initial orbits of the Pioneer-Venus 

Orbiter. These comparisons have both provided a verification of the basic 

theoretical model as well as demonstrated its value as a convenient 

research tool capable of routinely providing details of the solar-wind! 

planetary atmosphere interaction process not previously attainable--at 

modest computational cost and in a format directly compatible with 

observational data. 
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unit vector 

relative to shock 

7 



ANALYSIS 

The Mathematical Model - Formulation 

of the Fluid Representation 

The fundamental assumption underlying the present work and that 

reported in all of the references cited above is that the average bulk 

properties of solar-wind flow around a planetary magneto/ionosphere can be 

adequately described by the continuum equations of magnetohydrodynamics 

for a single-component perfect gas having infinite electrical con

ductivity and zero viscosity and thermal conductivity. Theoretical 

justification of this point has not yet been established, and proof 

remains essentially qualitative at present. The primary justification 

for use of the continuum fluid model is the outstanding agreement of the 

qualitative results predicted on this basis with those actually measured 

in space. It appears that the continuum model is capable of accounting 

both for many of the details as well as the broad features of the 

observations. 

Governing equations.- The equations which express the conservation 

of the average bulk mass, momentum, energy, and magnetic field of the 

solar-wind plasma are given by the following expressions: 
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aBo 
1 

at 

~ + a (pv) = 0 at aX
k 

k 

E. + 
p 

(1) 

(2) 

o 

(3) 

(4) 



where 

/' (5) 

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

p = pRT 
M 

(6) 

In these equations and those to follow, the symbols p, p, v, T, e = C T, 
- v 

and h = CpT refer to the density, pressure, velocity, temperature, 

internal energy and enthalpy, and Cv and Cp refer to the specific heats 

at constant volume and pressure. We define the symbol R = (C -C ) M = 
7 P v 

8.31xlO ergs/gmOK as the universal gas constant, and M as 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 § for the flux of electromagnetic energy are expressed 

in terms of gaussian units. The gravitational potential ~ and accelera

tion g are assumed to be due to massive fixed bodies so that their time 

derivatives are zero. These equations apply in the region exterior to 

the ionosphere boundary, as shown in the sketch below, and also in a 

degenerate sense in the ionosphere. 

Interplanetary 
Solar Wind 

¥ = ¥oo 

B 
-00 

Bow shock 

Nonmagnetic 
planet 

Ionosphere boundary 
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Conditions at discontinuities.- 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 

surfaces across which similar but continuous changes in the fluid and 

magnetic properties occur in the corresponding theory of a dissipative 

gas, and correspond physically to the bow wave, ionosphere boundary, and 

possibly other thin regions of rapidly changing properties. Across these 

surfaces, continuous solutions of the dissipationless differential 

equations cease to exist. The flow is no longer governed solely by the 

differential equations (1) to (4), but must be supplemented by additional 

considerations. The conservation of mass, momentum, magnetic flux, and 

energy lead to the following conditions which relate quantities on the 

two sides of any such discontinuity: 

(7) 

[ pv • v* + (p + B2/8n)n - B B
t
/4n] 

- n n - o (8 ) 

* • v - B 
n n v ] = 0 -t (9 ) 

pv 2 + pe + p + _B_
2

] + q • [p + _B_
2

] __ B_n_{V~ __ '_~ __ )] = 0 
4n n 8n 4n (10 ) 

Here, (n,t) denote unit vectors normal and tangential to the discontinuity 

surface, as sketched below, 
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where q represents the local normal velocity of the discontinuity 
n 

surface, and v* = v - q is the fluid normal velocity component relative n n n 
to the normal velocity q of the discontinuity surface. The square n 
brackets are used to indicate the difference between the enclosed 

quantities on the two sides of the discontinuity, as in [Q] = Q2 - Q1 
where subscripts 1 and 2 refer to conditions on the upstream and down

stream sides, respectively, of the discontinuity. 

Five classes of discontinuities are described by Eqs. (7-10). Those 

with v* = a are called tangential discontinuities or contact disconti-n 
nuities according to whether or not Bn vanishes. Discontinuities across 

which there is flow (v~ f 0) are divided into three categories called 

rotational discontinuities, and fast and slow shock waves. Some proper

ties which distinguish the various discontinuities are indicated by the 

following relationships: 

Tangential: 

v* = 
n 

2 
= 0, [Yt] f. 0, [~t] f. 0, [p] f. 0, [p + B jB1T] = a (11) 

Contact: 

[B) [p] 0, [p] f. 0 (12) 

Rotational: 

(13) 

[p] = [p] = [v ] = [v 2 ] = [B2] = [B] 0 
n n 

11 



Fast and Slow Shock Waves: 

* vn ~ 0, [pI > 0, [pI > 0, [Bn] = 0 

(14 ) 

Band B2 [increase) throll h (fast) shock waves 
-t decrease g slow 

Of the five classes of discontinuities possible, two of these, the 

fast shock wave and the tangential discontinuity, are of concern in the 

present applications. The first relates conditions on the two sides of 

the bow shock wave, and any other shock waves present, while the latter 

has properties required to describe a boundary surface (ionopause) that 

separates the flowing solar wind and the planetary ionosphere. More 

detailed consideration of the tangential discontinuity condition leads to 

a determination of the ionopause shape, as described in the following 

sections. 

With regard to conditions at the bow wave, for solar-wind flows past 

Venus, as well as Mars and the Earth, that discontinuity can only be 

represented by a fast shock wave since the mass flux through each of the 

other possible choices is too small. With regard to conditions at the 

ionopause, of the various possibilities, only the tangential discontinuity 

has properties compatible with those required to describe a boundary sur

face that separates the externally flowing solar wind and the planetary 

atmosphere; that is, the condition v* = 0 prohibits flow across the 
n 

boundary, while the condition B = a must hold since by assumption no 
n 

magnetic field exists interior to the ionopause and the solenoidal jump 

condition [B ] = 0 always holds. 
n 

Frozen-field approximation.- Two important parameters characterize 

the solar-wind flow at any field point as described by eqs. (1-5). These 

are the Mach number M = via and the Alfven Mach number MA = viA. The 
k 

former is the ratio of the flow velocity to the speed of soun9 a = (yp/p) 2, 

while the latter is the ratio of the flow velocity to the speed A = 

12 



(B2/4TIP)~ of a rotational or Alfven wave propagating along the direction 

of the magnetic field. 

For typical solar-wind conditions (refs. 5,6), both the oncoming Mach 

number and the Alfven Mach number are high (Moo ~ MA ~ 0(10)). In this 

instance, an important simplification of the magnetohydrodynamic equations 

occurs. This is so because the order of magnitude of the inertia term in 

differential equation (2) for the momentum is related to that of the 

magnetic terms by the square of the Alfven Mach number. When the latter is 

large, therefore, the magnetic terms in eqs. (2),(3),(8), and (10) decouple 

from the gasdynamic portions of those equations. Furthermore, for Earth, 

Venus, or Mars, the strong interactive nature of the flow permits the 

terms involving 2 and ~ to be disregarded because of the relative small

ness of their effect on the fluid motion (ref. 5). The equations for 

the fluid motion thereby reduce to those of gasdynamics, while the 

magnetic field ~ can be determined subsequently by solving the remaining 

equations using the values for ~ already determined. The magnetic field, 

determined in this fashion, is usually interpreted as being "frozen-in" 

or moving with the fluid (ref. 5). 

This then results in the following differential and conservation equa

tions; for the flow field 

o (15) 

a (pv.) + a 
(pviVk + pOik) 0 at aXk 

= 
1 

(16 ) 

a (p~2 + pe) + a ~Vk [v; + e + PIP]] = 0 
at aXk 

(17) 

(18) 

[p~ . v~ + p] = 0 (19) 
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2 
pv + pe + p)] = 0 

and for the magnetic field 

aB. 
l. = 0 

ax. 
l. 

[Bn] = 0 

[ B • v - B • v*] = 0 n -t -t n 

o 

(20) 

(21) 

(22) 

(23) 

(24) 

Equations (15) to (24) provide the governing equations which form the 

basis of the mathematical representation of the solar wind-magneto/ 

ionosphere interaction problem considered here. For all of the results 

as well as the computer codes presented herein, we are interested exclu

sively in the steady-state solution to these equations which are obtained 

by setting a/at = 0 and v~ = vn ' i.e. qn = o. We have presented the 

unsteady equations, however, since one of the computational methods used 

to determine the gasdynamic solution employs an unsteady procedure, inte

grating in time until the steady-state solution is asymptotically obtained. 

Determination of the Ionosphere Boundary 

The determination of the ionosphere boundary initiates from the 

assumptions that the ionosphere, or at least the outer part of it that . 
participates in the interaction with the solar wind, is idealized as a 

spherically-symmetric and hydrostatically-supported plasma having infinite 

electrical conductivity, effectively bound to the planet and incapable of 

mixing with the solar wind, as indicated in the sketch below: 

14 



planet 

This interior plasma is separated from the flowing solar plasma by a 

tangential discontinuity across which the relations 

v = B = [p + B2/8nl = 0 n n 
(25 ) 

given previously (eq. (11)) must hold. The basis for important simpli

fying approximations to these conditions, which can be assumed to apply 

at the Venusian ionosphere boundary and possibly for that at Mars as 

well, is that the gas pressure p is much larger than the magnetic 

pressure B2/8n on both sides of the ionopause. Therefore, the discon

tinuity pressure balance relation [p + B
2
/8nl = 0 of eq. (25) reduces to 

a simple equality between the ionosphere pressure and the static pressure 

of the flowing solar plasma adjacent to the ionopause, i.e. 

(P)atm. = (P)flow (26) 

Determination of the ionospheric pressure in the vicinity of the iono

pause for the ionosphere models chosen in this study proceeds from the 

assumption of hydrostatic support, which implies a quiescent ionosphere 

where the bulk motions of the gas with respect to the planet are suffi

ciently small (y = 0) that equilibrium exists between the pressure 

gradient and gravity, viz. 

dp/dr = -pg (27 ) 
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where p and p are the gas pressure and density, r is the radial distance 

measured from the center of the planet, and g is the acceleration due to 

gravity. The variation of g is inversely proportional to r s ' so that 

g = g (r /r)2 where the subscript s denotes values at the surface of the s s 
planet. Since the density p is related to the pressure according to the 

perfect gas law eq. (6), eq. (27) can be integrated to yield 

p = PR exp 
[
- trR dHrj 

(28) 

where PR is the. pressure at some reference radius RR and H is the local 

scale height of the atmosphere given by H = RT/Mg. 

If H is regarded as constant; that is, if variations of g and T 

with r are neglected, eq. (27) can be integrated directly to yield 

p = PR exp (29) 

In view of uncertainties associated with measurements of the atmospheric 

properties of Venus and Mars, the variation of p with r as given by eq. 

(29) was adopted in the initial solar wind/ionosphere applications (ref. 

6) and was also used in the previous study (ref. 9) involving the initial 

application of advanced computational methods to this problem. With pre

liminary ionospheric data now available from the pioneer-Venus spacecraft 

(refs. 10 and 11), some of these uncertainties for Venus have been removed. 

It has been found that the assumption of an isothermal (T = constant) 

atmosphere at typical ionopause heights is quite reasonable. Conse

quently, there is no need to neglect the variation of gravity in the 

scale height in eq. (28). Including this effect leads to the following 

result for the pressure 

exp [-
R • (r 

-r ~)] R 
P = PR H • 

(30) 

where 

H = H • (RR/Rs) 2 
5 

(31 ) 
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and Rs is the planetary radius and Hs = RT/Mg s • Equations (29) and (30) 

provide the two models employed in this study for the ionosphere pressure 

variation which is required in eq. (26) for the pressure balance condi

tion at the ionopause.· 

For the a priori determination of the static pressure of the flowing 

solar-wind plasma on the exterior boundary of the ionosphere - (P)f1ow in 

eq. (26) - we use, as in all previous applications, the Newtonian 

approximation 

P 
2 

Pst cos 1j! (32) 

where 1j! is the angle between the outward normal to the magnetosphere 

boundary and the flow direction of the oncoming undisturbed solar wind, 

and Pst is the stagnation or ram pressure exerted on the nose of the iono

pause and is given by 

(33) 

In this relation, K is a constant usually taken as one, but whose actual 

value is 1 

K ::: ! [[ (y + 1) /2] (y + 2 u] y=--I 

y y - (y - 1)/2M 
00 

(34) 

For the high Mach number flows typical of solar-wind conditions, K 

approaches 0.844 for y = 2 and 0.881 for y = 5/3. Modification of the 

product Kpoo in eq. (33) to account for the presence of minor constituents 

such as ionized helium in the solar wind, as well as a discussion of the 

differences in that product between a fluid and collisionless representa

tive, is provided in reference 8. The important implication associated 

with the introduction of the Newtonian approximation is that the calcula

tion of the shape of the ionosphere boundary decouples from the calcula-

17 



tion of the external flow. We then arrive at the following equation for 

the pressure balance at the ionopause locations Ri : 

(35) 

where 

exp [_ [Ri ~ RR]] g,T = Const.- (36a) 

exp [- RR [:i R~l] Const. (36b) 

depending upon whether the gravitational variation is included in scale 

height or not. It is convenient to choose as the reference radius and 

location the stagnation point on the ionopause; that is, RR = Ro where Ro 

is the distance from the center of the planet to the nose of the iono-

h · . 1· h 2 d h 11· 1 pause. T lS lmp les t at p = p = KPoovoo an t at at a pOlnts a ong 
R 0 

the ionosphere boundary 

The final mathematical statement of the free-boundary problem for 

determining the shape of the ionosphere boundary then is summarized in 

the sketch below: 

~-+-.....I..-+ 

Bow shock 

Ionopause 

o 
= 0 

Ii (R.) 
1. 

(37) 

In order to proceed to a final determination of the ionopause shape, it 

is necessary to relate the local angle ~ to the local coordinates (Ri,S) 

of the boundary. This is accomplished with the help of the following 

sketch 
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Y 

Ionopause 

A 

n 

x 
from which we find 

2 [dY i]2 cos ~ = dS = 
(R.d8cos 8 + dR. sin 8)2 

1. 1. 

dR ~ + (R. d 8) 2 
1. 1. 

This results in the following ordinary differential equation for the 

ordinates of the ionosphere boundary 

dRi __ R. [sin 2 8 - 2 ~ - A2 ] 

d8 1. 2 (A sin2 8) 
o .s. 8 .s. 1T 

(38) 

(39) 

where A is- defined by eqs. (36a,b) and 8 is the angle measured from the 

subsolar point as indicated above. Results for various ionopause shapes 

obtained by integrating eq. (39) for different values of H/Ro using the 

constant scale-height model eq. (36a) were provided in ref. 9. Similar 

results using the isothermal model, eq. (36b) for different values of 

H/Ro in the range 0.01 ~ H/Ro ~ 0.5 are provided in figure 1, where for 

comparison purposes the constant scale-height shapes for corresponding 

H/Ro values are also illustrated. We note that the range of interest for 

planetary applications to Venus and Mars appears to be 0.01 ~ H/Ro ~ 0.10. 

Tabulated ordinates of Yi/Ro vs. X/Ro are provided in Table 1 for 

H/Ro = 0.01, 0.05, 0.10, 0.20, and 0.25, where Yi = Risin 8 is the cylin

drical radial coordinate of the ionopause profile. 
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Calculation of the Gasdynamic Flow Properties 

Determination of the gasdynamic flow properties is, both con

ceptually and computationally, the most difficult and time-consuming 

portion of the total calculation of the solar-wind/terrestrial-planet 

interaction; and represents the heart of the present modeling effort inso

far as the application of advanced computational procedures is concerned. 

The calculation consists of determining solutions to the differential 

equations and discontinuity conservation equations given by eqs. (15-20). 

Since in solar-wind/terrestrial-planet interactions, both the downstream 

tail region (far field) as well as the region in the vicinity of the 

obstacle nose (near field) are generally of interest, the computational 

methods selected must be capable of efficiently determining this entire 

flow field. In view of the need to carry the flow calculation to an 

arbitrary downstream distance, the most computationally-expedient pro

cedure is to subdivide the flow field into two regions, as indicated in 

the sketch below: 

Obstacle 

nose method 

Sonic 

Embedded 
subsonic 
region 

Marching method 

Moo > > 1 ~ _. -'-::I:%II~~i·,\ilf---

Bow shock 
wave 

Ionosphere 
boundary 

This sketch illustrates the essential features of the high-supersonic 

Mach number flow typical of solar-wind flows past terrestrial planets. 

Of particular note is the embedded subsonic pocket located at the nose of 

the ionopause. The presence of this subsonic pocket necessitates use of 

a computational method capable of treating mixed subsonic/supersonic 

flows. Downstream of this region, the flow becomes supersonic and 

remains so for the convex shapes typical of solar-wind/ionosphere bound

aries. In that region, a more computationally-economical procedure than 

that required near the nose can be employed. Such a subdivision of both 

flow field and solution procedures is common practice for calculating 

such flows and was employed in the previous solar-wind applications as 

well as in a related application to space shuttle reentry flows (ref. 

12). The precise surface on which the solutions are joined is relatively 
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arbitrary; in our procedure it was convenient to place it along a plane 

through the planet center and normal to the free-stream direction of the 

solar wind, i.e. the dawn-dusk terminator. As illustrated in fig. 2, 

this position is further downstream than used in the former work in which 

an inverse iteration method was used for the nose region and the method 

of characteristics was used for the remaining supersonic region. In 

light of recent advances, both of the techniques used in the former 

procedures, particularly the inverse method, are now considered obsolete 

and much inferior to more current methods. In the new code, those two 

methods have been superceded by: (1) a new axisymmetric implicit 

unsteady Euler-equation solver (IMP) specifically developed for the 

present application, which determines the steady-state solution in the 

nose region by an asymptotic time-marching procedure, and (2) a shock

capturing marching solution (SeT) which spatially advances the solution 

downstream as far as required by solving the steady Euler equations. 

Nose region solution - implicit unsteady Euler equation method.- The 

partial differential equations employed in the implicit (IMP) code are 

the unsteady gasdynamic Euler eqs. (15-20) for axisymmetric flow. These 

equations may be written in conservation-law form under the generalized 

independent variable transformation 

as follows 

(U/J) 
L 

where 

U = 

F = 

L = T, t;, = t;, (T,X,R), n = n (T,X,R) 

p 

pu 

pv 

pet 

pv 

puv 
2 P + pv 

(pet + p)v 

E = 

1 
G = RJ 

pu 

p + pu2 

puv 

(pet + p)u 

pv 

puv 

pv2 

(pet + p)v 

(40) 

o 

(41 ) 

(42) 
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and the Jacobian 

(43) 

In eqs. (40) through (43), T denotes time, X is the axial downstream 

coordinate, and R the cylindrical radial distance; u and v the velocity 

components in the X and R directions; and e
t 

is the total energy per unit 

mass, which for a perfect gas is related to the other quantities by 

2 2 e t = p/[p(y - 1)] + (u + v )/2 

The subscripts in eqs. (41) and (43) denote partial derivatives with 

respect to the indicated variable. 

(44) 

The analysis commences by introducing a computational mesh in polar 

(r,S) coordinates such that one family of coordinates consists of rays 

from the planetary center spaced at equal increments of S measured from 

the obstacle nose, and the other of curved lines intersecting each ray so 

as to divide the portion of it between the ionopause and the shock wave 

into a fixed number of equal segments. The coordinate transformation eq. 

(40) is then used to map the portion of the X,R,T physical space bounded 

by (1) the bow wave, (2) the downstream outflow boundary at S = n/2, (3) 

the obstacle surface, and (4) the stagnation streamline at S = 0 into a 

rectangle in the ~,n,T computational space as illustrated in fig. 3. 

Generally, the transformation metrics at each time step are not known 

beforehand, and must be determined numerically as part of the solution. 

Integration step size is established by using the eigenvalues of the 

Jacobian matrices A and a, where A = aE/aO, a = aF/au, and U = U/J, 

E = (~TU + ~xE + ~RF)/J, and F = (n T
U + nxE + nRF)/J. 

Boundary conditions necessary for the specification of a 

properly-posed mathematical problem are that the flow (a) satisfy the 

axisymmetric Rankine-Hugoniot shock relations derivable from eq. (41) 

along (1), (b) be entirely supersonic along (2), (c) be parallel to 

boundaries (3) and (4), and (d) be symmetric about boundary (4). Initial 

flow-field conditions are determined by use of an approximating formula 

for the coordinates of the bow shock wave which is dependent on y, M and 
00 

the shape of the obstacle, and by prescribing a Newtonian pressure 
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distribution on the obstacle. Since the maximum entropy streamline wets 

the obstacle surface, that fact plus the known flow direction on the 

obstacle serve to determine the remainder of the flow properties on that 

surface. A linear variation for the flow properties between the bow 

shock and the obstacle is then prescribed. This provides the initial 

flow field which is then integrated in a 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 (ref. 13) and is second-order accurate, noniterative, and 

spatially factored. In particular, the "delta form" with Euler time dif

ferencing is employed. When applied to eq. (41), the algorithm assumes 

the form 

+ 0 pn + G) 
n 

(45) 

where A and B are the Jacobian matrices, I is the identity_matrix, o~ and 
"n+1 .. on are second-order, central-difference operators, U = U(n~T) and 

~T is the integration step size. 

Equation (45) is solved at the interior points only. It requires two 

4x4 block tridiagonal inversions at each time step of the integration. 

The solution proceeds as follows: 

1. " "n+1 "n Define ~U = U - U 

2. Form the right-hand side of eq. (45) and store results in the 

U"n+1 array. 

3. A 1 th O u"n+1 -_ u"n+1 - (~/8)S/J. pp y smoo 1ng c.. 

4. -n " Define U = (I + ~TOnB )~U and solve the matrix equation 
_n - "n+1 - 0 h 1 0 "n+1 (I + ~TO~A)U U for U stor1ng t e resu t 1n the U array. 

5. 
_n ,,"n+1 " 

Solve the matrix equation (I + ~TO B )~U = U for ~U. 
n 

6. "n+1 0 "n+1 Obtain the values of U from the relat10n U 
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7. 
"n+l "n Transfer contents of U to U and repeat all steps until 

satisfactory convergence is attained. 

In step 3 a fourth-order smoothing term S is used to eliminate non

linear instabilities that may arise since the use of central differences 

in the spatial directions results in a neutrally stable algorithm. This 

smoothing term is given by 

"n+l [" n+l + db) ~+1 ] + 12 (UJ) ~+1 + (UJ) ~+1 Sjk ~ (UJ)j+2,k - 4 (UJ)j+l,k ]-I,k ],k ]-2,k 

"n+l [" n+l "n+l] "n+l 
+ (UJ)j,k+2 - 4 (UJ)j,k+l + (UJ)j,k_l + (UJ)j,k_2 

(46) 

and £, the smoothing coefficient, chosen from the range 0 ~ £ ~ 0.4 

depending upon the size of the time step. 

to the ~ and n directions, respectively. 

boundaries a special form of the smoothing 

The j and k indices correspond 

At the points adjacent to the 

term is used. 

At the boundaries, modification of the differencing algorithm to 

account for the particular conditions described above is accomplished as 

follows. The obstacle-surface flow-tangency condition is incorporated 

through the use of Kentzer's scheme (ref. 14), while at the symmetry 

plane, the variables are reflected according to whether they are odd or 

even. At the outflow boundary where the flow is entirely supersonic, the 

dependent variables are determined by extrapolation from the adjacent 

interior points. For the upstream boundary formed by the bow shock wave, 

the sharp discontinuity approach of reference 15 is used. The interior 

flow field bounded by these various boundaries is treated in shock

capturing fashion and, therefore, allows for the correct formation of 

secondary internal shocks. 

In the initial development of the nose-region solution procedure 

(ref. 9), it was found that for certain ionopause obstacle shapes which 

have a significant amount of lateral flaring at the dawn-dusk terminator, 

for example, constant scale-height shapes for H/Ro L 0.5, and/or cases 

involving low free-stream Mach numbers M ~ 3, the axial component of 
00 

velocity at some points on the terminator plane e = TI/2 may become 
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subsonic. Although this has no effect whatsoever on the nose-region 

solver, for these cases the downstream solution cannot be obtained since 

the marching-region solver which determines the solution downstream of 

this starting plane, and which is described in detail in the following 

section, requires supersonic axial velocities in order to proceed. Under 

the work reported here, this limitation has been removed by developing 

the capability for adding an additional portion of the flow field, 

located downstream of the terminator, to the blunt-body solution as 

illustrated in figure 4. This effectively generalizes the capability of 

the present procedures to treat a wide variety of ionopause shapes -

including all of the shapes of interest described by the constant 

scale-height and scale-height with gravitational variation atmospheric 

models found from eqs. (36a,b) - as well as to treat relatively low 

free-stream Mach numbers, Moo ~ 2.0. Details of this capability are 

provided in the Computer Program Users Manual, Section A.2.1.1 of this 

report. 

Downstream region solution - shock capturing marching method.- Since 

the shock-capturing technique employed has been described previously in 

references 16-18, only an outline of the salient features is provided 

here. The analysis is based on the conservation-law form of the 

gasdynamic Euler equations for steady axisymmetric flow, which can be 

readily obtained from eqs. (40) through (44) by setting th~ T derivatives 

to zero. The fourth of this set of equations representing conservation 

of energy pet can be integrated for steady flow to yield the following 

relation for the total enthalpy 

where h = e + p/p = C T is the enthalpy per unit mass. 
p 

(47) 

The computational mesh is defined by lines of constant X and 

(R-Rb)/(RS-Rb ), where Rs and Rb are functions of X that describe the 

radial cylindrical coordinates of the ionopause and bow shock wave at the 

same X as the field point (X,R). The three remaining partial differen

tial equations for conservation of mass and of axial and radial momentum 

are then transformed to a rectangular computational space by the 

transformation 
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to obtain 

- -E E, F 

G 

t;, = x, n = 
R - R b 

aE/at;, + aF/an + G = 0 

{F - [aat;, 
a 

- Rb ) J}/ (Rs -= Rb + n ~ (~s 

= G + E a 
(Rs - Rb ) 

Rs - R ~ b 

(48 ) 

(49 ) 

Rb ) 

(50) 

The finite-difference counterpart of eq. (49) is integrated with 

respect to the hyperbolic coordinate t;, to yield values of the conservative 

varible E. Subsequent to each integration step, the physical flow 

variables p, p, u, and v must be decoded from the components e i of E. 

This necessitates the solution of four simultaneous, nonlinear equations 

consisting of eq. (47) together with the three elements e i . This can be 

done readily by using the relations v = e 3/e1 , p = e 2 - e 1 u, and 

p = e 1 /u together with the expression h = y/(y-l) (p/p) for a perfect gas 

to determine the following quadratic equation for u 

2 
~ + Y 
2 Y - 1 

u - h + [e3]2 
t e 1 

= (51) 

Two roots exist; one corresponds to subsonic flow and is discarded since 

u is always supersonic in the present application, while the other corre

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 

algorithm, selection of the appropriate finite difference scheme to 

advance the calculation in the t;, direction is of prime importance. 

Following the analysis of refs. 16-18, the numerical integration of eq. 

(49) is accomplished using the finite-difference predictor-corrector 
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scheme of MacCormack (ref. 19), the most efficient second-order algorithm 

for shock-capturing calculations. General descriptions of the method can 

be found in the references cited. 

Calculation of the streamlines.- The streamlines 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, as 

illustrated in figure 5. At that point, exact values of the streamline 

slope dRs/dX are known in terms of the local shock angle aS and 

free-stream quantities according to the relation 

(2cot aS) (M:,sin2 aS - 1) 

2 + M:'(y + 1 - 2sin
2 

aS) 
(52) 

which is contained implicitly in both the blunt-body (IMP) and marching 

(SCT) code solutions. At other points in the flow field, the local stream

line slope is given by the ratio of radial to downstream velocity, i.e., 

dRS/dX = v/u (53) 

and the streamline determination is made by stepwise integration in X 

using a modified third-order Euler predictor-corrector method. Bivariate 

linear interpolation from the flow-field grid points is employed to 

obtained the velocity components (u,v) required at the stepwise points 

along the streamline trajectory. Separate streamline calculations are 

made for the nose region (IMP results) and downstream region (SCT results) 

because of the different coordinate systems employed in those two regions. 

Calculation of the Magnetic Field 

With the flow properties known from the gasdynamic calculations, deter

mination of the steady magnetic field ~ proceeds by integrating the 
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remaining magnetohydrodynamic equations not employed in the gasdynamic 

analysis, that is eqs. (21-24) with a/at = 0: 

curl (B x v) = 0, div B = 0 

[B v
t n- BtV ] = 0, - n 

o 
(54) 

These equations are commonly interpreted as indicating the field lines 

move with the fluid. The analysis associated with eqs. (54) leads to a 

straightforward calculation 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 fy dt over a fixed time interval ~t. Once the 

coordinates of the field lines are determined, the magnetic field at any 

point may be calculated from the relation 

(55) 

where ~~ is the vector length of a small element of a flux tube. Figure 6 

clarifies these quantities for the plane of magnetic symmetry defined by 

the plane containing the axis of symmetry of the obstacle and the magnetic

field lines upstream of the bow wave for the special case when the latter 

is perpendicular to the flow. In that figure the open symbol 0 denotes 

locations of points on the streamlines corresponding to the fixed-time 

interval ~t = ~Soo/voo. 

Such a procedure is valid generally, but its use in the present calcu

lations is confined to only the component of the magnetic field (~)~ just 

described. The remainder of the magnetic-field calculation makes use of a 

decomposition due to Alksne and Webster (ref. 20) in which the axisymmet

ric properties of the gasdynamic solution and the linearity of the 

magnetic-field eqs. (54) are employed to derive the following relation

ship for the magnetic field ~p at any point P: 
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As illustrated in figure 7, subscripts ", ~, and n refer to contributions 

associated with the components Boo" of ~oo parallel to ~oo; the component 

B perpendicular to Voo in the plane that contains the point P, the center 
oo~ _ 

of the planet, and the vector v ; and the component Boo normal to the _00 n 
latter plane, and en is a unit vector in the latter direction. The unit 

ratios (gp/Boo)" and (Bp/Boo)n can be calculated directly from the gas

dynamic solution by the expressions 

(:~) 
" 

= (57) 

where Rp is the radial cylindrical coordinate of the streamline through P, 

as indicated in figure 7. 

In carrying out the determination of (~p/Boo)~ using eq. (55), values 

for ~~/I~~ool are determined initially at the points where the streamlines 

and perpendicular-component field lines intersect. A generalized quadri

lateral interpolation scheme followed by a fifth-order smoothing is then 

employed to determine the corresponding values at the computational grid 

points where values for p/p oo are available for calculation of (gp/Boo)~. 

At the bow shock, an exact formula is used 

where 

(1~~1/1~~001)2 = 1 + cot2 8(1+D2 ) - 2Dxcsc 8 xcot 8 xcos (8-6) 

cot 6 = tan 8 x C(y + 1)M~/[2(H~sin2 8 - 1)] - 1} 

e = tan -1 [ dd
R
; ) 

(58) 

(59) 

Finally, the resultant magnetic field can then be expressed in components 

relative to any orthogonal (X,Y,Z) coordinate system. For convenience of 

illustration, we have chosen the point p to lie in the (X,Y) plane. 

Relative to this reference frame, the magnetic components are 
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BX/Bco = [(I~I/Bco)" cos 4> cos a p + (I~I/Bco) ~ cos I/J sin a p )] cos an 

By/Bco = [( I~I/Bco)" sin 4> cos a p + ( I B I /B ) _ co ~ 
sin 1jI sin a p )] cos a 

B /B = (B/B ) sin an z co co n 

where 4> is the local flow angle given by 

-1 (v) 4> = tan u 

and the interplanetary magnetic field angles a p and an indicated in 

figure 7 are defined by 

n 

(60) 

(61) 

(62) 

= tan-1 -1 tan 

J 
(63) 

(B ) 2 
y co 

The generalizations of these results when the point P is at some arbitrary 

(y,Z) location, i.e. not in the (X,Y) plane, are provided below in the 

spacecraft trajectory section. 

Calculation of the Contour Lines 

Contours are calculated for nondimensionalized velocity Iyl/vco ' density 

p/pco' magnetic field components (I~I/Bco)"' (I~I/Bco)~' and (B/Bco)n by 

application of a modified version of a contour procedure developed at 

NASA/Ames Research Center. After specifying a value for the contour line, 

the boundary is searched for intervals which bracket the selected value. 

After locating one such point by interpolation, the remainder of the 

contour is determined by 'walking' around the contour, searching at each 

step for the interval and then interpolating to find the point through 

which the contour line next passes. This is repeated until a boundary 
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point is reached. Then closed contours are found in a similar manner. 

Linear interpolation is used throughout the process. Since the temperature 

is a function of \y \/voo only for a specified Moo and y, 

(64 ) 

velocity contours may also be considered as temperature contours with 

only a relabeling required. The coordinates of the contour lines are out

put either or both as listings and pen plots. 

Solar-Ecliptic/Solar-Wind Coordinate Transformations 

In order to facilitate comparison of results from the current theore

tical model with actual observational data obtained by a spacecraft, it is 

necessary to consider the appropriate transformations between the space

craft and solar-wind coordinate systems. Part of the data required as 

input to the theoretical model consists of oncoming interplanetary values 

of solar-wind temperature, density, and velocity and magnetic-field 

vector components. These are naturally obtained in the spacecraft 

coordinate system, and are usually reported in a sun-planet or solar

ecliptic reference frame. The key coordinate system for the theoretical 

model is one which aligns the axial direction with the oncoming solar 

wind, since the gasdynamic calculation is assumed to be axisymmetric 

about this direction. Thus, the interplanetary input data must be trans

formed to the solar-wind system to initiate the theoretical determina

tion. Once the gasdynamic and magnetic-field calculations in the solar

wind system are complete, those results must then be transformed back to 

the sun-planet system to allow direct comparison with spacecraft data 

obtained at arbitrary locations in the solar-wind/ionosphere interaction 

region. Consequently, direct and inverse transformations for both spatial 

coordinates as well as vector quantities between these reference frames 

are required. 

For the measurements of the oncoming interplanetary solar-wind ve

locity we have assumed that the velocity is obtained with reference to a 
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sun-planet (xs,ys,zs) system with origin at planetary center and in which 

the xs-axis points to the sun, the ys-axis is opposite to the planetary 

orbital motion, and the zs-axis points northward. The direction of the 

oncoming solar wind is such that the total abberation or azimuthal angle, 

including planetary orbital motion, of the solar-wind velocity vector in 

the plane of the ecliptic is n and the out-of-ecliptic plane or polar 

angle is ~p. The positive sense of the azimuthal angle is for east-to

west flow and for the polar angle for north-to-south flow, as indicated 

in figure 8. In that figure we have also indicated the solar-wind 

(x,y,z) coordinate system so defined by (n,~p). For the gas-dynamic 

calculation, the (x,y,z) system is somewhat inconvenient since the direc

tion of solar-wind flow is in the negative x-direction. Hence, the 

internal gasdynamic and magnetic-field calculations are performed in an 

(X,y,Z) system as shown in figure 9. 

The coordinate and vector transformations from the ecliptic sun-planet 

(xs,ys,zs) system to the (X,Y,Z) solar-wind system are given by 

Qx -cos n cos ~p -sin n cos ~p sin ~p Qx s 
Qy = sin n -cos n 0 Qys (65) 

Qz -cos n sin ~p sin n sin ~p cos ~p Qz s 

where (Qx' Qy, Qz) represents the Cartesian components of any vector 

referred to the solar-wind (X,y,Z) coordinate system, and (Q ,Q ,Q ) 
Xs Ys Zs 

represents the corresponding vector in the sun-planet ecliptic 

(xs,ys,zs) system. Thus, for a transformation of coordinates 

(Qx' Qy' Qz) = (X, y, Z) 

(Qx ' Qy , Qz ) = (xs ' Ys' zs) 
s s s 

while for a vector transformation of, say, the magnetic field 
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(Qx ' Qy , Qz ) = 
s s s 

(B , B , B ) 
x Y z 

(Bx
s

' Bys' Bzs 

(66) 
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The inverse transformation from the solar-wind to the sun-ecliptic system 

is given by 

Qx -cos n cos ~p sin n -cos n sin ~p Qx s 
Qy = sin n cos ~p -cos n sin n sin ~p Qy (68) 

s 
Qz sin ~p 0 cos ~p Qz 

s 

Properties Along a Spacecraft Trajectory 

One of the primary aims of the present effort has been the development 

of the capability to determine plasma and magnetic-field properties, as 

predicted by the present theoretical model, at locations specified along 

an arbitrary spacecraft trajectory, and in such a form as to enable com

parisons to be made directly with actual spacecraft data. To this end, 

the following procedure has been developed and implemented in the 

associated computer code. First, from the known oncoming interplanetary 

conditions provided in a sun-planet reference frame, the azimuthal and 

polar solar-wind angles (n,~p) are employed to establish both the loca

tion of the trajectory point in the solar-wind (X,y,Z) frame as well as 

the interplanetary magnetic-field comp6nents (BX ,By ,B Z ) using the 
00 00 00 

transformation eq. (65). Next, the axisymmetric gasdynamic and unit 

magnetic-field calculations are carried out. Because the gasdynamic flow 

is axisymmetric in the (X,y,Z) system, the internal coordinate system in 

which the trajectory calculations are actually performed may be rotated 

about the X axis into the most convenient orientation. If we consider a 

point P located at (Xp,yp,Zp)' then the rotation most appropriate for the 

present application is indicated in the sketch below 

z 

z' y' 

p 

~----~~--------~y 
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where the angle e is given by 

e = tan-
1 [~] (69) 

This rotation defines a new coordinate system (x',y',z') where 

x' 1 0 0 X 

y' = 0 cos 8 sin 8 Y (70 ) 

z' 0 -sin 8 cos 8 Z 

in which 

x' = X 
P 

y' = -Vy2 + z2 
p p 

(71) 

z' = 0 

Thus, the (x',y') plane which contains the X axis and the arbitrary point 

P corresponds directly to the plane (X,R) = (Xp'''Y~ + Z~) in which the 

axisymmetric gasdynamic flow properties are calculated. In particular, 

the velocity magnitude v, density P, and flow angle ~ at the point Pare 

found by bilinear interpolation through the (X,R) flow-field grid. The 

vector velocity in the (X,Y,Z) system is then given by the transformation 

1 o o v cos ~ 

= o cos 8 -sin 8 v sin ~ (72) 

o sin 8 cos 8 o 

and then in the sun-ecliptic system by the transformation given in eq. (68 ) 

v 
Xs 

-cos n cos ~p sin n -cos n sin ~p Vx 

v 
Ys 

= sin n cos ~p -cos n sin n sin ~p vY (73 ) 

vZs sin ~ 0 cos ~p Vz P 
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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 magnetic field. With the known (Bx ,By, 
• 00 00 

Bz ) components, the corresponding components (B' ,By' ,Bz' ) lnthe rotated 
00 Xoo 00 00 

(x' ,y',z') system are given by 

B' 1 0 0 Bx x 
00 00 

B' = 0 cos e sin e By (74) 
yoo 00 

B' 0 -sin e cos e BZ z 
00 00 

In this reference frame, the perpendicular, parallel, and normal inter

planetary components are identified as 

B = B' 
00" Xoo 

B = B' (75) 
oo~ yoo 

B = B' 
00 z n 00 

Then, the magnetic field angles ap and a~ in the rotated system are given 

by 

a' n 
= tan-1 

[
Boo ] -1 ~ 

ap = tan s-- = 
00" 

-1 yoo 
[

B' ] 

tan B~oo 

-1 tan 

(76) 

(77) 

The magnetic angle ~ associated with the incident perpendicular component 

and the unit magnetic-field ratios (IBI/B ) , (IBI/Boo) ,(B/Boo) in the 
- 00" - ~ n 

rotated system are next determined by bilinear interpolation through the 

flow-field grid. Then, the magnetic-field components (B~,By,B~) in the 

rotated system are calculated from 

B' = cos a' [cos cf> • cos a' • IB~I + cos ~ • sin a' • 
p IB:U . B (78) 

x n p 00 

" 
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B' cos a' [Sin <P • cos a' • IB~I + sin IjJ • sin a' . IB:U . B 
Y n P p co 

" 

(79 ) 

B' = sin a' . (:I
n 

• B (80) 
z n co 

The magnetic-field components in the solar-wind (X,y,Z) system are then 

determined from the rotational transformation. 

1 o 0 B' x 

o cos 8 -sin 8 B' 
Y 

(81 ) 

o sin 8 cos 8 B' z 

and finally in the sun-planet system from 

BX -cos n cos c!>p sin n -cos n sin c!>p BX 
s 

B 
Ys 

= sin n cos c!>p -cos n sin n sin c!>p By (82) 

B sin c!>p 0 cos c!>p BZ Zs 

RESULTS 

Using the computational procedures developed under the current 

modeling effort, a large variety and number of different solar

wind/planetary-ionosphere interraction results were systematically 

obtained. These results were directed toward the following specific 

objectives: (1) verification of the correctness of the procedures, (2) 

demonstration of their flexibility and generality for a variety of cases 

covering ranges typical of solar-wind conditions, (3) establishment of a 

catalog of flow and magnetic-field results for a large number of solar-
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wind flows, and (4) comparisons of theoretical predictions with data 

obtained from spacecraft measurements. The results obtained associated 

with these objectives are discussed below. 

Verification of the correctness of the procedures developed under 

the current effort primarily involved testing the computational exten

sions developed regarding both the gasdynamic and magnetic-field calcula

tion methods reported in ref. 9. For the gasdynamic solver, this consists 

of demonstrating the extended blunt-body capability. As discussed 

previously in the section describing the nose-region solution and also in 

section A.2.1.1 of the computer manual, that extension involves the addi

tion to the nose-region flow field of a region downstream of the 

dawn-dusk terminator - which is the usual plane terminating the nose

region solution. This added" capability effectively removes any 

restriction with regard to obstacle shape and interplanetary gasdynamic 

Mach number of the previous procedures (ref. 9); and permits the 

calculation of ionopause shapes which have significant flaring in the 

radial direction at the dawn-dusk terminator, as well as flows at very 

low (Moo ~ 2.0) free-stream Mach numbers. In figure 10, we present 

results for the bow shock locations for Moo = 8.0, Y = 5/3 flow past 

constant scale-height ionopause shapes (see eq. (36a) with HIRo = 0.5 and 

1.0. The downstream solutions for neither of these shapes could be 

determined with the previous procedures (ref. 9), whereas with the 

present method they present no problem. The downstream locations to 

which the nose-region solutions were extended were X/Ro = (0.54, 0.67), 

respectively, for the HIRo = (0.5, 1.0) ionopause shapes - indicating 

that the addition of an extensive downstream region to the nose solution 

for such flows is unnecessary. This is important, as the nose-region 

solver requires significantly more computational time for a given 

flow-field region than the marching solver. Hence, minimization of the 

nose-region flow field is essential in minimizing the total com

putational time. 

In figure 11, we display additional results using the extended nose

region grid capability to demonstrate the ability of the current method 

for calculating very low interplanetary gasdynamic Mach number flows. 

Bow shock locations are shown for Moo = 2.0 and 3.0, y = 5/3 flows past an 
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ionopause obstacle shape with gravitational variation included in 

scale-height having H/Ro = 0.25 (see eq. (36b». This particular 

obstacle is a relatively blunt shape, as can be observed from the 

ionopause profiles presented previously in figure 1, and, computa

tionally, presents a more difficult flow to determine than flows for 

shapes having less flaring. For applications to terrestrial planets, 

such as Mars and Venus, typical ionopause shapes occurring in nature 

appear to lie in the range 0.01 ~H/Ro~ 0.10. Consequently, demon

stration of the ability of the current procedures to treat successfully 

such flows as shown in figures 10 and 11 - which lie at the limits of 

interest as far as applications to nonmagnetic terrestrial planets, indi

cates that these procedures will not be restricted insofar as ionopause 

geometry and interplanetary solar-wind conditions are concerned. 

Corresponding verification of the extensions to the procedures for 

the magnetic-field calculation has involved demonstration of the 

correctness of the magnetic-field prediction at any arbitrary point in 

the solar-wind flow field. This was accomplished by consideration of a 

variety of special test cases in which the location in the flow field and 

the incident interplanetary magnetic-field orientation were system

atically 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 calculation procedure were 

successfully verified. 

One of the primary objectives of the present work was to demonstrate 

the flexibility and generality of the present procedures by exercising 

them over a wide range of ionopause geometries and solar wind oncoming 

conditions so as to cover, insofar as possible, the entire range of 

practical interest of these parameters. These calculations were to be 

summarized in a convenient format and then archived so as to provide 

at-a-glance information regarding the variation of the flow-field and 

unit magnetic-field quantities. The output format selected was the 

automatic pen-plot output option of the program involving plots of the 

flow-field streamlines, and contours of the velocity magnitude Iyl/voo ' 

temperature T/Too' density p/poo' and the field-line locations and contours 

of the unit magnetic-field ratios (181/8) and (181/8 ) • _ 00" _ 00 ~ 
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The test cases selected for this catalog involved a ratio of specific 

heats y 5/3 and the following matrix of free-stream Mach numbers Moo and 

ionopause shapes: 

H/Ro 

H/R o 

{2.0, 3.0, 5.0, 8.0, 12.0, 25.0} 

{0.01, 0.10, 0.25} 

{0.10, 0.20, 0.25} 

Thus, a total of 36 separate cases were calculated. The plot output for 

these cases is provided in Appendix 8, which also presents a convenient 

page index to the individual results. These archived results provide an 

very convenient means of determining the overall dependence of flow-

field and magnetic-field quantities with Moo and obstacle shape, in par

ticular the variation of bow shock location and flow-field contour changes. 

We note that the range of free-stream Mach numbers selected easily spans 

the entire range of solar-wind conditions usually encountered, while the 

different obstacle shapes provide a wide variation as well, as can be 

observed from figure 1. 

The final and ultimate check of the current procedures lies in the 

comparison of the results predicted by the present model with data 

actually measured by a spacecraft. To that end, we have made a number 

of preliminary comparisons with data obtained from orbits 3 and 6 of the 

Pioneer-Venus Orbiter spacecraft. 

The overall features of the spacecraft trajectory crossings of the 

solar-wind/Venus-ionosphere interaction region are provided in the sketch 

given in figure 12. In that figure, which is referred to the sun-Venus 

solar-ecliptic coordinate system, we note in particular the highly 

elliptic spacecraft orbit (periapsis '" 200 Km, apoapsis '" 66,000 Km) and 

the crossings of the bow shock and ionopause surfaces. The oncoming 

solar-wind direction, with arbitrary azimuthal (aberration) and polar 

angles (n,~ ) is as indicated, with the ionopause and bow shock surfaces 
p 

symmetric about that direction. The oncoming arbitrary interplanetary 

magnetic field ~ is also as indicated. 

The procedural outline employed for the theoretical comparisons is as 

follows: 
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I. Orbital data selection 

Select data from an orbit when solar-wind conditions are relatively 

steady. 

II. Theoretical calculations 

Input: 

Ionospheric P and T versus altitude from orbiter retarding 

potential analyzer (ORPA) 

Solar wind Yoo' Poo' Too from orbiter plasma analyzer (OPA) 

Solar wind B from orbiter magnetometer (OMAG) 
_00 

Trajectory coordinates 

Output: (Contours and/or time histories along orbital trajectory) 

Ionosheath p, T, y, ~ and their scalar components in solar 

ecliptic coordinates 

III. Comparisons with Spacecraft data 

Observational ionosheath data for p, Iyl, T from OPA and for 

B from OMAG with two sets of theoretical predictions based on 

l~~~;t} interplanetary solar-~ind properties (voo ' Too' Poo' ~oo) 
measured {~~~~~e} bow shock {~~~~~~~d} crossings. 

First, the selection of the particular orbit for which theoretical 

calculations and data comparisons will be carried out must be made. This 

choice is based on spacecraft observations of the oncoming interplanetary 

solar wind, and for the cases reported here, the selections were made 

when conditions appeared relatively steady. In particular, the 

interplanetary conditions regarding solar-wind velocity, density, 

temperature and magnetic field based on the orbiter solar-wind plasma 

analyzer (OPA) and fluxgate magnetometer (OMAG) measurements just prior 
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to inbound bow shock crossing and immediately after outbound bow shock 

crossing were analyzed by the Pioneer-Venus investigators responsible for 

these instruments for a number of the initial orbits of the Pioneer-Venus 
* spacecraft, and on this basis the selection of Orbits 3 and 6 were made. 

To initiate the theoretical calculations, information regarding both 

the ionospheric obstacle shape and the oncoming interplanetary conditions 

are required. The determination of the obstacle shape is based on measure

ments of atmospheric density and temperature as a function of altitude 

made by the orbiter retarding potential analyzer at (ORPA) locations 

interior to the ionopause boundary.** These measurements yield the varia

tion of atmospheric pressure with altitude in the vicinity of ionopause 

altitudes. From this information, the value of the scale-height parameter 

from the atmospheric pressure model given by either eq. (29) or (30) can 

be determined. For Venus, it appears that the ionosphere/solar-wind 

interaction is such that the ionopause wraps tightly about the planet 

(ref. 10). Our calculations based on ORPA data for Orbits 3 and 6 indicate 

scale heights of approximately 200 Km, which yield 

of values for Hand H of 0.02 < H/R ,H/R < 0.05. 
- 0 0 -

a correspondihg range 

We note that for such 

small values of scale height, the two ionospheric pressure models eqs. 

(29) and (30) yield essentially the same obstacle shape, as can be seen 

from figure 1. For the comparisons reported here for both Orbits 3 and 6, 

we have selected a value of H/Ro = 0.03. With regard to oncoming 

interplanetary conditions, we require as input the solar-wind bulk 

velocity Yoo' density Poo' temperature Too' and magnetic field ~oo. The first 

three are provided by the orbiter plasma analyzer (OPA) , while the 

magnetic field is given by the orbiter fluxgate magnetometer (OMAG). We 

note that the OPA provides either ion density and temperature or electron 

density and temperature, but not both simultaneously. For orbits 3 and 

* 

** 

Special thanks are due to J. H. Wolfe and J. P. ~1ihalov who provided 
information regarding the solar-wind plasma from OPA measurements 
(refs. 21,22) and to C. T. Russell, R. C. Elphic, and J. A. Slavin for 
magnetic-field information from OMAG measurements (refs. 23,24). 

Special thanks are due to W. C. Knudsen and K. Spenner for providing the 
ionospheric plasma information from ORPA measurements (refs. 10,11). 
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6, ion measurements were available and have been employed. Information 

regarding the oncoming direction of the solar wind, as given by the angles 

(n,~ ), defines the requisite coordinate rotations required to align the p 
gasdynamic calculation in the oncoming solar-wind direction; while 

information of solar-wind speed, density, and temperature serve to define 

the oncoming gasdynamic Mach number required to initiate the gasdynamic 

calculations. 

With this information, the detailed gasdynamic and unit magnetic-field 

calculations in the ionosheath region can be cairied out. In order to 

provide an idea of the detail obtained by the present computational 

procedures in these calculations, we have displayed in figure 13 the 

flow-field grid for one of the gasdynamic flow solutions used in the data 

comparisons discussed below. The result shown is for Moo = 3.0, Y = 5/3 

flow past an ionopause obstacle shape with H/Ro = 0.03, and is shown 

carried to a downstream location of X/Ro = 3.0. The flow field 

properties [y/voo' p/poo' T/Too] and the unit frozen magnetic-field ratios 

[(~/Boo)"' (~/Boo)~' (B/Boo)n] are determined at each intersection of the 

grid lines, including the bow shock, stagnation streamline, and 

ionopause boundaries. The final output of the calculaton consists of 

detailed flow-field and magnetic-field properties in the ionosheath 

region, both in terms of tabular output and plotted contours and time 

histories along the orbital trajectory of the velocity magnitude and 

components, density, temperature, and magnetic-field magnitude and 

components. Complete details are provided in section A.4 of the Computer 

User's Manual. 

For the comparisons with spacecraft data, the most convenient portion 

of the output format are the time-history predictions along the space

craft orbit. The observational data used for comparisons with the 

theoretical predictions in the ionosheath region include plasma 

density, velocity, and temperature from OPA measurements and magnetic 

field from OMAG measurements. For the theoretical predictions, two sets 

of results are usually generated based on {~i~;t} interplanetary solar

wind properties (Yoo' Too' Poo' ~oo) measured {~fi~~e} bow shock {~~~~~~~d} 
crossing. 
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In figure 14, we have displayed some overall flow-field results for 

Orbit 6. Indicated in that figure are bow shock locations for the three 

combinations of free-stream Mach number Moo and plasma specific heat ratio 

Y, i.e. (Moo'Y) = (13.3,5/3), (13.3,2), (3.0,5/3) for flow about an 

ionopause with H/Ro = 0.03. Also indicated are two sets of points (-0-, 

-0-) representing the spacecraft trajectory for orbit 6 as viewed in two 

solar-wind oriented coordinate systems. The trajectory indicated by the 

solid lines and circles (-0-) is that based on the last measured 

direction (~'~p) = (6.5°,-1.4°) of the interplanetary solar wind just 

prior to crossing the bow shock on the inbound leg, while the dashed line 

and squares (--0--) denotes the trajectory based on the first measured 

direction (~'~p) = (4.9°,7.6°) of the solar wind immediately after 

crossing the bow shock on the outboard leg. We note that the spatial 

location of the spacecraft trajectory in solar-wind coordinates depends 

only on the direction (~'~p) of the oncoming solar wind, but not on its 

magnitude. With regard to the results indicated in figure 14 for the 

spacecraft trajectory, we observe the extremely large dependence of 

spatial position of a trajectory point, as viewed in solar-wind 

coordinates, on solar-wind direction. For the particular inbound and 

outbound solar-wind angles indicated, the shift in X-coordinate of a 

trajectory point can be as high as a quarter of the Venusian planetary 

radius, which obviously results in substantial differences in predicted 

flow and magnetic-field properties. In previous work, the influence of 

the angular shift in the solar wind was generally considered to be small 

and negligible. The current results, however, indicate that this purely 

geometrical effect can be surprisingly large, even for directional shifts 

of less than 5°, and must be accounted for in any realistic theoretical 

comparison with data. See reference 7 for another example of the 

importance of this effect. 

Finally, with regard to the three sets of bow shock results 

displayed in figure 14, these calculations represent an attempt to 

resolve the uncertainty in the oncoming free-stream Mach number and ratio 

of specific heats of the plasma. Because only solar-wind ion tempera

tures from the OPA were available for Orbit 6, the initial calculation of 

the free-stream Mach number was based on the assumption that Te = Ti , 

which leads to Moo = 13.3. A ratio of specific heats Y = 5/3 was assumed, 

and these interplanetary values result in the bow shock indicated by the 
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dot-dash line. That shock location is in poor agreement with the 

observational shock crossings, indicated as occurring between the pairs 

of solid circles and squares. A separate uncertainty arises from the 

possibility that the magnetic field may act to align the plasma particle 

motion in its direction, thus effectively reducing the number of degrees 

of translational freedom from 3 to 2 and thereby increasing the ratio of 

specific heats from 5/3 to 2. To investigate this possibility, we have 

repeated the M~ = 13.3 calculation using y = 2. That result is indicated 

by the dashed line, and is in better 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 temperature, but is substantially higher, we are lead to low Mach 

numbers of the order of M ~ 3-5. We have displayed bow shock results of 
~ 

a Moo = 3.0, Y = 5/3 calculation in figure 14 as the solid line, and 

observe that based on this Mach number and the inbound solar-wind 

direction, the observational shock crossings display very good agreement 

with the theoretical results. 

Figure 15 displays the time-history comparisons of the 

theoretically-predicted bulk plasma density, speed and temperature in 

the ionosheath region with OPA measurements of these quantities. These 

theoretical results were based on a gasdynamic flow solution with M = 
~ 

13.3, Y = 2.0. In these results, the solid lines with circles correspond 

to results based on inbound interplanetary conditions, while the dashed 

lines with squares correspond to outbound conditions. We note that while 

the few data points available are in general agreement with the theore

tical calculations, the lack of more detailed plasma measurements in the 

ionosheath prevents a definitive conclusion. The OPA instrument requires 

approximately 9 minutes to acquire sufficient data to enable predictions 

of the bulk plasma quantities. While this time lag presents no problem 

when the spacecraft is in the interplanetary solar wind, the large 

resolution time effectively averages the plasma quantities in the 

ionosheath over such a large spatial range that only overall comparisons 

of the bulk plasma properties are possible. 

The situation is quite different for the magnetic field, as the OMAG 

instrument provides essentially instantaneous magnetic-field measure

ments. Comparisons of the frozen magnetic-field predictions with data 
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are displayed in figures 16(a,b). These comparisons employ the gas

dynamic solution M = 13.3, Y = 2 for which plasma properties were given 
00 

in figure 15. In figure 16a, we display two sets of theoretical 

calculations for the magnitude of the magnetic field, based on the 

inbound and outbound interplanetary magnetic field conditions as 

indicated on the figure. In these comparisons, we observe very good 

agreement with both sets of predictions. In particular, on the inbound 

leg, the theoretical predictions based on the inbound interplanetary 

conditions are in very good agreement with the data, while the outbound

condition predictions are clearly not as favorable. On the other hand, 

as we proceed in time along the outbound leg, the opposite is true. 

Here, the outbound-condition predictions are in very good agreement with 

the data, while the inbound-condition predictions are notably inferior, 

particularly with regard to shock crossing. Corresponding results for 

the magnetic-field components are provided in figure 16b, and display a 

similar behavior. The agreement of the theoretical results with data for 

the individual components is remarkable, confirming the accuracy of the 

frozen-field model, as well as the shift of the ionosheath magnetic field 

from a solution related to inbound interplanetary conditions to one 

related to outbound donditions. 

For Orbit 3, similar comparisons as those shown in figures 14-16 for 

Orbit 6 are given in figures 17 to 19. In figure 17, we have provided 

the bow shock locations for five different combinations of Moo and Y as 

indicated. The Mach numbers Moo = 7.38, 5,96 correspond, respectively, to 

the inbound and outbound interplanetary conditions for I~ool, Poo ' Too as 

measured by the OPA, while the two values of Y = 5/3,2 used in the 

calculations represent our uncertainty of the ratio of plasma specific 

heats. We have also indicated for reference the bow shock location for Moo 

= 3.0, Y = 5/3 as given previously in figure 14 for Orbit 6. Note that 

the observational shock crossings are again closest to the Moo = 3.0, Y = 
5/3 shock. Also provided in figure 17 are the orbital trajectories as 

viewed in solar-wind coordinates for the inbound (n,~p) = (3.3°,0.15°) 

and outbound (n,~p) = (3.7°,4.9°) solar-wind directions. 

The comparisons for the bulk plasma properties for Orbit 3 are pro

vided in figure 18. Again we note an overall agreement for bulk plasma 

speed and density, but note an observable discrepancy in the temperature. 
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This is thought to be indicative of the manner in which the bulk 

properties from the theoretical model are being interpreted in relation 

to the observational measurements; i.e. the theoretical values corre

spond to those for a single-component plasma, while the measurements are 

in terms of a mUlti-component plasma. Whether the theoretical plasma 

properties require rescaling or reformulation, or whether their present 

formulation is appropriate for comparison with the multi-component data, 

appears to be a necessary and important subject for future study. 

Results for the magnetic-field comparisons are displayed in figures 

19(a,b), which provide time-histories of both the magnitude and the 

individual magnetic-field components based on both inbound and outbound 

interplanetary conditions. We note again, although the shock crossing 

comparisons are somewhat in disagreement since the gasdynamic flow 

fields used in these results were for Moo = 7.56, 5.96 and y = 2, the 

reasonable comparisons are obtained for the ionosheath magnetic field. 

In particular, we observe the drift with time along the trajectory of the 

trajectory of the agreement of theory with data from the predictions 

based on inbound interplanetary conditions on the inbound leg, to those 

based on outbound conditions on the outbound leg. 

In order 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 location, we have 

displayed in figure 20(a,b) the analogous time-history magnetic-field 

comparisons when using a Moo = 3.0, y = 5/3 gasdynamic result. In this 

case, results were computed for only the inbound direction (n,~p) = 
(3.3°, 0.15°) of the solar wind. As can be seen, there is a marked 

improvement in the agreement near the bow shock, and quite good ogreement 

throughout the ionosheath as well as, for both the magnitude and the 

individual magnetic-field components. We note that the general agree

ment of theory and observation of the individual components demonstrates 

both the accuracy of the calculation and, in particular, the need for 

accounting in the theoretical results of the variable direction of the 

interplanetary solar wind. 
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CONCLUDING REMARKS 

The application of advanced computational procedures was undertaken 

for the purpose of modeling the interaction of the solar wind with non

magnetic planets, with particular emphasis on Venus. Based on the 

successful theoretical model employed previously (ref. 9), i.e., the 

steady, dissipationless, magnetohydrodynamic model for axisymmetric, 

supersonic, super-Alfvenic solar-wind flow, a number of important 

theoretical extensions have been developed and included in the computa

tional procedures. These include the capability for treating very low 

oncoming interplanetary gasdynamic Mach numbers (Moo ~ 2.0), as well as 

quite general ionopause shapes. A new family of ionopause shapes has 

been developed which includes the effect of gravitational variation in 

scale height, and has been incorporated in the computational program. 

Additionally, the capability for determining the plasma gasdynamic and 

magnetic-field properties along any arbitrary spacecraft trajectory, 

accounting for an arbitrary oncoming direction of the solar wind, has 

been developed. All of these developments have been incorporated into 

an assemblage of computer codes to enable detailed calculations of the 

solar-wind interaction with planetary atmospheres. The computer codes 

have been extensively documented and are described in a computer user's 

manual included as part of this report. 

Comparisons are reported which verify the correctness of these new 

procedures, and which demonstrate their capability for computing a wide 

range of flows encompassing those typical of solar-wind conditions about 

terrestrial planetary atmospheres. A catalog of sample solar-wind flows 

covering a large number of flow conditions and ionopause geometries was 

established, and reported in summary format in the forms of contour plots 

of important flow-field and magnetic-field properties. Finally, success

ful comparisons of results from the theoretical model were made with 

actual spacecraft data obtained from initial orbits of the Pioneer-Venus 

Orbiter. These results have indicated the importance, heretofor largely 

neglected, of the directional variability of the oncoming solar wind. 

All of these results, taken in toto, serve to verify the basic theoreti

cal model which underlies the present procedures. Furthermore, it 

demonstrates the value of the present computational procedures as a 

research tool capable of routinely providing - at small computation cost 
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and in a format directly compatible with experimental observations -

details of the solar-wind/planetary atmosphere interaction process not 

previously attainable. 

With regard to future us~s as well as improvements of the present 

model, the obvious need for a detailed study involving comparisons 

between theory and observations for a large number of orbits of the 

Pioneer-Venus Orbiter is clear. Based on the preliminary comparisons for 

orbits 3 and 6, the frozen magnetic-field model appears to be remarkably 

accurate for relatively quiet-time 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 multi-component 

measurements. Questions regarding the possible suppression 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 Pioneer-Venus 

Orbiter of the nightside ionosphere of Venus have indicated a more 

complex and dynamic structure than suspected. These observations point, 

in particular, toward the need for improvement of the simple model used 

in the present method for the determination of the ionosphere boundary. 

This improved determination would involve an iterative procedure in which 

a balance of the sum of the solar-wind gasdynamic plus magnetic pressure 

along the ionopause surface would be maintained against the ionospheric 

pressure. The present method, which balances the Newtonian pressure 

distribution against the ionospheric pressure, represents the first step 

in this iteration. 

ACKNOWLEDGEMENTS 

Support for the research reported in this investigation was pro-

vided by National Aeronautics and Space Administration, Headquarters 

under Contract NASW-3l82 with Robert Murphy as Technical Monitor. 

Special thanks are given to J. H. Wolfe and J. D. Mihalov for generously 

providing solar-wind plasma information from Pioneer-Venus Orbiter plasma 

analyer measurements, to C. T. Russell and J. A. Slavin for magnetic field 

information from Pioneer-Venus Orbiter fluxgate magnetometer measure

ments, and W. C. Knudsen for ionosphere plasma information from Pioneer

Venus Orbiter retarding potential analyzer measurements. 

48 



APPENDIX A 

COMPUTER PROGRAM USER'S MANUAL 

49 



APPENDIX A 

COMPUTER PROGRAM USER'S MANUAL 

TABLE OF CONTENTS 

Section 

A.l INTRODUCTION 

A.2 PROGRAM DESCRIPTION 

A.2.1 Calculation Procedure 

A.2.1.1 Blunt-body calculation 

A.2.1.2 Marching calculation 

A.2.1.3 Streamline calculation 

A.2.1.4 Magnetic-field calculation 

A.2.1.5 Contour calculation and plot 
generation 

A.2.1.6 Trajectory calculation 

A.2.2 Rerun Option 

A.2.3 Program Limitations and Precautions 

A.2.4 Convergence Criteria for Blunt-Body 
Calculation 

A.3 DESCRIPTION OF INPUT 

A.3.1 Dictionary of Input Variables 

A.3.2 Preparation of Input Data 

A.3.3 Format of Input Data 

A.4 DESCRIPTION OF OUTPUT 

A.5 PROGRAM ERROR MESSAGES 

A.6 SAMPLE CASE 

FIGURES A.I THROUGH A.6 

Page 
No. 

53 

54 

56 

56 

58 

59 

61 

64 

65 

70 

70 

71 

72 

72 

77 

81 

85 

87 

90 

92 

51 



· This Page Intentionally left Blank 



APPENDIX A 

A.l INTRODUCTION 

The purpose of this appendix is to describe the operation of the 

assemblage of computer codes which were developed in conjunction 

with the theoretical work presented in this report and organized 

into one program, and to provide sufficient detail to permit 

understanding and use of the program. The program computes the 

flow field of the solar wind about a terrestrial planet, using a 

procedure for the calculation of supersonic/hypersonic flow about 

an axisymmetric blunt body. The corresponding frozen-in magnetic 

field is calculated from the previously-determined velocity and 

density fields. Streamlines and contour lines of various flow

field properties and magnetic-field components are also determined. 

Next, these flow-field and magnetic-field values are calculated for 

points along a user-specified trajectory. 

A description of the general operating procedure of the program 

is given, with descriptions of input and output. The program is 

written in FORTRAN IV and has been developed on a CDC 7600 computer. 

University Computing Company (UCC) Standard Plotting Software and 

Functional Software packages are used to produce automated plots. 

Files used, besides TAPE5 for INPUT and TAPE6 for OUTPUT, are TAPEl 

for the plot file (system default), TAPE4 for input file for rerun 

option, and TAPE9 for storing data for rerun. Typical run times 

for cases using the default parameters are 110 to 120 seconds, using 

the OPT=2 compiler. For a case using the rerun option, which 

employs a previously-calculated flow field, the run time is approxi

mately 15 seconds. The storage requirements are 146KS for small 

core memory and 273KS for large core memory. 
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A.2 PROGRAM DESCRIPTION 

For computational purposes, the flow is subdivided into two 

regions, as indicated in the sketch below, with the center of the 

planet as origin. 

Embedded 
subsonic 

x 1.0 

R 

o 

wave 

il.~(..t..I.J.JJ."i:''-'-1..I. Magne top a us e 0 r 
ionopause 

The region near the nose of the magnetopause/ionopause includes all 

of the imbedded subsonic flow and part of the supersonic flow. An 

axisymmetric implicit unsteady Euler equation solver is used to 

calculate this part of the flow field. Using the solution plane at 

x = 0.0 to provide starting conditions, the flow field in the purely 

supersonic downstream region is determined by integrating the steady 

Euler equations using a spatial-marching procedure. Streamlines, the 

magn~tic field, and contours are calculated using the entire flow 

field, distinguishing between the two regions as required by the 

different forms of the computational grids. A rerun capability is 

provided, where flow-field data is read from a file written on a 

previous run, rather than repeating the blunt-body and marching 

calculations. The computations proceed as shown in the sketch below, 

which provides an overall flow chart of the complete program. The 

program provides for several cases to be run consecutively. 
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ICASE=l 
ICASE 

r-~~I~C~A~S~E-=-i>NCASE 
ICASE+l 

BLUNT BODY CALCULA
TION OR READ DATA 

FROM TAPE4 

CALCULATE STREAM
LINES FOR BLUNT 

BODY REGION 

MARCHING CALCULA
TION OR READ DATA 

FROM TAPE4 

CONTINUE STREAMLINE 
CALCULATION DOWNSTREAM 
EXTRAPOLATE FLOW FIELD 

VALUES TO SYMMETRY 

IF LPRFL IS 
TRUE, PRINT 

DETAILED FLOW 
FIELD OUTPUT 

CALCULATE 
MAGNETIC 

FIELD 

IF LPRB IS 
TRUE, PRINT 
GNETIC FIELD 
COMPONENTS 

CALCULATE CONTOURS FOR 
VELOCITY (AND TEMPERA

TURE), DENSITY, AND 
GNETIC FIELD COHPONENTS 

IF LPRCON IS 
TRUE, PRINT 

CONTOUR LINE 
COORDINATES 

IF LPLOT IS TRUE 
PLOT STREAMLINES 

AND CONTOURS 

IF LTRAJ IS 
TRUE, CALCULATE 

FLOW AND MAGNETIC 
FIELD VALUES ALONG 

TRAJECTOR 

Program Flow Chart 
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A.2.l Calculation Procedure 

After reading in the number of cases in the run, each case is 

calculated independently. Subroutine INPUT reads in all card input 

required for one case, viz. a title, flow conditions, obstacle 

geometry, calculation and print control parameters, and desired 

contour values. The user may supply the obstacle geometry in the 

form of a shape table for an axisymmetric body, or use one of the 

default shapes which are calculated internally by the program. These 

default shapes are the magnetopause equatorial trace, constant scale

height ionopauses, and ionopauses having gravitational variation in 

scale-height. The input is printed as the first item of output. 

A.2.l.l Blunt-body calculation 

A computational mesh in polar (Rp'S) coordinates is established for 

the blunt-body calculation; then, for the marching calculation, this 

is extended into a cylindrical (x,R) system, as indicated below: 

R 

x 

This method has proven effective except for certain obstacle shapes 

which have a significant amount of flaring at the terminator and/or 

cases involving low free-stream Mach numbers M < 3. Under such con-
00 -

ditions, the axial component of velocity may become subsonic at the 

starting plane of a marching calculation (terminator) and the calcula

tion cannot proceed. In this case the blunt-body grid must be extended 

past S = 90 0 as shown below: 
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R 

x--~---------"u-~~----~~~------------1. 0 0 

The number of rays added to the blunt-body mesh is controlled by the 

input variable NXADD, and are limited by the requirement, NBLUNT + 

NXADD < 39. 

All lengths, x, R, R , are normalized so that the nose of the 
p 

obstacle is at x = 1.0. For the default shapes, rays at equal 

angular increments of ~e are used, starting at -~e/2, up to 90 0 + 
~e, where ~e = 90 0 /(NBLUNT-l.5) , and NBLUNT is an input parameter 

describing the number of angular mesh points to be used in the blunt

body calculation. Program default value is NBLUNT = 24, so that for 

the default mesh, ~e = 4 0 • The obstacle shape is determined by inte

gra ting the appropr ia te d i fferen tial equa tion by a trapezo idal 

predictor-corrector method. For a user-supplied shape, the e grid is 

determine by rays from the origin through the first NBLUNT points, 

and the reflection of the first ray about the x-axis. Values for R 
p 

are determined by dividing the line segments between the body and 

bow shock wave into NR-l equal intervals. Thus, including the 

obstacle and bow shock wave, the grid forms NR arcs around the 

obstacle. A starting solution for the blunt-body calculation is 

obtained by guessing a bow shock shape and by prescribing a 

Newtonian pressure distribution on the body. Noting that the 

maximum entropy streamline wets the body, other flow properties on 

the body surface can then be calculated. An initial flow field is 

then established by linear interpolation between the obstacle and 

the guessed bow shock, where the Rankine~Hugoniot relations hold. 

The integration proceeds in time for ITER steps. The initial bow 

shock shape used for the magnetopause equatorial trace and for an 
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ionopause with H/Ro ~ 0.1 is a correlation shape depending on (Moo' 

y, H/Ro) and given by the parabola Rp = °1/°0 - x/~ where 

° = 1.0 + 1.1 {[ (Y-l)M~ + 2]/(Y+l)M~} x (0.9 + 0.5 H/Ro) 0 

°1 = !J. {(1.273 + 0.009 M~) (0. 9 04 + O. 655 H/Ro) 0 

x [3.95 - 5.3 H/Ro + 3.85 (H/Ro}2]} + (~ody}x=O.O 

!J.o = [(Y_l}M2 + 2]/[(Y+l}M2 ] x 0.78 
00 00 

For a user-supplied obstacle shape and for an ionopause with 

HIRo < 0.1, .the initial shock shape used is the curve Rp = 
-J[l + !J.o(l + 0.68 02 + 0.16 84 )]. Information on convergence, the 

final sonic line locations, and the body and final bow shock shape 

are printed from this calculation. 

The flow chart for the blunt-body code is shown in FigureA.l (a). 

A.2.l.2 Marching calculation 

The results at the 8 = 90 0 plane of the blunt-body calculation are 

used as starting conditions for the marching calculation, after 

proper variable normalization for the internal marching calculation. 

For default geometries, the obstacle shape is determined by integration 

of the appropriate differential equation proceeding from the nose 

downstream at equal 8 increments to form a body-shape table. The 

stepsize along the x-axis is recalculated at every ICONST(49} with 

ICONST(49} being set to 10. At each x-location, Rbody is determined 

by linear interpolation. The computational mesh is extended by adding 

the line perpendicular to the x-axis at each step, divided in the 

same manner as for the blunt nose. The calculation marches downstream 

with a maximum stepsize of 1.0 until the terminal location specified 
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by the user has been passed. However, the number of steps is limited 

to 75, after which the calculation will end regardless of the x-location. 

The coordinates of the obstacle and bow shock are printed at each step. 

The grid coordinates and flow-field values are written to a file, 

TAPE9, which may be saved to use as input for a later run. This 

rerun option, which replaces construction of the computational mesh 

and performance of the blunt-body and marching calculations with the 

reading of the rerun input file TAPE4, is described in section A.2.2. 

The flow chart for the marching calculation is provided in figure 

A.I(b). 

A.2.l.3 Streamline calculation 

The streamlines are calculated in two sections, following each of 

the flow-field calculations. Using the results of the blunt-body 

calculation, Le. the (x,R) grid coordinates, (R ,8) grid coordinates, 
p 

density pip , and velocity components vx/v and vR/v , the velocity 
00 00 00 

magnitude Iyl/voo and flow angle ~ are calculated. Density p/poo and 

velocity magnitude Ivl/v are first smoothed along the rays of con-_ 00 

stant-8, using a third-degree least-squares fit with respect to Rp. 

Streamlines are then calculated downstream to x = 0.0, using the 

traj ec tory me thod and in teg ra ting through the veloc i ty field by means 

of a third-order modified Euler integration procedure with the grid 

locations on the bow shock used as starting positions. The flow angle 

~ = tan-l (vR/vX) at each point is determined using bivariate linear 

interpolation first in 8, then Rp. Points for which 8 < 00 or 8 > 900 

are discarded in the interpolation. 

The marching calculation provides (x,R) grid coordinates, and 

values of density p/Pt' and velocity components vx/Vt and vR/vt ' where 

t denotes free-stream stagnation conditions. For compatibility with 

the blunt-body solution, the flow-field values are converted to p/poo' 

vx/voo ' vR/voo before calculating the resultant velocity magnitude 
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Ivl/v and flow angle~. The streamline calculation is continued 
- co 

downstream, employing the same method as in the nose region. Starting 
positions on the shock wave for the streamline calculation in the 

marching zone are set at equal R-increments, with a maximum of 50 

streamlines calculated. The flow angle is determined using bivariate 

linear interpolation first in x, then in R. 

Along the symmetry axis, values of x, p/pco' and \~\/vco are deter

mined by extrapolation, using a third-order Lagrangian polynomial in 

e on each arc of the computational grid. Exact values for the 

stagnation streamline are used where possible, viz. at the bow shock 

2 2 pip = (y+1)M 1[(y-I)M + 2] co co co 

at the body surface 

0/0
00 

= (0/0
00

) shock • [[[ (y+l) MooP / [4YM: - 2 (y-1) J] 1/ (Y-1J 
\y\/vco = 0.0 

x = 1.0 

Detailed flow-field output may now be printed by subroutine FLOUT, 

with LPRFL as print control variable. In addition to grid coordinates, 
density, velocities and flow angle, values of temperature T/Tco and 

pressure PIP are output, where co 
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Streamline coordinates may also be printed by subroutine STOUT, with 

LPRST as print control variable. A plot of the streamlines is 

generated if the variable LPLOT is true. A flow chart of the stream

line calculation is shown in figure A.I(c). 

A.2.l.4 Magnetic-field calculation 

The magnetic field is determined by separately calculating the unit 

components whose directions are parallel, perpendicular, and normal to 

the flow, in the undisturbed solar wind. These components are then 

added vectorially, the resultant being expressed in orthogonal (x,y,z) 

components. The angles in the free stream a and a between the 
p n 

magnetic field and the flow, as shown in the sketch below, are either 

input or, in the case of a trajectory calculation, are calculated 

internally from the input interplanetary magnetic field. 

z 

B 
-~ 

y 

The magnetic-field components are calculated using the following 

formulae in which ~ signifies a vector of magnitude e in the direction 

of the component field line, and fi the unit normal vector. 
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(B~J = (~) (:J; (B~J = (:tJ [:J; (:J n = (:J [:J 
" ~ 

[B~) = (B~J [BBooj + [ B:] [BBoo: ] + n [BBJ [B::] 
" ~ n 

The magnetic-field line vector component ~" which results from the 

interplanetary component Boo that is parallel to the undisturbed 
" solar flow has local magnitude given by (I~I/voo) (p/poo)' and the same 

local direction ~ as the fluid flow. Determination of the normal 

magnetic-field component B requires calculation of R/R , where R n 00 00 

is the free-stream cylindrical R-ordinate of the streamline through 

the point under consideration. This is calculated by linearly 

interpolating in the local radial cylindrical coordinate R between 

the streamlines, with R/Roo = 1.0 along the x-axis. The magnetic

field vector component ~~ resulting from the interplanetary com

ponent B which is perpendicular to the undisturbed solar-wind 
oo~ 

flow requires the distance vector ~l/~l , whose magnitude is _ 00 

I~fl/~loo and direction is ~, where I~fl/~loo is the stretching 

factor of the perpendicular field at the point, and ~ is the 

direction of the field line through the point. The magnitude and 

direction of ~l/~l are calculated according to 
- 00 

and 

~ = 
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where the quantities d 1, -d 2, ~xl' ~x2' ~rl' ~r2' ~{ool' and ~{oo2 

are described by the sketch below. The points marked (e) on the 

streamlines represent equal-time intervals in the flow. 

The perpendicular field lines are determined by integrating f~dt 

along each streamline, using trapezoidal integration to locate points 

along the streamline at regular increments in time, ~t, starting at a 

perpendicular field line ahead of the bow shock. Values for I~~I/~{oo 

and ~ are calculated at the points where the perpendicular field 

lines and streamlines intersect, interpolating only along the field 

lines. A generalized quadrilateral interpolation scheme is then 

employed to determine I~~I/~{oo and ~ at the computational grid points, 

using the quadrilateral containing the point formed by the inter

section of pairs of adjacent streamlines and perpendicular field 

lines. At the bow shock, an exact formula is used, viz. 
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where 

The values of 16~1/6too at the grid points are smoothed using fifth

order least-squares fit with respect to arc length along the arcs 

of th grid. The resultant magnetic field can then be expressed in 

orthogonal (x,y,z) components. The code determines these components 

for the case when the field point is located in the (x,y) plane, 

i;e., z = O. These components are given by 

B IB Y 00 

= cos an x [cos ~ x cos a x (IBI/B ) P _ 00" 

+ cos W x sin a x (IBI/B )~] P _ 00 

= cos an x [sin ~ x cos a x (IBI/B ) P - 00" 

+ sin W x sin a x (IBI/B )~] P _ 00 

Magnetic-field components may now be printed by subroutine BOUT, with 

LPRB as print control parameter. 

when LPRB = .FALSE. and KBCON=O. 

The magnetic field is not calculated 

A flow chart of the magnetic-field 

calculation is shown in figure A.l(d). 

A.2.I.S Contour calculation and plot generation 

Contours are calculated for velocity Ivllv , density pip, and _ 00 00 

magnetic components (1!I/Bw)H' (1~I/Boo)~' and (I~I/Boo)n. The method 

used is a modified version of a procedure developed by R. Sorenson 
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of NASA/Ames Research Center. The boundary is searched for intervals 

which bracket a contour point. Having found one point, the remainder 

of the contour is determined by 'walking' around the contour, 

searching at each step for the interval through which the contour 

line next passes, until a boundary point is reached. Then closed 

contours are found in a similar manner. Linear interpolation is 

used throughout the process. Note that since T/T is a function of 
00 

I~I/voo only, velocity contours may also be considered as temperature 

contours. Temperature and velocity are related by the following 

func tion. 

The coordinates of the contour lines can be printed by subroutine 

CONOUT, with LPRCON as print control parameter. 

The program segment which controls the generation of contour plots 

is accessed only when LPLOT = .TRUE. The UCC Plot Routines used to 

produce these plots are AXIS, CHAR, DASH, DOTLN, ENPLT, GREEK, MATH, 

NUMPLT, PLOT, PLTLN, POLAR, RESET, SCALF, and VECTOR. A flow chart 

of the contour calculation and plot generation in figure A.ICe). 

A.2.l.6 Trajectory calculation 

This segment of the program provides theoretical plasma and mag

netic-field properties in an output form that is useful for direct 

comparison with actual spacecraft data. Given a sequence of 

coordinates describing the spacecraft trajectory, the program 

calculates the density, temperature, and velocity and magnetic-field 

components at each point. Generation of trajectory plots is con

trolled by the logical variable LPLTRJ. The trajectory calculation 

proceeds as follows. 

Input to this calculation includes interplanetary values of 

temperature, density, velocity, and magnetic field together with 
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the trajectory coordinates. The trajectory input is required as 

a function of time and normalized by planetary radius. If the 

logical variable LSUN is TRUE, then it is assumed that the 

trajectory coordinates and vector quantities are expressed in terms 

of a sun-planet (ecliptic) coordinate system. In this case, these 

quantities are converted by the program into a solar-wind coordinate 

system by the transformation 

x cos n cos ~p -sin n cos ~p Sino~pl x 
w s 

Yw = sin n cos n Ys 
z -cos n sin ~p sin n sin ~p cos ~ z 
w p s 

where (x ,y ,z ) are coordinates in the solar-wind system and (x ,y , w w w s s 
zs) are coordinates in the sun-planet system. The angles n and ~p 

are the azimuthal (total aberration) and polar angles, respectively. 

The azimuthal angle, n, is the angle in the plane of the ecliptic 

between the sun-planet line and the oncoming solar-wind, i.e., the 

xs-axis and the xw-axis as shown in figure A.2. The angle ~p' posi

tive for southward solar-wind flow, measures the deviation of the 

solar-wind from the plane of the ecliptic. Figure A.2 illustrates 

the transformation from sun-planet ecliptic coordinates to solar

wind coordinates. In this case the azimuthal and polar angles 

indicated are both positive. 

If LSUN is FALSE, it is assumed that all input data are referenced 

to the solar-wind coordinate system and this transformation is not 

performed. 

In order to conform with the internal flow-field and magnetic

field calculations, the signs of the x and y components of the 

trajectory and vector quantities are reversed. This is, in 

effect, another coordinate transformation which is defined by 
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f~:l = 

-1 

o 
1 

o 
-1 

o 

0 

0 

1 

x -cos w 
yw = 
z -cos w 

n cos 

sin n 
n sin 

<Pp -sin n cos <Pp 

-cos n 

<Pp sin n sin <Pp 

sino<pplf;: 

cos <P z p s 

where (x ,y ,z ) are coordinates referenced to the internal calcula-c c c 
tion system. This transformation is illustrated in figure A.3. Also 

shown in figure A.3 is the relationship of the interplanetary 

parallel, perpendicular, and normal magnetic field components to the 

internal calculation system. Specifically, 

B 
CXl~ 

= B ,and Boo 
Yc n 

The angles a p and an are now calculated from the relationships 

= tan-1 [:~:l 
and 

At this point, all data is in a form compatible with the internal 

calculations and the program can interpolate for flow and magnetic

field values along the trajectory. The following procedure is 

repeated at each trajectory point. Noting that the flow is axisym

metric, the coordinate system may be rotated to the most convenient 

orientation for the calculation. The present (xc,yc,zc) coordinates 

are converted to (xc,R) coordinates by a rotation in the (yc,zc) plane 

about the xc-axis through the angle 8 = tan-1 [z /y ]. This rotation c c 
defines a new coordinate system (x' ,y' ,z') in which z' = o. Subroutine 

IJRAJ now locates the point with reference to the computational flow

field grid. The point is either within the ionopause, in the grid 
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region, or beyond the bow shock. If the point is within the ionopause, 

all values are set to zero. If the point lies beyond the bow shock, 

all quantities assume their free-stream values. For points within the 

grid, the velocity magnitude, density, and flow angle ~ are found by 

interpolation using function FTRAJ. From the flow angle ~ and the 

rotation angle a, velocity components in the (xc'yc'zc) system can 

be calculated according to 

v = x vcos ~ 
c 

v = vsin 
Yc 

~ cos a 

v = vsin z ~ sin a 
c 

Calculation of the magnetic field is complicated somewhat because 

the components are dependent on the incident magnetic field. Using 

a p and an' Bx' , B' , and B' are calculated in the rotated (x' ,y' ,z') 
00 Yoo Zoo 

system by 

B' = B x x 
00 COO 

B' = B cos a 
Yoo Yc 

00 

B' = -B sin a z Yc 00 
00 

Then a' and a' are defined by p n 

a' = tan-1 
p 
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Interpolation. is then carried Ott Jto determine the magnetic angle 

~ and the ratios IB~ I ' IB~ I ' and :- in the rotated system again 
00 " 00 ~ 00 n 

using the function FTRAJ. Next, the magnetic-field components B~, 

B~, B~ in the rotated system are calculated from 

BI = cos a l [cos ~ x n 
• cos a I 

p 

BI = cos a l [Sin ~ o cos a l 

Y n P 

BI = sin a
l o(~J oB z n B 00 

. 00 
n 

IB~J 
" 

+ cos ~ 0 sin a I 
p 

o IB~ I + sin ~ 0 sin a l 

p 
00 " 

·!B:!J . B 
00 

·!B:! J · B 
00 

Finally, these magnetic-field components are rotated back through 

the angle e to yield magnetic-field components referenced to the 

in ternal calculation system (xc,yc,Zc) by 

B 1 0 0 BI 
X X 

c 

B = 
Yc 

0 cos e -sin e BI 
y 

B 
z 0 sin e cos e BI 

Z 
C 

Subroutine TROUT now prints the trajectory output in both the 

solar-wind (xc,yc,zc) and the sun-planet (xs,ys,zs) coordinate systems 

using the transformation below to obtain sun-planet magnetic-field 

vector components from solar-wind magnetic-field vector components. 

Bx -cos ~ cos ~p sin ~ -cos ~ sin ~p B x 
s c 

B = sin ~ cos ~p -cos ~ sin ~ sin ~p B 
Ys Yc 

B sin ~p 0 cos ~p Bz z s c 
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The transformation of the solar-wind velocity co~ponents (vx ' vy , 
c c 

Vz ) into sun-planet components (Vx ,Vy ,v z ) is also done using the 
c s s s 

same transformation. 

Finally, if LPLTRJ is true, a file of trajectory plots is created. 

A flow chart for this program segment is shown in figure A.I(f). 

A.2.2 Rerun Option 

The rerun option is used when LRERUN = .TRUE. The blunt-body and 

marching calculations are replaced with the reading of grid coordinates 

and flow-field values from the rerun file, TAPE4, which contains data 

written to TAPE9, then saved, on a previous run. Different values for 

any parameter not used in the flow-field calculations may be specified, 

viz. contour values, plot length, magnetic-field angles, and output 

options. Values o-f AMACH, GAMMA, and HRO are required input, to 

ensure that the input rerun file does contain the case desired for 

rerun. - If the geometry is user-supplied, the body-shape table will be 

read from TAPE4, and should not be input from cards. 

After reading the card input, MACH, GAMMA, and HRO are tested 

against values from TAPE4. The grid coordinates and flow-field 

values from the blunt-body calculation are read in, then smoothed, and 

streamlines calculated for this region, as previously described. The 

results of the marching calculation are then read, and the streamline 

calculation continued downstream. The calculations then proceed as 

described in section A.2.1. 

A run must not contain more than one case which uses the rerun 

option. 

A.2.3 Program Limitations and Precautions 

The program makes some assumptions about the geometry of the 

obstacle shape around which flow is to be calculated, and about the 
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flow field. The obstacle shape is assumed to be monotonically 

increasing in cylindrical radius R, going downstream. The nose of 

the obstacle is at x = 1.0. The origin of the (x,R) coordinate 

system is the center of the planet. Obstacle shapes with sharp 

corners should be avoided. In the magnetic-field calculation, the 

first streamline is assumed to be inside the arc described by the 

grid points immediately off the body, downstream of x = 0.0. To 

reduce computational costs, a grid using NR = 10 may be used, in 

which case a lower value of CN may be required. This would reduce 

the running time by approximately 40 percent. A free-stream Mach 

number less than 2.0 is not advised. 

A.2.4 Convergence criteria for BluntaBody Calculation 

The output provides two measures of the convergence of the blunt

body calculation. The RMS of shock speed and maximum shock speed 

are printed at each iteration. These quantities should both tend to 

zero as the iterations proceed. A value for qRMS' RMS of shock 

speed, of 

where y is the specific heat ratio, and M is the free-stream Mach 
00 

number, usually indicates a converged solution. The RMS of error in 

enthalpy, HT, should be less than 1 percent, with the maximum enthalpy 

error also of that order. 

The Courant number, CN, determines the time step size used by the 

calculation. A value not greater than the default of 3.0 should be 

used. For low Mach numbers or a coarser mesh than the default grid, a 

lower value may be preferable. If the default value does not generate 

a converged solution, or if the error message from subroutine SHOCK 

is printed, try lowering CN in increments of 0.5 to find a better 

value of CN. User-supplied bodies may also require a lower Courant 

number. 
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A.3 DESCRIPTION OF INPUT 

This section describes the card input for the program. An alpha

betized dictionary of input variables is provided, defining the 

varibles, listing default values and limitations. A discussion of 

the preparation of the card input is then presented, followed by a 

description of the input card format. 

AMACH 

ANGN 

ANGP 

AZANG 

BCON(I) 

BINF 
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A.3.1 Dictionary of Input Variables 

free-stream Mach number; 3.0 < AMACH < 25.0 is recommended 

the angle, in degrees, measuring the deviation of the free

stream magnetic field from the plane in which 8 and B 

lie; equal to tan-1 [B 1~IB2 1 + 182 I); see ;~~ure A~;~ oon 00" 00.1. 

measured in the (x ,y ,z ) coordinate system; only specified c c c 
when interplanetary magnetic-field components not specified. 

the angle, in degrees, measuring the deviation of the in

plane magnetic component (B + B ) from the direction of 
-1 _00" -00.1. 

flow; equal to tan (8 18 ); see figure A.3, measured 00.. oo~ 

in the (x ,y ,z ) coordinate system; only specified when c c c 
interplanetary magnetic-field components not specified. 

angle in the ecliptic plane between the sun-planet line and 

the direction of solar-wind flow. See figure A.2 for 

positive direction. 

KBCON-dimensional array specifying values to be used for mag

netic field strength contours 

magnetic field strength free-stream value; set to 1.0 if 

plots desired in nondimensionalized units. 



BXl 

BYl 

8Zl 

CN 

GAMMA 

HRO 

ITER 

K8CON 

KRCON 

KVCON 

LGRAV 

x -component of interplanetary magnetic field; referred to s 
sun-planet coordinates 

Ys-component of interplanetary magnetic field; referred to 

sun-planet coordinates 

zs-component of interplanetary magnetic field; referred to 

sun-planet coordinates 

Courant number used for blunt-body calculation; program 

default value is 3.0 

ratio of plasma specific heats 

obstacle geometry indicator: 

HRO > o. - ionopause with H/R = HRO o , 
HRO = O. - magnetopause equatorial trace 

HRO < o. - geometry is user-supplied 

integer, number of iterations for blunt-body calculation; 

program default value is 300 

integer, number of values specified for magnetic-field con

tours; 0 < K8CON < 20 

integer, number of values specified for density contours; 

o < KRCON < 20 

integer, number of values specified for velocity magnitUde 

contours; 0 ~ KVCON ~ 20 

logical variable indicating whether default ionopause is 

calculated with gravitational variation in scale height 

FALSE - no 

TRUE - yes 
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LPLOT 

LPLTRJ 

logical variable indicating whether to create plots or plot 

file 

FALSE - no 

TRUE - yes 

logical variable indicating whether to create trajectory and 

time history plots 

FALSE - no 

TRUE - yes 

LPRB logical variable indicating whether to print magnetic field 

output 

LPRCON 

LPRFL 

LPRST 

LRERUN 
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FALSE - no 

TRUE - yes 

logical variable indicating whether to print coordinates of 

con tours 1 ines 

FALSE - no 

TRUE - yes 

logical variable indicating whether to print detailed flow

field output 

FALSE - no 

TRUE - yes 

logic'al variable indicating whether to print coordinates of 

streamlines 

FALSE - no 

TRUE - yes 

logical variable indicating whether this case uses rerun 

option 

FALSE - perform blunt-body and marching calculations 

TRUE - read results of a previous calculation from 

TAPE4 



LRSTRT 

LSUN 

LTRAJ 

logical variable indicating whether to use previous shock 

shape as initial guess for blunt body 

TRUE - use shock shape from previous solution. 

(Must have a full solution as an earlier run 

in same job.) 

FALSE - use default initial guess for shock shape 

logical variable indicating whether trajectory input is 

referenced to sun-planet coordinate system 

FALSE - trajectory input in solar-wind coordinates 

TRUE - trajectory input in sun-planet coordinates 

logical variable indicating whether to perform a trajectory 

calculation 

TRUE - trajectory calculation, data provided 

FALSE - no trajectory calculation 

MARKT(I) NMARKT - dimensional array specifying points to be marked 

for cross reference. If K = NMARKT(I), the Kth point of 

the trajectory is to be marked. 

NBLUNT 

NBOD 

NCASE 

NMARKT 

NR 

integer, number of angular mesh points for blunt-body cal

culation; for user-supplied geometry, XX(NBLUNT-l)=O.O; 

program default value, and maximum, is 24 

integer, number of points in body-shape table when geometry 

is user-supplied; 1 < NBOD < 100 

integer, number of cases to be run consecutively; NCASE > 1 

integer, numbered values specified for cross reference 

points; 0 < NMARKT < 12. 

integer, number of radial mesh points; program default 

value, and maximum, is 19 
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NTRAJ 

NXADD 

PO LANG 

RCON(I) 

RHOINF 

RPLNT 

RR(I) 

TITLE 

TMPINF 

integer, number of points specified in trajectory table 

integer, number of points to be added to blunt-body grid 

past e = 90°, default value is O. 

angle, measured in degrees, between the plane of the 

ecliptic and direction of solar-wind flow; positive for 
southward flow; see figure A.2 

KRCON - dimensional array specifying values to be used for 

density contours 

density-free stream value; set to 1.0 if plots desired in 

nondimensional units 

radius of planet in units of nose radius, RpLNT/Ro 

NBOD - dimensional array representing the R-locations, in 
cylindrical (x,R) coordinates, of the user-supplied body 

shape; in units of nose radius 

descriptive heading of the case, to be printed on the first 

page of output; may contain up to 80 characters, including 

blanks 

free-stream temperature; set to 1.0 if plots desired in 

nondimensional units 

TTRAJ(I) NTRAJ - dimensioned array specifying time locations of 

trajectory points 

veON(I) 
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KVCON - dimensional array specifying values to be used for 
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VINF 

XCALC 

XPLOT 

free-stream velocity; set to 1.0 if plots desired in non

dimensional units 

terminal downstream x-location for marching calculation of 

flow field; XCALC < 0.0; program default value is -1.0 

terminal downstream x-location for calculation of stream

lines, magnetic field, and contours; XCALC < XPLOT < 0.0; 

program default value is -1.0 

XTRAJ(I) NTRAJ - dimensioned array specifying xs-locations of trajec

tory points; in units of planetary radius; when (ANGP,ANGN) 

are specified, XTRAJ(I) is referred to solar-wind xc-loca

tions; see figures A.2 and A.3 

XX(I) NBOD - dimensional array representing the x-locations, in 

cylindrical (x,R) coordinates, of the user-supplied body 

shape; in units of nose radius. See figures A.2 and A.3 

YTRAJ(I) NTRAJ - dimensioned array specifying y -locations of trajec-s 
tory points; in units of planetary radius; when (ANGP,ANGN) 

are specified, YTRAJ(I) is referred to solar-wind yc-loca

tions; see figures A.2 and A.3 

ZTRAJ(I) NTRAJ - dimensioned array specifying zs-locations of trajec

tory points; in units of planetary radius; when (ANGP,ANGN) 

are specified, ZTRAJ(I) is referred to solar-wind z -loca-c 
tions; see figures A.2 and A.3 

A.3.2 Preparation of Input Data 

The card input for a run consists of one card containing the number 

of cases to be run consecutively, Item 0, followed by a set of input 

for each case, Item 1 through Item 7, and Item 8 if required. Where 

a default value is to be used, the input field should be left blank. 
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For each case, all required variables which do not assume their 

default values should be specified. The input format for all cards 

is described in section A.3.3. 

Item 0 - This item consists of one card, containing the number of 

cases in this run, NCASE. 

Item 1 - This card provides identification of the case, TITLE, 

which is printed on the first page of the output for this case. 

Item 2 - This card contains information on the flow conditions 

and body geometry, and parameters required for the blunt-body and 

marching calculations. AMACH, GAMMA, and HRO must be specified for 

each case. For the rerun option, the values are tested against the 

values from the rerun file. The parameters XCALC, NR, NBLUNT, CN, 

ITER are used only when the flow field is to be calculated. These 

variables each assume a default value if the input field is blank. 

Item 3 - This item consists of one card containing the rerun indi

cator, LRERUN, the output control variables LPRFL, LPRST, LPRCON, 
LPRB, and LPLOT, the traj ec to ry ind ica tor LTRAJ, and the res tar t 

indicator LRSTRT. 

Item 4 - This card contains the variables XPLOT, ANGP, ANGN, NXADD, 

and LGRAV. The value for XPLOT is changed by the program to be the 

x-location of the marching calculation immediately upstream of the 

input value for XPLOT. The angles describing the deviation of the 

magnetic field from the flow, ANGP and ANGN, are not required when 

LPRB = .FALSE; KBCON = 0, and LTRAJ = .FALSE. since the magnetic field 

is not calculated under these conditions. ANGP is the angle between 

the vectors (B + B ) and v , while ANGN is the angle between B 
-00" -oo~ -00 -00 

and (B + B ), where B ,B , B are the components of the free-
_COn _oo~ _00., _oo~ -CIOn 

stream magnetic field, B , which are parallel, perpendicular, and nor-
-00 

mal to v , and are as indicated in figure A.3. The two angles ANGP 
-00 

and ANGN fully determine the half plane for which the magnetic field 
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is to be calculated. The magnetic field for the other half of the 

plane may be calculated by rerunning with the sign of ANGP reversed. 

When (B + B ) = 0, ANGN = ~900, ANGP = 00 ; and, when B = 0, -00" -oo~ -oon 
ANGN = 00 • Note that ANGP and ANGN are referenced to the (x ,y ,z ) 

c c c 
system and are specified only when the interplanetary magnetic-field 

components are not specified. 

If both LTRAJ = .TRUE. and LSUN = .TRUE., then ANGP and ANGN are 

calculated internally from the interplanetary magnetic-field components 

BXI, BYl, and BZI. 

Item 5 - This item contains the values for the velocity contours. 

The first card contains KVCON, the number of values specified for 

VCON. If KVCON > 0, the contour values are then read. Up to three 

cards may be required to accommodate the values, eight per card, maxi

mum of 20. The contour values should be monotonically increasing, with 

at least one value within the range of the magnitude of the velocity 

in the region for which contours are to be calculated. 

Item 6 - This item contains the values for the density contours. 

The description is similar to that for Item 5, with KRCON being the 

number of values specified, and RCON the array of values. 

Item 7 - This item contains the values for the magnetic-field 

contours. The description is similar to that for Item 5, with 

KBCON being the number of values specified, and BCON the array of 

values. Note that the same contour values are used for the parallel 

and perpendicular components. 

Item 8 - This optional item is required when HRO < 0.0 and LRERUN = 
.FALSE., and contains the body-shape table for the user-supplied 

geometry. The first card contains NBOO, the number of points in the 

shape table. The next NBOO cards contain the cylindrical (x,R) coordi

nates of these points, [XX(I}, RR(I}], one point per card. The points 

supplied by the user determine the 8-spacing of the mesh used for the 
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blunt-body calculation. The first point should be near, but not on, the 

x-axis. A suggested location is such that the a-spacing between the 

first point and the x-axis is half the a-spacing between the first two 

points. The blunt-body calculation adds a point which is the reflec

tion about the x-axis of the first point in the body-shape table. The 

(NBLUNT-l)th point should be at x = 0.0. The BLUNTth point is also 

used to create the grid for the blunt-body calculation. The coordi

nates must be normalized so that the planet center is at (0. ,0.) and 

the no se 0 f the bod y a t (1.,0.). 

Item 9 - This optional item is read only when LTRAJ is TRUE. The 

first card contains NTRAJ, the number of points in the trajectory. 

Then follows NTRAJ cards, each containing the time T, and location (x s ' 

y ,z ) of one point. The time values should be monotonically increas-
s s 

ing. At present, NTRAJ ~ 100 is required. Note that when ANGP and 

ANGN are specified, the trajectory is specified in (xc,yc,zc) coordinates. 

Item 10 - This item is ready only when LTRAJ is TRUE. The 

variable LPLTRJ indicates whether plots are to be produced of the tra

jectoryand time histories. The relative size of the planet to the 

ionopause is given by RPLNT, which may be 0.0, in which case, a value 

of 1.0 is assumed in the calculations, but the planet is not drawn on 

the plots. Next are the four fre.e-stream values voo' Too' Poo' BOO 0 If 

the plots are desired to be in nondimensional units, any or all of 

these values may be input as 1.0. Each quantity must have a value, 

zero is not permissible. 

Item 11 - This item is read only when LTRAJ is TRUE. The first 

card contains NMARKT, the number of values specified for MARKT, 

(presently maximum of 12). If NMARKT = 0, only this card is required. 

If NMARKT > 0, the values of MARKT are read, 8 per card. 

Item 12 - This item, which includes the variables LSUN, AZANG, 

POLANG, BXl, BYl, and BZl, is read only when LTRAJ is true. 
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A.3.3 Format of Input Data 

Four format types are used for the input data. For real numbers 

(F-format), a decimal point is required. Integers (I-format) should 

be right-adjusted in the field. For logical variables (L-format), 

the first non-blank character in the field, which should be 'T' or 

'F', determines the value. Note that a blank input field is inter

preted as 'FALSE'. The title, which is in A-format, may contain any 

valid character. 

A description of the card format of the input data follows, with 

item numbers corresponding to those in section A.3.2: 
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co 
N Item No. 0: 1 card 

Variable ~CASE 
Card Column 10 

Format type I 

Item No.1: 1 card 

Variable I ----- Title I 
Card Column 80 
Format type A 

Variable 

Card column 
Format type 

Variable 
Card column 

Format type 

Variable 
Card column 

Format type 

Item No.2: 1 card 

AMACH GAMMA 

10 20 
F F 

Item No.3: 1 card 

LRERUN LPRFL 
10 20 

L L 

Item No.4: 1 card 

XPLOT ANGP 
10 20 

F F 

Item No.5: a) 1 card 

Variable BVCON 
Card column 10 

Format type I 

HRO 

F 

LPRST 

L 

ANGN 

F 

XCALC NR NBLUNT 

30 40 50 60 
F F F 

LPRCON LPRB LPLOT 
30 40 5C 60 

L L L 

NXADD LGRAV 
30 40 50 

N L 

b) 0 to 3 cards as needed for up to 20 values, 8 per card 

Variable 

Card column 
Format type 

VCON (1) 

F 
10 

VCON (2) 

20 
F F 

VCON (KVCON) 

30 40 50 60 
F F F 

CN ITER 

70 80 
F F 

--- -----

LTRAJ LRSTRT 
70 80 

L L 

70 80 
F __ __ X -



CD 
W 

Item No.6: a) 1 card 

variable@CON 
Card column 10 

Format type I 

b) 0 to 3 cards 

variable 

Card column 

Format type 

RCON (1) 

F 

10 

RCON(2) 

20 

F 

Item No. 7 a) 1 card 

variable@CON 
Card column 10 

Format type I 

F 

b) 0 to 3 cards 

Variable 

Card column 
Format type 

BeON(l) 

F 
10 

BCON(2) 

20 
F F 

RCON(KRCON) 

30 40 50 60 

F F F 

BCON(KBCON) 

30 40 50 60 
F F F 

Item No. 8 a) 1 card (this item required only when BRO < 0.0 and LRERUN 

Variable WOO 
Card column 10 

Format type I 

b) NBOD cards 

xx (I) RR(I) 
10 20 

70 80 

F F 

70 80 
F F 

.FLASE. ) 



CJ) 

~ 

Variable 

Card column 

Format type 

Variable 
Card column 

Format type 

Variable 
Card column 
Format type 

Variable 
Card column 
Format type 

Variable 
Card column 

Format type 

Variable 
Card column 

Format type 

Item No.9: a) 1 card (this item read only when LTRAJ is TRUE) 

@TRAJ 

10 

I 

TTRAJ(I) 
10 

F 

b) NTRAJ cards 

XTRAJ(I) YTRAJ(I) 
20 30 

F F 

ZTRAJ(I) I 
40 1 

F 1 

Item No. 10: 1 card (this item read only when LTRAJ is TRUE) 

LPLTRJ RPLNT VINF RHOINF TMPINF BINF 
10 20 30 40 50 

L F F F F F 

Item No. 11: a) 1 card (this item read only when LTRAJ is TRUE) 

@MARKT 
10 

I 

MARKT (1) 

lC 

I 

b) 0-2 cards 

MARKT(2) 

20 

I I 

~FKT (NMARKT 
30 40 50 

I I I 

Item No. 12: 1 card (this item read only when LTRAJ is TRUE) 

LSUN AZANG POLANG BXl BYl BZl 
10 20 30 40 50 

L F F F F F 

60 

60 70 80 
~ I 

1 

601 
I 



A.4 DESCRIPTION OF OUTPUT 

This section describes the output of the computer program. The 

contents of each output item are specified and discussed. The printed 

output consists of seven items, five of which are optional and are 

controlled with input parameters. Plotted output is also optional. 

The first output item consists of a banner page and the input data. 

The input is presented in two forms: first, as images of the input 

cards, and then with identification of each variable. Default values 

are printed as if they were input. Parameters CN, NR, NBLUNT, ITER 

for the blunt-body calculation and XCALC, the terminal location for the 

marching calculation, are printed only when the flow field is to be 

calculated. When the obstacle geometry is user-supplied, the input 

body-shape table is printed. For a default geometry, the body shape is 

indicated by the description "default ionopause shape for constant 

scale height with H/RO = ", or "default ionopause shape with gravi

tational variation in scale height, H/RO =" Trajectory input is 

printed only when LTRAJ is true. 

The second output item is not printed when LRERUN = .TRUE. From 

the blunt-body calculation, the shock speed at each iteration, the 

final enthalpy error, final sonic-line location, and body and final 

bow-shock shape are printed. For the marching calculation, the down

stream x-location and body and shock ordinates are output. There is 

no control variable allowing the user to suppress this item of out

put when the flow field is calculated. 

Detailed flow-field output is the third item, and is printed only 

when LPRFL = .TRUE. Coordinates are labeled as X/D, R/D, RP/D, or 

X/RO, R/RO, RP/RO, to emphasize that distances are normalized by 

the distance from the center of the planet to the nose of the body, 

o for the magnetopause, RO for an ionopause. Along the symmetry axis, 

the values printed are velocity magnitude V/VINF, density RHO/RHOINF, 
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temperature T/TINF, and pressure P/PINF. Over the rest of the flow 

field, values are also given for velocity components VX/VINF, VR/VINF, 

and flow angle~. Note that the flow angle is the deviation of the 

flow about the obstacle, and so 0 0 ~ ~ ~ 90 0 • 

The next output item is the (x,R) coordinates of the streamlines. 

For blunt-body region, the (Rp'S) coordinates of the starting posi

tion on the bow shock wave are also given. This item is printed only 

when LPRST = .TRUE. 

The magnetic-field components are then printed, if LPPRB = .TRUE. 

The location of each point is defined in (Rp'S) coordinates for the 

blunt-body region, and (x,R) coordinates for the downstream marching 

region. The components along field lines parallel, perpendicular, and 

normal to the flow in the free stream are printed as B/BINF(PARALLEL), 

B/BINF(PERP), B/BINF(NORMAL). The orthogonal (x ,y ,z ) com-c c c 
ponents of the resultant are printed as BX/BINF(RESULTANT), BY/BINF 

(RESULTANT), BZ/BINF(RESULTANT). The magnetic field in the symmetry 

(xc,y c) plane, defined by the vector sum [(~/Boo)" + (~/Boo).J,]' is also 

printed, and is given by the magnitude B/BINF(IN-PLANE) and direction 

B-ANGLE(IN-PLANE) of the vector. We note, as pointed out in the 

text, that the orthogonal magnetic-field components printed here 

correspond to those in the (xc'Yc) plane, i.e., Zc = o. 

The next item printed is the (Xc,R) coordinates of the contours, 

for which LPRCON is the logical control variable. Noting that temp

erature and velocity contours coincide, the corresponding value of 

T/TINF is printed along wi th V/VINF for the veloci ty contours. There 

are three nonfatal error messages which may occur - see section A.S. 

Trajectory output is the last item to be printed. This output is 

presented first in terms of the solar-wind coordinate system (xc' Yc' 

zc)' and then in terms of sun-planet coordinates (x ,y ,z ). 
s s s 
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The trajectory coordinates are printed as a function of time and 

are shown normalized by both RO and the planetary radius. Next, flow 

and magnetic-field componets are printed for each trajectory point. 

This output is presented in both nondimensional and dimensionalized 

forms and includes Iyl, vx,v',v, density, temperature, IBI, B, B, 
- Y z. - x y 

and B • 
z 

The program also has the capability to produce two sets of 

plotted output using UCC plot routines AXIS, CHAR, DASH, DOTLN, 

ENPLT, GREEK, MATH, NUMPLT, PLOT, PLTLN, POLAR, SCALF, and VECTOR. 

The first. set of plots is generated when LPLOT = .TRUE. and provides 

a pictorial representation of the streamlines and contours with a 

maximum of seven frames produced. The first frame is a plot of the 

streamlines followed by contour plots of velocity magnitude, tempera

ture, and density. The next three frames are contour plots of the 

unit parallel, perpendicular, and normal magnetic-field components. 

These plots are referred to the solar-wind (x, R) coordinate 

sys tern. 

The second set of plots is produced according to the value of 

the logical variable LPLTRJ. This set consists of twelve plots. 

The first frame is a projection of the trajectory rotated onto the 

x-R plane. The second frame is a plot of the trajectory projected 

onto the Yc-zc plane. The remaining frames are time-history plots of 

density, temperature, velocity, and magnetic field. The velocity 

plots include magnitude and three components as do the magnetic 

field plots. The vector components are referred to the sun-planet 

ecliptic (x ,y ,z ) coordinates. s s s 

A.S PROGRAM ERROR MESSAGES 

This section lists the messages printed by the program, and indi

cates what action should be taken by the user. 
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(1 ) 

FROM CARDS 

FROM TAPE4 

***** EXECUTION TERMINATED ***** 
RERUN DATA ON TAPE4 DOES NOT AGREE 

WITH CASE SPECIFIED ON CARD INPUT: 

MACH NO. GAMMA HIRO 

The first three parameters of item 2 of the input for a case 

using the rerun option should agree with those 

the file. The tolerance used in comparing the 

a user-supplied geometry, it is sufficient for 

to be nega tive. 

used when creating 
-5 values is 10 • For 

both values of HIRe 

(2) ***** EXECUTION TERMINATED ***** 
ARRAY OF CONTOUR ~LUES IMPROPERLY SPECIFIED 

When specified, the contour values should be monotonically in

creasing with at least one value in the range of the velocity, density, 

or magnetic-field strength for the region under consideration. This 

error does not inhibit generation of the rerun file. 

(3) CONTOUR SEARCH ABORTED - TABLE OVERFLOW IN NAD 

The program allows for 29 contour lines to be found, storing the 

starting address of each contour line in array NAD. This message 

indicates that at least one more contour line could be found. If the 

user requires all the contours of the levels specified, the case should 

be rerun in two parts. Otherwise, reduce the number of contour levels 

specified. 

(4) CONTOUR SEARCH ABORTED - TABLE OVERFLOW IN (X,Y) 

The contour lines may be described by up to 1000 points, stored in 

arrays X and Y. This message indicates that more points would be 
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required for the contour lines requested. The last contour line found 

will be incomplete. As with (3), either reduce the number of contour 

levels or run as two cases. 

(5) NEGATIVE PRESSURE DETECTED BY SHOCK AT J= 

PN= PO= PTAU= 

This message is printed by the blunt-body code when a negative 

pressure has been dalculated at the shock on this iteration, at 

radial locations J. The quantities printed are: PN, the pressure 

calculated on this step; PO, the pressure from the previous step; 

and PTAU, the partial derivative of pressure with respect to time. 

This condition indicates that the shock wave motion is too extreme. 

Lowering the value of CN, and thus reducing the time step, may 

remove the problem. 

The following messages (6)-(10) usually result from using an 

obstacle geometry which is in some way too severe for the program to 

handle in its present form. The obstacle slope may be sufficiently 

high at x = 0.0 that the axial Mach number becomes subsonic in the 

starting solution for the marching calculation, or there may be a 

sharp corner in the profile. Check input, particularly free-stream 

Mach number and body geometry. 

(6) NEGATIVE PRESSURE ON BODY DETECTED BY BNDRY, PB= AT J= 

This message indicates that a negative pressure on the body, PB, 

has been calculated at radial location J. 

(7) NEGATIVE PRESSURE OR DENSITY ON BODY DETECTED BY BNDRYM AT X= 

PB= RHOB= VXB= VRB= 

The program makes internal corrections when this condition occurs, 

resulting pressure PB, density RHOB, and velocity components VXB and 

VRB. 
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(8) NEGATIVE SIGMA-BAR-l IN EIGENM INDICATES SUBSONIC FLOW AT I= 

(9) NEGATIVE SIGMA-BAR-2 IN EIGENM INDICATES SUBSONIC FLOW AT I= 

These messages are printed when subsonic flow is detected by the 

marching calculation. The computed stepsize for this region will be 

quite small. 

(10) ------------BODY TURN STOPPED AT M2=100------------

This message indicates that the body has a sharp corner, which has 

been limited to 100 0 when being transformed. 

A. 6 SAHPLE CASE 

The sample case presented in this section is based on actual 

interplanetary conditions as measured by the solar-wind plasma 

analyzer, the fluxgate magnetometer, and retarding potential plasma 

analyzer on the Pioneer-Venus Orbiter for orbit 3. 

The sample case is run alone and is set up to produce all pos

sible output. The gasdynamic solution is to be calculated about a 

default ionopause shape with H/R = 0.03, M = 3.0, and y = 5/3. o 00 

The value of H/R is based on measurements of ionospheric density and 
o 

temperature by the retarding potential plasma analyzer. Streamlines, 

magnetic-field components, and contours are desired to a downstream 

location of -5.5 x/R. Contour values are specified for all quant-
o 

ities. Interplanetary values for velocity magnitude and direction, 

density, and temperature were provided by the solar-wind plasma 

analyzer and for the magnetic field by the fluxgate magnetometer. 

The input data is tabulated in figure A.4, with item numbers 

corresponding to those in sections A.3.2 and A.3.3. The first card, 

item 0, indicates that there is one case to run. The remaining 
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fifty-five cards provide the data for this case. Item 1 contains 

the identifying title. On the next card, item 2, values are speci

fied for N~CH, GM~A, H~O, and XCALC. The other data fields are 

left blank to indicate that the default values will be used. The 

values of the logical variables of item 3 specify that the flow 

field is to be calculated and that full printed and plotted output 

is to be produced. Item 4 defines the plot length to be -5.5 X/Roe 

The fields for ANGP and ANGN are left blank as they are to be 

calculated internally by the program. Items 5, 6, and 7 specify the 

contour levels to be used - 14 for velocity and temperature, 11 for 

density, and 13 for magnetic-field strength. Item 8 is omitted 

because the obstacle geometry is one of the default shapes for which 

the coordinates are calculated internally. The next 37 cards, item 

9, are the trajectory coordinates, indicating time (in minutes from 

periapsis and the three spacial coordinates normalized by planetary 

radius). Item 10 indicates that trajectory plots are to be 

generated. This item also specifies free-stream values of velocity, 

density, temperature, and magnetic-field strength. The next two 

cards, item 11, indicates that the fourth, ninth, eleventh, and 

nineteenth trajectory points are to be marked on the plots for 

cross- reference. The last input card, item 12 indicates that the 

given trajectory coordinates are expressed in sun-planet coordi

nates. The azimuthal and polar angles, n and ~ , are also specified 
p 

by this item as are the free-stream magnetic-field components. 

Figure A.5 presents portions of the printed output from this 

sample case. The full printed output is approximately 6,000 lines. 

Figure A.6 shows the 19 plots which are produced by the program for 

this case. 
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Figure A.l(a).- Flow chart for blunt-body calculation. 
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Figure A.l(b).- Flow chart for marching calculation. 
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Figure A.l(c).- Flow chart of streamline calculation. 



Figure A.l(d).- Flow chart of magnetic-field calculation. 
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(p CONTOURS) 

IPLOT=5 
Bll CONTOURS) 

Figure A.l(e).- Flow chart of contour and plot generation 
calculation. 



CONNECT V 'roT 
T = 1 +.r::l. M2 (l-V2) 

IPL01=4 
(T CONTOURS) 

Figure A.l(e).- Concluded 
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START 
TRAJECTORY 

CALCULATIONS 
PLOT GENERATION 

1 - 1, NTRAJ 
(V,VxoVy,VzoP, r----J~ 
T,B,BX,By,Bzl 

RETURN 
END OF 

CALCULATION 

TAXIS 
NTAXIS-1 or 2 

SET TO FREE 
STREAM VALUES 

o 

Figure A.l(f).- Flow chart of trajectory calculation. 



Towards 
sun 

Ionopause 

Figure A.2.- Illustration of the azimuthal (Q) and polar (~p) 
solar-wind angles, both shown in a positive sense. 

I 

99 



100 

Ionopause 

Figure A.3.- Illustration of the interplanetary 
magnetic field and magnetic-field angles 

(a ,a ) in the solar-wind aligned 
Pcogrdinate systems (x,y,z), 

(xw,yw,zw), and (xc,yc,zc)· 

x 
c 



Column 
Item No. 

No. 10 20 

L ~ 1/ o 
1 
2 
3 
4 
5 
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-32.735 
-24.202 
-21.002 
-.lb.lj:> 
-.l'l.bVL 
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-8.102 
-4.900 
6.298 
_9.~~ 
12.~~3 

17.393 
}9.127 
34.4bO 
43 .860 
47.260 
53.660 
56.862 
58.993 
60.060 
62.193 
67.528 
73.928 
80.328 
T 

1. 6666667 
T 

14 

o 2 
0.n3 

1. 
0.8 
4.0 

1 
0.6 
3.5 

37 
0.843 
0.765 

-0.684 
-0.600 

0.533 
1-0.430 
-0.324 
1-0.217 
1-0 034 
1-0.017 
1-0.010 
0.049 
0.67 
0.158 
0.2456 
0.2954 
IV. j:>b 
IV. jtjL 
0.415 
0.437 
0.41.2 
0.309 
10 • 237 
10.lbO 
0.034 
-0.275 
-0.407 
-0 561 
-0.705 
-0.844 
-0.91 
-0.954 
-0.975 
-1. 018 
-1.122 
-1. 241 
-1 357 
0.968 

4 

DEFAULT 
0.03 
T 

Q 3 
0.85 

1.2 
I 4.2 

I 0.8 
I 4.0 

3.787 
3.600 
3.393 
3.177 
2.999 
2.721 
2.427 
2 118 
1 .562 
1. 509 
1. 422 
1. 281 
1. 232 
1.108 
0.5826 
0.3749 
IV.090 
-v.052 
-0.205 
-0.478 

0.703 
-1.042 
-1.0~~ 

-l.OJB 
-0.966 
-O.B/J 
-0.~12 

-0 312 
-0.108 
0.0982 
0.201 
0.269 
0.303 
0.371 
0.541 
0.739 
o 839 
392.0 

4 91 
12 T 3.3 10.15 

30 40 50 60 

! ! ! l 
IONOPAUSE SHAPE WITH H/RO - 0 03) 

-10.0 I I I 
T IT IT IT 

I I 

I o 4 I o 5 I o 6 I 
I 0.9 0.92 I 0.94 I 

I 1.6 I 2.0 I 2.5 I 
L 

I 1.0 1. 25 I l.~ I 
I 5.0 b.O I 

2.027 
2.045 
2.062 
2·073 
2.078 
2.079 
2.067 
2 043 
1 961 
1 951 
1 932 
1. 902 
1. 886 
1. 852 
1.6658 
1.5693 
1.409 
1.315 
1.150 
0.945 
0.660 
-0.266 
-V.~4b 

-V.BUI 
-1.162 
-l.BB7 
-'-.l~~ 

-2 444 
-2.670 
-2.925 
-3.031 
-3.097 
-3.131 
-3.195 
-3.347 
-3.514 
-3 671 
20.2 02000. 18.8225 I 

1jt 19 I I 
-1. 74 t- 8 . 64 p.4 I 

Figure A.4.- Card input for sample case. 

70 80 

l ! 
I 

I J 
IF J 

o 7 I Q 72 J 
I I 

3.0 I 3.5 I 
I J 

2.0 I 2.5 I 
I J 

J J 
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Figure A.5.- Abqreviated print output for sample case. 
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Figure A.5.- Continued. 
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Figure A.5.- continued. 
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Figure A.5 o - continued. 
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Figure A.5.- Continued. 
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Figure A.5.- continued. 
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Figure A.5.- continued. 
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' •. l C'."~ 
I!'.ez·.~·a 
Z.':ZJFt .. : 
'!.C,!",;+"1 
l.OZC!·:1 
?.02"':·'11 
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It.r:27e.u -1.611£+')l -3ebZ1t+o.ll -,.6tU.OO 
'J. 'Ie I. O. 
1.!lH+:I -!.""OE.'l -1.9Z1I:+QI 6.297£+1)1) 
l.7"Q£.;,1 -Z.I)U!'.OI -Ie 761UOI 7.1.U+C~ 
!.Z1t;E.a -1t11lE.:U -1.b67t..OJ et.ZIOUOO 
1.Q44H"'"1 -"."ZU.OO -t.693hOl 4.73QI+"0 
1.-t6e.~l -~.U'F.+:J', -'. 74U.1/I4 Z.326£.00 
1.1l:J(lt.,Jl -3.'lUE.l~ -~.75H+Vl 1.5721.00 
1.7t7:.)1 -1.39ZEt~'" -1.7~U+,a •• 'UE-01 
1.7& '!IE.,H -1.,,,,.1+)1) -It 741:£+\01 Z.qUE-OI 
'!erUf+JC" -1.'40r.OO --.64't.OO ''.CO~iE-01 
".-l:3f.'·, -1.7,.OF+01) -".6""1+00 4.;)00E-01 
e.'Z1E+ .. " -1.7,.,)[ • .,.;. - ... 6 ... "'t.C.: 4_"J'E-'1 
It.fl23E+), -1.74".n" --.b"Cl+OO ".OOOE-Ol 
!.PZU.)C -1.7"OE+~J - ... 6 .. "f .... C. ".""E-ol 
,.U3E'Jr -'."4CEt" - •• 64('f+"" 4.Q",,,E-Ol 
~.8!:H."(j -1.740HO') -1II.6""i.O~ 4.0"';:&-"1 
a.un.!)r· -1.'40E.OO -'.b"Ot.C.O ".O(,OE-Ol 

Figure A.5.- Concluded. 
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M=3.0 y 1.67 H/R.=O.03 

STRERML NES 

4.1f-

3.1f-

R/R. 

.0 -4.5 -5.0 -5.5 -6.0 

X/R. 

M=3.0 y 1. 67 H/R.=O.03 

VELOCIT , IVII V. 

4.1f-

3.1f-

R/R. 

1.5 0.5 0.0 -0.5 -1.0 -1.5 -~.O -~.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 -6.0 

X/R. 

Figure A.6.- rlot output for ~~mp1e case. 
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G.1f. 

M=3.0 y 1. 67 HI R. = 0.03 

DENSITY, pip. 

4.1f. 

3.1f. 

R/R. 

1.' 0.' 0.0 -0.' -1.0 -1.' -a.o -a.5 -3.0 -3.' -4.0 -'.5 -5.0 -5.' -6.0 

R/R. 

4.1f. 

3.1f. 

X/R. 

M=3.0 y 1.67 H/R.=O.03 

TEMPERR URE TIT. 

1.5 0.5' 0.0 -D.' -1.0 -1.5 -a. 0 -a., -3.0 -3.5 -'.0 -'.5 -5.0 -5.5 -6.0 

X/R. 

Figure A.6.- Continued 
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R/R. 

R/R. 
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6.1f-
M=3.0 Y 1. 67 

MRGNETI FIELD, 
(PRRRLLEL COHPON NT) 

CONTOURS 
FIELD LINES .. 

H/R.=0.03 

( BIB. 1, 

1.5 0.5 0.0 -0.5 -1.0 -1.5 -a.o -a.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 -6.0 

X/R. 

'.If- M=3.0 Y 1. 67 HI R. = 0.03 

MRGNETI FIELD. ( B/B.)l 
(PERPENDICULRR C HPONENT I 

5.1f-
CONTOURS 
FIELD LINES .. 

4.1f-

3.1f-

0.80 

a.1f-

1.U 1.00 
1.50 

1.(). 

~~~ __ ~~~~~~ __ ~~~~~~ __ ~~~~~~ __ ~ __ ~.--~ ____ ~J 
.5 0.5 0.0 -0.5 -1.0 -1.5 -t.O -t.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 -'.0 

X/R. 

Figure A.6.- Continued 



6. If-

M=3.0 1. 67 HI R. = 0.03 

MI=lGNETI FIELD, (B/B.l N 

I NORMRL COMPONE J 

5.1f- CONTOURS 
FIELD LINES . 

4.1f-

3.1f-

R/R. 

2. If-

1.25 

1.50 
2.00 

1. If-

1.5 0.5 --::0.L.0:---,-0,....-=-5--u-:i~5 -~·O - :t.-5-- __ 3J.O --:)J. S -.:0 -4~ ·-=5:0--=575--6":0 
X/R. 

Figure A.6.- Continued 
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-vyr;zc/R....., 

TR~JECTORY 
(X-R PROJECTION I 

Y/R ..... 

ZlR ...... 
-4.0 

-t.o 

-3.0 

-4.0 

TR~JECTORY 
(Y-Z PROJECTION I 

Figure A.6.- Continued 
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DENSITY vs TIME 

50. 

45.0 

.0.0 

15.0 

30.0 

P u. 

to.O 

15.0 

10.0 

5.0 

0·_Dj:.0 -0.' -0.' -0.. -O.t 0.0 O.t 

3.0 

t.! 

t.o 

T 1.5 

.10' 

1.0 

0.5 

TIME xlO' 

TEMPERRTURE ~ TIME 

0 •• 0.' 0.' 1.0 

o ._Dj:+". o...-~-o;;r.";". --:-0:;;1 •• '-"'"=-::;;0'-: •• ;---::;-0"". t;--..... o;;r.fto-ft1o ."t----'O'-: •• ;----;0 ..... ,.--~0 ...... ---,,1. 0 

TIME xlO' 

Figure A.6.- Continued. 
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VELOCITY vs TIME 
( MI=IGNITUOE ) 

0.4 

0.3 

0.2 

0.1 

IVI D • 

• 10' 

-0.1 

-D.t 

-D. 

-0._41 •0 -D.' -D.C -0.4 -0.2 0.0 0.2 0.4 D.C D •• 1.0 

TIME xlO' 

VELOCITY vs TIME 
(X-COMPONENT) 

0.4 

0.3 

VX D • 

• 10' 

-0.1 

-D.t 

-0.3 

-0._41• 0 -D.' -D.C -0.4 -0.2 0.0 0.2 0.4 D •• 1.0 

TIME xlO' 

Figure A.6.- continued 
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VELOCITY vs TIME 
( V-COMPONENT) 

0.4 

0.3 

O.t 

0.1 

Vy 0.0 

110' 

-0.1 

-O.t 

-0.3 

-0._41•0 -G.I -0.; -0.4 -O.t 0.0 O.t 0.4 0.; 0.1 1.0 

TIME xlO' 

VELOCITY vs TIME 
( Z-COMPONENT ) 

0.4 

0.3 

O.t 

0.1 

Vz 0.0 

,10' 

-0.1 

-O.t 

-0.3 

-O~1~.'O--~-~0.~8--~-~0r,.6'-~-O~.T4--~-~O.'t--~0r,.O'--'Or,.t'--'0~.T4--~O."--~Or,.I'-~1.0 
TIME xlO' 

Figure A.6~- Continued. 
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MRGNETIC FIELD vs TIME 
( MRGNITUOE ) 

O. 

0 •• 

0.3 

O.t 

0.1 

IBI 
.10' 0.0 

-0.1 

-O.t 

-0.3 

-0·}1.0 -0.' -0.' -0 •• -O.t 0.0 O.t 0 •• 0.' 0.' 1.0 

TIME ,10' 

MRGNETIC FIELD vs TIME 
( X-COMPONENT) 

0.5 

0 •• 

0.3 

o.t 

0.1 

ax 
.10' 0.0 

-0.1 

-o.t 

-0.3 

-O·.!1.0 -0.' -0.1 -0 •• -o.t 0.0 O.t 0 •• 0.1 0.' 1.0 

TIME .10' 

Figure A.6.- Continued. 
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MRGNETIC FIELD ~ TIME 
(V-COMPONENT) 

0.5 

0.4 

0.3 

D.t 

0.1 

.10' 0.0 

-0.1 

-D.t 

-0.3 

-0._41 • 0 -0.' -0.6 -0.4 -O.t 0.0 D.t 0.4 0.6 0.' 1.0 

TIME 010' 

MRGNETIC FIELD ~ TIME 
( Z-COMPONENT J 

0.5 

0.4 

0.3 

O.t 

0.1 

.to' 0.0 

-0.1 

-O.t 

-0.3 

-0·!1.0 -0.' -0.6 -0.4 -O.t 0.0 O.t 0.4 0.6 0.' 1.0 

TIME .10' 

Figure A.6.- Concluded. 
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APPENDIX B 

LISTING OF COMPUTER PROGRAM 
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I-' 
W 
t.J 

·lnG' , ... " .. C I"PUT ,nurpUT. T,"n-IM"UT, tt'!'-OUTPUT, 
T"U. TAPe" TAP!" 

lntl;tCAl ltl! .UIr4, lp,FhL"'S T,LnCOJlt,l"_. lI'LOT, L'-'hUn., 
rOllulIIQN "'OPT' ll-:IUN,"'.FL,Vln ,tPlttoN,I."''',L PLOT,I. n.A.hlUUT 

"'UEffuU" 
Clll fe"I.' 
'F'''f5,lDO. NCASf 
"0 It: ICASf.1,,"CUE 
CAlL .III'UT 
IF CLRfRUIit. '0 Tn ID 
"'lL .l!JNn 
"lLL ""CIi 
t:n Tn 15 

1) r. III lleltJ"I 
l' C'lNTtltlue 

1:1Ll clI:lWST 
T': (l"'LJ CALL FLO'IT 
IF H"ST, CALL STOUT 
~lll v.: 0 fill' 
If H .11), CALL -OIJT 
CAlL C"INTu' 
H tl U&.I, CALL TUJEC 

ZJ r:nNTtN'IE 
~TO' 

"AI~ _UM ,."., 
'10" 
IIU" 
1111.[" 
iliA, .. 
"lIN .. " .. 
"11ft 
'''tM 
"UIII .. ,t" 
"U" 
"UN 
""N 
""'" "U" -.,t .. 
''It .. 
IIIUN 

""" "UN 
"At" 
IIIU" 
"at .. 

11 J. Fn'IfIUf tl.l.l "" .. 
ZC·" "OHloUe 1M!. ""1 "' II,'3r, U U .. " 1]11 ,621114') (1)', ! ..... 211, "UIII 

• 1314",r..". S"l .. ,Z2r,Z!.l ••• /U'.Z .... ,'~r.214 •• "n •• ~~ •• ,Z.'r, ""fit 
lCIiD UEI "t'tES, Z' w, Z .... , /, HI .2 .... , ~,., l""", 51 X, 2"", U, 1I'ltt 
50iollfif)lU IIltC'} FLow PIST 'LANETat, ... o; .. eTO"'lNIJ~'''tE.f1,U, II" .. 
lH". I. 11r,2H"" !!II, 2"", It 3)1,2 .... , HI, 'HtISItr(t;:, 161.2 .... , I, Mltlrrl 
·U ... Z ..... "ew.ZH •• ,flll,l .. ··,r,.,.'toIFUllY C""'SUYATlve FlatUE .UN 

• DI':I: eltf;N:E II GOltyH"S. 5X. ZI4" .1.13l. 214", ,,,r, !J04'" I, 11 1.214".'8r, "U" 
• 2104·.,,1.3])(,2104 ••• ,ex, ZI4 •• " I. ux·" .... , !ttr, If If''II'' TT EN ~y. IU. .." .. .'Io4 •• ,I.'3x,2 .... ,'n.2H •• ,I,UI,Z ...... ",UH':fI!PIo4Efrrt ". ItTlMUA, "UIII ,.,.. .. 
·"'A r.. TIUD ''''IGER "" X.'I04", I, U ... Z ...... U"Z ..... I, ]]1,214 •• , lD", _" .. 
• 20H1"'1D DlNl£l .I. KLfNKE,18',214",I.31 .. ,214",'''.,ZI4'',I.13)'" "'Pt 
• 2M •• , 51U. 214**, I. 311, 2M".5 ex ,Z ..... I, ]11. Zt.t",H.X,] ''''''UflH:1f 'U I .. 
• eN"'te'=Rf"'lG A"'O RE5E1ltCH. '"C .. l0X,2H.*",,1l".21i .. ,S~Y,2'4 •• , 1,33'( ","If 

,Z ...... 171. UH"OtlNT1IN VIEw. CUIr:nlll"I 1,1~J', 2M ••• I,'3 •• Z .... , ilia ' .. 
• ~u.Z"' ••• 1,1U.2M ••• 'n,Z" •• ",]31,6tnl4.'.I"'3Y,,Hn".,' III"", 

fNn "'&I" 

"U~RnU"NE nGH 'ELl I"F.GA"£L, I, J' 

T""" ':'JIII'I1UTINE INTeIlPOLUU r:t)1 EllfllNC INO Ii'" AT '''if CIIJ. r..CUD 
'OIIllT F"nflll THe ,ltlUYS EL"F 1N~ 1; .... ' 

1 EVH !tN'!. "11)'" I'IF, R~F. nu. G,III"C 
e"",,('''t '8VIl I "PI, ~8F I 51'. JIIF (51, l"IJ' .ft8FI ,,, 1(," I. EL8c " 1.100" 

• GI"lI:c'5t.l"r., 
CO"etr:tfill ,s .. ncws, I)ISDIClt'01,nnUo. 
lfveL l, I"T,YST,,"U"ST.NST 
~I)""O" ISTilU'" 1"T«'O,U2"YSTI511,,:'~2"""It"TUt:"'IST 
"OMIt,,1II I-nUN"S, UODI IDe. h Y8D0l111i h 15", • .,·)1, '5"491' I Ut'" 

• Nt"U.NtfllU, IfilACtot,C;A"" •• HIO, Ntot(NDI 
eD"",nN IFLnwl ICnO, 100 •• TCU,.l,)C' ,V' t !,.1.')~ h R"'"FUC:, 10(1 
"O""ON II)"I$TI", 1"LOT,MlENO,NlI01"NI'lt'T 
"I"~N$I""I t Ollt" IOU." Elo,., h,l"Q fit. 

" p('IrlllT IS ON $MDtK. USE FORMULAE llrrfl) 51V!= Itf~ULTS 

" tt .l T. NR"AU GO T" IOe 
I~ U .r.T. 11 GO TO lC 
n·!lIllFU,z, 
.Nt:-GU'''FIl,U 
r.0 TO 40 

til TI4ET.UANIDISOUJI1 
~Z-St't'TM!'T'··2 
E .. ,.' .. ICH"Z 
GAM,_ (G,,,,.l.l. D' .::1_ '.E .. Z 

DoZ·l .0-. E"2.SZ-1.0 It "i"M'te"'.$ 2.1.0, If G'''!''Z.52. 
f't1).'50Uln"1. 
COTIof.l. 0 101 SO'( (.I' 
TD.""" 1(112-$2-1.(' .-1.0 
DEL r.1UNCCO,,""TD. 
fL ·sot" 1.) +C DTN.COTM •• t. O+OOZ .-2.0."0. nO.1.0, .COTH-SI fill f DEL T.' 
AMG-TItP,T.U lit IOO.COTH.UNfTHU-OEl T1 IEL, 

1NGEl 
,"r.n 

• .. f3!"l 
'trrlr.el 

'''~H 
'V'L 
"'&l 
·Yll 
~140r.1t' 
'STR!,,, 
STlUIil 
,,']ullln'5 
'OI}N"~ 
Fl"" 
Otrrl51l" 
'''IC:~l 
... eet 
&NI'!H 
l"1l;l:l 
ltrrl~H 
'NG~l 
,llll(';~l 

'''IGfL 
.N(';'=l 
1fi11~'L 
'frrt(';El 
1NGEL 
AIrrIGn 
ANf;!l 
.trrlGEl 
1NGEl 
A"en 
AtrrI(,;E'L 
AIrrIC~l 
ANGEL 

! , 
! 
I , 
6 
T 

• • 10 
11 
a 
11 
14 
15 
16 
11 
U 
n 
!O 
ZI 
H 
n 
H 

" !6 
!T 
n 
z. 
In 
11 
H 
n 
H 
15 ,. 
" H ,. 
•• 
'1 
H .. 

1 ! 
l' 
H 
16 
17 
11 
U 
2a 
II 
H 
Z! 
H 
2' 
!6 
27 
U 
n 
I. 
11 
H 

.,~ !llIlrrfhEL 
~ll11fl·,l'" 
tflU'" 

I~ 'otltlT IS ON un USE LINEAR IMTE"OLlTtn .. 

It'~ ".ICII • .I. 
,.ycr I. J' 
TF U .GT. 11 GO TO ZOJ 
IiII.NUru 
,,~ 110 tc.l, N 
t' U .l T. II)FU,K,. CO Tn lZ~ 

110 rnNTtllluf 
lU !LLINF·UI!IFU,I(-1 ,.u-x"'U,K-lI'.'':lIllFU,II:'-EL8Fll,lt-l'' 

110 IfX"Fn.It'-II'I~(:,,"_U' 
r.'''El·,l'''G 
'ETUIN 

,~ POtltlT IS AT "-ZPlOT, USE ltNEU I",TEUOl1""" 

2'~.t IF (J .IT. "'II'''AI' Gil T" leI) 
"IYIIt·"'''31+1 
",., 210 I"."'''I'5T 
TN·P'·1 
".N·~ .,. .. ,.: 
IC IT .IT. R"~ctN."I" Gn TO 2!O .. ,,, ... 

21;, CO""JrfIF 
HLtN-=-El"F C IN""""-'!!""N,N' '.UL-ElIIIC( r .. , .. " 

• '''CII\I'''lY,N'''U'·I'CCIN,N" 
'= •• ,.. .r.,lIll"F 'IN.N' +C , .. U~I ,III, "1".1 .... G-G1M"~ r ''''I, If' 1 

• 'IYC(NR~n.N.""JI-ftlll~(IN.N'J 
eETI,tlll 

ZU HlINF·EL@F"III,NI"' •• T-'8F(II11,"'I"".' :l.c.I"I ..... -ElIJF( IfIII.Nt",. 
• "OI!r:IIN,III'-'RFf1""Nt_11 

GI"i!'l .r.U'''F "",Nt''I .n-.'F( rill, NI"" *1 r.",.IIIC I Till," ,-r,lJ11"F (tM,IIIt "" 
- ""FIIN .... -.8F(I'I,NI .. ,. 

°ET'}'" 

!trtT~"I')' PI')T"I' .. IJS~ O'JIOlnATclI:ll tJtT~R'OllTtOJrrt 

30 "1:·",1:111 
NIit11.IrI_CC".1 
nn 6' ~ 'Shl,"n 
NZ·N"~I''''.11.1 
JC '''2 .r.T. "'IIIIU' 1t12-N-'U 
"'''tNQI-'I"NZ, 
nn 31: U.l .... 
Tr: IY .IT. "I)F(t~T+l,JJIl (;(1 TO 3ftl 

31J rn .. Tt't'J~ r.:., TI') IU.t'I 

Hili'" OIJ11')tfLATciAL WHI'=~ CDNTU"$ POrNT 

H" H tv .r.T. R,FIUT+lt.lJII Gil T., 'It 
IC ''f~II=(n'+l,JJ) .LT, :r~TClST,lI' GI1 HI '5'!O 
':LIJ"E·' '1U11S hit .1.1 ,." IC .I!'F flSHl, U,.I", 
ItlIlPr:l·"·F, I5hltJJ'-ItIllr:n~Hl, .1.1-:" 

• ICI~Fetshl.JJ'-J"r:CnT·hJJ_11' 
IF l"l"'U .'H. SlIJP!"1 'I'] Tn '110 
I~ fJJ .£0. tt, ~O TI} U,; 
':1. OPEl· .. ,,' ITSU1," ..,_.IIIF I HT, JJt III Y!fIF IT~T+l.J .II-IIF C nT" UII 
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NtHT·Z. r .... ll-.... '" •• Z. (II:~AJ-K"I .. , 
."0"'2 
"""'2-1 
'-t'lft ..... tN,IIt"IN' • .. ,ct, 
'ny·e 

rHJ zt. "'1."''''Y 
Crt ,., f71,ZZ,ZhZ4I.K001 

IlItlftrrlUTI'1N It U,.,UOS 
J-J-l 
'·tn£'lu ... . 
IJU.I;I: ... ·.... GI) TO 2' ..... It, ... 
'-',)Elf h"'.U 
It"",,.! 
IIn"2_1 
1:0 TI) 2' 

"'fE"'ITITrt)" 21 TO Tt4f R(GI4' ····1 h'''~'f ",.*U 
tFlK.LT •• ",,, co TI) U 
,.,nC''11 J+l,Ie' 
lI'on7" 
·"r'll·~ 
:::0 "0 !~ 

IJRtetrtUTIOIrt,. l)oll!'llwI,r 
J'J+t 
".'f'lc"rJ+t..' 
HfJ.LT.J/III,1) GO ,., U •· ...... t-. ,-,";:'1(1,., 
."11"'7'4 
·0"'2'1 ro" ,,. ! .. 

O"'r:"Y"I," U TI.:' TIotE l~S:T 
!I·I(-l 
"I"fl!(J,If, 
'JIIC.G; .... , .. , '" yft Z5 
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"'''''''I'_! 
"'''IEY' I.'" 
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rl4~c" ,., see IF , COlrf'rnJ' LINe 'UU~ , .... .,ur.ot T'4f 'UTEIVAl 
UIiI"r:' r"HS lae'n rON. 

"nl)e-l 
00 tQ NYAl.M ... N ........ ' 
Vll.'C1Jr1TUIVIl I 
I'!n Tn 117,3QI.':01)1! 
tFfV.t.L.LT.lLt en TO It 
II'"DfI·~ 
HlVIL.~T.l'" 1;0 TO Z3 

""Hell' TO SEE IF TME (I)"TOII' l1Nf ."INT JUST FnUND It , 
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"All ~'4EU.Ir.NI(.N.Y,KO"'Z,,J.I(, .. VAL,ICOnOI 
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DfT!tfllt'lE: "1 , .. , "'Z 
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IIIn" cnullw U' T"41S LEI", Ull( TIotF LIE .. r.r14 nc T'4E LINE. Ma. 
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ICDO'·Z , .... 
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• ,C'lNT,"Ol)hl.Y,"Yll, rSlU. /II' It 
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r:.,IIIT, .. ·,F MA. 
CONTY""F .. ,. .,. -,. 
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J~·J·IY-l M., 
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'2·" II "" 1:" Tn ,~ .,. 
Y·IM"U+1.1(1 _,. 
IZ·Ut) .,. 
,cCK. ='.1("'1'" "0 Til ,It fII.1t 

~O~Tt .. ·Jf- "" .. -
r:INI"I .'" .... " I.L "'" 

tF"1-'Z1",,~,'6 .. ,. 
1"·'2 ... ' H·" "., 
.:,. '" ,.7 II" ' .. ·.1 ... , 
Il· I~ "'_ .,. 

COo4::CII' TI"I S~E IF .. C~N'Oll' LINE flU!ES T!ofct"nr; ... Tof' rNTEIVll ",. 
n"'l)it ':ONHI)~"Tr(lN. ",. 

II'llr··l .. ,. 
... n 41. "VIL.N"I'hNlIIlJ MI, 
VlL·I~IJN'(NV'U M'_ 
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IJ:CYll.lT.'l' '" '" 4~ .... 
11'11"··2 til" 
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w!: ... IVE F11JNI) • 'ot .. ' ,,"" , CO't'I"JUct LI-tt:. C"'ECw T1 ~Ef IF ... " 
IT tit I NiV ""E, nl IF liE "'IVE ALt!,nv n'l"lc Tlo4n LIN!. .. •• 
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"Ann hNOII" ... . 
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n'''~Ii~'C!N ttl "Tf~' 
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1~~ 

'" !" ". .It 
H\ 
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11 
I! 
! ! 
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If 
\1 
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zo 
n 

Z 
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IPLOT • ~ 
TPL"T ., 
I'L'" !I 
T'LnT • 7 

FOIt lE"P£'''''RE PleT 
FOIt ' .. ULlEl "-FIELD CD"PONE"IT 'LOT 
c:o. Ptl'FNOltULU 1!-·~IElO cn"'I)"tENT 'LnT 
~Olt NOI"At '-~Ut'l C!]"'o"eNT 'l.,T 

cn" .. ,,"1 'Pl"TCI C'lNTIIl'..,,,hCn"lTYf1C.lDI,CVllflOI ,N,,,Ua"IPlIJT 
'" 0"'1'1014 ,e"U"'D~' .,,'lD nOr! 1. '"nn no"" 'It 14 .. U ",. "SMUl!)"" 

• "" ...... , HI" ii, "uc .. , ';"""&.H,n, IIIHIMI'II 
"1'1 .. "rtN ISCILEI 1S~,YSF.I"U.Y"&"Yl"'GTH'''lNGTM 

·t'" UIIU"UNES 
T"'E "I'ST CAlt TO 't~T ttrtntlLt7t:S TIi: Pt.,T. 
trau FlCTOItS APE e:glIAl Tn 1. 

~IJIII'nIITt"E S~TU' ESTABlISMES HR"&N'!NT DtnT .,ltIGIIrt, 
l)'lWe nES, Ll8ELh INO TITLE. 

lliU.'''UTtNe 8'lU"" DR'WS INn l'''HS SIf]CK WIV,;, .L .. tI(£T, '''11 III'GIIIET05P'4ERE (TeOOY.o. OP IONO~PIiEltC 
ftlllflIlY.:', fIIOIINDUY. 

tHI Pl"T."e.l1 COO T'J 10 
~.tL "'~MI"I.:J ••• II,".w.).",11 
~Ill Pl'lTU .. ,,,-12.0.-U 
t: IL L IIi~ TUe» f I PtOT, .. " .eM. &,,.,, .. , ~ 1041 .. 011 
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rill 1t':~fT 
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'fTII,"I 
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'LOTeN 
'LOTeN 
'LOTeN 
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'LttTC" 
'LOTCN 
'LOTCN 
PLOTCH 
Pt OTCN 
'Lf1Tt:trI 
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PLOTC" 
'LOTC" 
PlOTC .. 
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PLnTCN 
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'LOTCN 
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PL"TCN 
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Pll]TCN 
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PL"Tr. .. 
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'LOTCH 
'L nTC,. 
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'Lf'TCtI 
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'LOTe" 
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't OTrN 
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TIU]'T 
PLon" 
'LoTe" 
PLnTc" 
PlDTFB 
'l"UIS 
PLIlU" 
'LOTF" 
'LflTF" 
'LOT'" 
PL nTFIl 
PLOTc., 
PlnT'8 
'LOTF" 

11 
1Z 
n 
14 
u 
~ 
z 
1 
~ 

\, 
zo 
Zl 
H 
21 
!4 
!5 
26 
27 
ze zq 
,e 
51 
n 
n 
14 
15 
16 
17 
18 ,. 
'C 
41 
4Z 
01 
O. ., 
06 
Of 
08 .q 
'0 
11 
,~ 

H 
'0 

" , . 
" ,8 ,. 
'0 
61 
6Z ., .. 

o , 
6 
l 
! 
o , 
Z 
! 

• 10 
11 
12 
13 
10 
1" 
16 
17 
18 
\' 
20 
n 



.... .. 
co 

c 
c 
( 

r.AlL ""$TI TOFFSr .YOFFST .1' 
CALL V£CTOIC'U&hVTlA".Nna,hl ,I~'~, PIS'''' 
rIll ""PLT IT'I", .,,1,.1. nNUF, ¥SF, 
Call '~Sf'T 
t'llL 'LOTl'"TS71!t).O,-1I 

'L1T VI vs ""E 

r.IlL T&1t~( "PlfSF,TOFnr, T\NCTHIt .. T&l", 
CAlL vU'UeVSF,¥OUn,'IJilF"LTSn,JU 
~all ,ralF I TUIUF,.'SF,I. 
': all 'JuS TI T'lFFSY .. ,,, .. J$ T .11 
'-aLL veeT'" rrT •• hVYT •• ,.NTIU.l, IS ,"",M,""' 
': III "'I{.l TC'Tllta.hVITUJ, n .. :~,,'n, 
':all 'ESET 
CalL .l"TIPLTSU,Il.O.-,. 

'L DT V" vI "Me 

"ILL f' WI", np!esF. TOFF'ST, nlll""'."UITe I 
"&Ll V'I 1$1 VlF. VO.FST .V,"', 'L 1$1(,12' 
':ILl Sr.llFt ""iSF.VSF.1) 
Clll t)FcST' TIJFFST. WOFFST,lJ 
': ILL VEeT'" nTIIJ.V'TIlJ,NT.IJ.l,'S''',"~1'.' 
,!&ll "''''LTnU'''.'1'Tu,.n.~SF.VSFI 
"'nL '(:SfT 
.. It L ,lOT"l TSU.O.O,-l. 

'll)' V7 VS TI"E 

"'ILL Tlltsl TI liliES F. Trt'FS,. Tl .. CT ..... TUlS' 
"ILL '1Unl VSF.VOFFS'. VI .. F, 'l T~7E.!11 
CIlL 'CALJ' TI""E~J.VSF,l' 
tALL nFFS"'IT"'FFST.'fOFFS'.l1 
~ &l L W" '0' .ru' ... vnn.h"TllJ.l. 'e' ......... ~1'.J 
CAlL •• r'L' ITTta.l.¥lTUJ. ulllnJ.'SF, 
"AlL -HE' 
r.lll 'LO"'''L 'UI.l.O.-!. 

'll'1' nll'E'lTUlte 'IS TIME 

CoIll 'nnc TlMUF. TOFFS T. TLN(:T ..... "US I 
Cllt VnUl VSF. VOFF'IT. TIII'I."'l TSU.Z:" 
"'H Sr:.l~( TIM:!: SF,VS-=.I. 
CILL 1"f&"~TC TOFF!:'. VOFFST,l. 
"ILl VErTn'ITT'IJ. n'."".NUlh 11 tSY",!IISY.' 
~ ILL 1f4.'l T I TTII" Til' T .... "NeS ~. YSF J 
t:&tl ,r~E' 
':'ll et.nTIPlTSlho.C.-l1 

'L'11 "E"IS'" VS TT"'= 

~aLl T&IUI UNE$F.TOJFST .'L .. r,T .... "ITllt~. 
r.Ill VUItI V~F. VOCFST,R"OINF,'l T'HE.lfU 
".ll '':Alrcrt"nC'.vsr •• , 
~Ill 'l~CSTf',]FFST.VOFFST,lI 
C.l L VECTOR ITTI.J.ItOTUJ. NTRU.l. ts., .... SY •• 
": U 1 ·''''l' ITTRAJ •• rnUJ. TJ lIIiSF. VSF' 
r.'Ll IC~E' 
r.lll 'l~TC.lTSlhO.O,-ll 

·t"" • vs "IIIE 

"ILL TunITlI"IUF,T"FFST,TL"IU ..... TIJIIS. 
~.Ll VUtef VSF. VOC'CST.ttT"','t ",E, .. ",. 
r.oIll Sr..Lc. Tl"ESF.VSF.l1 
"'lL [JFc~'1 TOFFST.¥OFFSf,U 
"HL 'IE C T'" ITTIU."TlU,NUI', h ISY",,,S"'" 
t:'Ll .~.'l TfTTI.,.8T1IJ,Tt"ESF. VSF, 
'=&LL '!~ET 
caLL .ll"TI-L T~lE,:J.IJ.-" 

'l"T .1 VS TUlf 

C.Ll TI"UI Tt"E~F. TOFFST. TL"~Tlh"'1J1S1 
CAU, Y.I'ISf WSF. VOFFtT." 'NF,'L UtE.41' 
"ILL S~ltcl nIlUF.VSF.l. 
CALL t)uSTI 'OF~ST,VO'FST, 11 
CatL ¥ECTOI .TU' .... I' ....... N'.U,l. ,~,.,"~'IIJI 
CILL ..... lTfTUA ..... X'ItII.TlIIUF.VSJ. 
r..lL 'l!~fT 
"iLL 'lOTf'lTSU.O.O.-u 

'laT n VS TI"! 

'LnT', n 
-t.r:tTFa n 
'LOTF. H 
'&.OTII=, 2' 
'L(lTF. Z' 'Lon, Z7 
'LOfU Z" 
'LOTFII n 
'"OTFI!I 1C 
'L'!'" J1 
'LnyC!) 1l 
'L rrF" n 
'LOTjrlt ,. 
·LIJTCit " 'LftTF. ,. 
't orc. 17 
'l nTFIII 10 
'lOT" •• 'l ~Tr:_ 40 
'l"'TCI 41 
'LO"" 4Z 
'lO'FIl 41 
'lnTC" 44 
'l ~'tt. U 
'Lor c • u 
PL""Tr:, n 
'LO"~ 4" 
'l"rc" 49 
·l'1" " " 'L"TC! ,! 
'lOTFIII 5Z 
'l'lTF" ., 
'L(]TC'III ,. 

r 'l"TJIII ,. 
( 'lOnlll 16 
C 'Lt:'n:~ " C ·tnT'" ,0 
C 'Lnnlll •• 

'l"TCIII .r. 
'l"TF" ~I 
PlnTclIIi " 'tOT':~ 6! 
·lorFIII •• 'l"lTI='IIIi ., 
ill "TC', ~. 
'l"TCI) . ' 'lOU" ,. 
·l"fcil •• 'lCT,,, 'I. 
·LOTF" '" 'LOT'" 7P 
'lO'F" 71 
_l"TFIII ,. 
'lOTc-" " 'trTC" ,~ 

'LO'FIII 71 
·lr.U~ H 
'l",FI) '9 
'l~Tr" '" 'tOT'" 01 
'l~TC''' a! 
'l",-=II ., 
'lITTFII ~. 

llil",CIl ., 
'l£1'F'I .~ 

'll"'c'I "' et.nTc" •• 't"1F" It 
'1.0'FII .,,1 
'L"TJ" '1 
'LOT" '2 
'Lm'lt n 
'tOT'" 94 
'lIJTCIJ ., 
·L'lTC'1) 9. 
'L(1T'" •• ·LOTJIt .. 
'LO"" .. 
'l""" lOO 
'LOTJB 101 
'L"TFIl 102 
'L~T" 101 
PlOTF" 104 
·L~TJ'I In 

'L OTFI!I 1 .. 
CUl TI.'Utn"Esr:.TnFF$T.TL .. cr~ •• nnu. 'LI')'·. U' CILL YII IS' YSF, VDFF5T.nlill~. 'tT$lE, ~21 "t"yC'" lOa 
CAt l 'Scal'. TUlnF,VSF,1' '&'OTF8 

1 __ 

call ~r:FST(TOFFST.VOFFST,1t "Lnn" 110 
t: ALL YECTa.: nT"J ... ".,,,, MUU ,1,ISYIi •• S,,,, 'l""':" HI tALL -'w'"' nTllta" .. YT.,,,. nMUr:,VSF 1 'LOT'~ 
t:alL If'ET 'L(n'r:4 111 
CALL Pt OTl.LTSZI .... l".-JI 'LOTF'I 110 

'LOfFl) 11' 
'LflY iii' VS TI"II! 'LOTF, 116 

'Ln'F, 11' C'LL TaXn,TI"ESJ.TOJ:FST,n"GT1hftrun. 'LOTC" "" I'!ILL va In. VSf!.VO~F$T.III'N"'l TSlE,~)I 'LOTFIII 11' rAlL SCAlFI TIJI!SF.VSF.lJ 'L"TclI 1 !a 
"aLL ')FC,rnnFFST,VOFFST,11 'lOTc" 121 
r.'lL VECT.,.. (TTR, .I."'TIIJ, NTIU. 1. IS" •• "STili' 'L"fTC" IZZ 
'='ILl .... 'lTnull •• ,T.,t.J.n.uF.vSFI 'LOTF .. In 
"Ill "'E' 'LO'J:! 124 
CAll 'L"TC.LTS1E.1,I.~.-JI 't DTclt 12' 
CAll '!"'l"l",.:-.IU ·Lrrre. 1Z6 

.l OTWC It U' .FTU'. 'LO"" 12" .. ~ ·LI)T'II 129 

SIJIt'''JUTtNF 'lnTT' 'LnTTP 2 
'L"T,. I 
'L'"T' 4 

T'CTS ~"II!_IJUTt"E 'L"TS ,1,11' iND If", 'II"J~CTtO"S 11F rlie 'l nTT' , 
"'JH'T"." "'~E'E '.~O'Tf'.'.'.". "STNe; T"4£ saME Sf';I.U JACTO' -L"'T- ~ 
c~, ~I'!'~ 'l.OTS. 'lOT'- 7 
CfllTU" .O'NTS Alf FL'C'F." TO Pf'"TT C'O"-'!FEIE"CJ"C 'lO'T, 
"."''C T"r 'lnTS OF FLDW FJELD , .. " ,,'I'!"!TlC F'~lD OaT. 'Lft"- 9 

'LCt'T" H 
"1)111""" "l TT-, I'''ax. nil, ... 'T"&X. 'TIIPh Ullin. "T-'N. IT .. U 'LTT .. Z 
r.O"-"" IfIl(lU"tDS' X"IJ". :'J"" "111)"11" 1.XSIfIC(1 "111 "S"4"11 )0', 8"U"05 ! 

• Nt- .. , Itt'" II. aM 1r.1f. &I .... I..N'O ...... , N!I I "DUff'" I 
~(1",,"" I,IJDaT' NTlA.hTT',JUJiJ hlTUJ Itt,(; 1.1'TII lJf U.,hUIAH11l0h T_J"I" Z 

• v,a lUll .. It VI reAl 110J I. V1"'"H1",'I. V~"UI1~".' T,,'TIJ nOOh TIlI.,I.' , 
• 'T"JI 1;,,1,;" "'UU Uti)" IIYTIUJU' r ""ZTR.Jl1r~ "'Il"UU( r. It TIUI'IIT 4 
• "·Uft.))' TIIJ"A' , 
lOt;TC&l l'l UJ "n., Z 
':" .. -., .. ITII"'TI l.lT'J.'.LlrIf.V'If'.Rlo4n'N~.T"'''''~.''NC :~g;; • I 

I' 
.,I"'~ .. S'ON T'TlXIIZ •• TtTLY7C2I 'L~T' U 
'liT' "1l"Zll.!701t61211 'LOT,. 11 
ru.TI'lTS7EII.fJI ~l"n' U 
'U'I. TtTUI/1O"fTlUEC'11" 'LO'T. 1-
nATA TfTL1'lIlOJotCY-I .1'lJE,6',U:Tt"' ... , Pl"TT' !" 
"'T' Tr'lU 11",,( '(-I 'IOJE"tfCf[llll" 'lOTT' ZI 

~LOTT' 2Z 
i;~' 'lI:l IS'" 'l", "IJIJNt'lS 'lnTT' n 

·L,..,r- H 
·""Sr;:·l.D/I'lNT 'L'lTT' 2' 'Tlln·',.t 'lOT" Z6 
Y'M"";.(. 'lOTT' n 
Y'-''f.''.f' -lOTT. H 
'T·T"·O.O -1.nTT' !' 
.,' ....... 1 ... 'lOTT, !C 
"''''''I':'.' 'lnTT' 11 ·''"''·7.t 'tnTT, 12 
r," 70 N'J,Nua, 'tnT" H 
,e .. n' .. I" •• GT.IT .. &I, I''' ••• IU'J .... 'lOT" J4 
TC I"T'.J(lI, ... T.'T'UN, 1''', .. d,_aJ'''. 'lOTT' ,. 
u' 11'"'JfN,.GT.vr ... ,. n.".TTRAJI"U 'L"TT- 16 
IF nu.I ..... l T.TT,., .. , "".".YT'U flU ·LOT" n 
,r f7T.I.JI .... GT.n ... I' ",..1.1UlJflrrU 'lnT,- U 
TF (7TII''' ..... L T.1T"UU nllIN.lTlUI't' 'LOTT, ,. 

.. ,.,,, 1111 •• C'.II:T.'.' ""ar.".'J f"l' 'LOTT, 4~ 
'fl. ~""TI"'JE ·lnTr. 4: 

I'"U.I-n, CJI'MAX.'NOSf.l." 'l"TT' 4Z 
1,,.,N·""llil. IT"IN .... OSI£.-l.' I 'LOTT. 4J 
,.T"I.' .... &111".II.' "OSE .1.,. PlOTT. 44 
YT.,N·''''''l. T'''I •• ,NOSh-1.'' 'lllTT' 45 
"T.u .. ..,U1 UTIIJU .. NOShl.,. 'LOTT, 46 
7T"IN·."1 .. 1' t T .. I .... MOSh-l.'. PlOTT' 4? 
·T.U.I.""Al1IR"U.-'NOShZ.DI 'LOTT, 4" 
• ,·u.o.,u I liTe ,.3.IT", x+."') 'LOTT' 4' IT .. ' .. •• •• ' •• IJrtrc Z.J.IT .. ' ........ 'La'" '0 1'TRAY .,.. ,., IMTI Z.l. 'TM'I •• "., ·lOTT. " 'T-tN·o.,.a 1 .. "Z.o.y,,,,, ...... ,,. 'L aT" " 



.... 
~ 
\D 

"T"&1'·O.,tl IlliTe t.o.n"" •• , ••• 
"T-'tI-O. ,-, ItCT 12.0.Z"" N •• ,." 
_"tU.,.'_A IMTIZ .... IT"II ••••• , 

tn"eUTE ~CAU FACTnl 

YTS I~E.n"AJ:-T'"lat 
TS~."l f$ 7' I ,"UIC TTSt IE. IT"&1t 
T$FItO.TH·ItNOSe 
e'Ll ,"nTU.0,-12.U,-11 

cY,1I "DJECnOIf 

I)UW II." USING S'Jl!IlouTt"E un 
Cill '"""TCO.O,I.'-YTM ruYSJ,-lI 
NTt. .latTr 1 •• "T'IU-l'Mr" '.1.0. 
~&ll n'~1 ",.1", .,.,,1104 ,1, f n"U-IT"latl.TS',-IrITC.l,O. 01 
call ,,"nTC-lT"U •• TSJ, ".IN.TSF,-I' 
liI,r., NTC ,."UTSltE.l.OI 
~ IL l U' TSCO .1,0.0, 1" ,(I,YTS 1l!.TS~'-"'C,l, P !'llt!, 
t;all PlI')U;).h-YT"'''-TSF,-U 

Lf.IIfl AliiI' ANNOTATE r-urs I-IOItt7D"TIL' 

rill 'tCIlJ'CT'tF,TSF,U 
YCH·-.1'''5F 
"CII4.a 'lttTC7T"'Itt' 
",r.'f!·l.CI 

tt) ~nNTt"'E 
C III """""' IlCH, TCIo4,O .11,-(1. h rr.Io4.11 
"Ct.4·ZCIo4·01CItZ 
IF Uf.".lf.U"AX1 '0 Til 100 "cw., ,11& X •• Z IT$F 
yrt.t.-.,:-"TS' 
-:"Ill ( .. ,. nC .. ,Yt'''ha.;'"IIt,It.4l1l, lJ 
1t' ... ·,,~'4 •• U ITSF 
f.All C'fU ftC'4, YC"I,3 ... ,.Ct6.6M,"aNET, 61 

ll~!l a,." AN"InTlrE Y-AXlS CVflTrC1L 1 

'c ... ·.' .. re" .. ' ... 
"YC"',·1.0 
"r'h.1"nl' 

1:.1. ":O"T'N"t 
I' IYt"'.lttt.).:)I Clll NlJ""L fll':'" TCM-.~! 'nt, ,., ,J.l,Tc ... l. 
'CH·yr. .... Oyc"'! 
" cY(" .... Lt.rT"u. 1;0 n lU, 
"f.M.-.'ITSF 
'C"'·'T""· •• IT$F 
~lLl ('4'"'C'4,YC""O.O,.14., ... y,., JI 
IF CI'lNT .lE. c.'" '0 Tn lZ0 
"~H.""'4 •• '! "SF 
f..lL r.: ..... , lC"" YeH, J.;;',.r6,6""LIN!T,6. 

nu" 'L'lttET INO LUEl "'U'T 

r.All 'El IPsr 1.0,0.0. leO,1.0,0.0, :).0,1).:), 11 
! lJ rnNTt-.j£ 

'C .... ~.,. r 'T"IX. Z T", N' -1.,)IT~~ 
"CH·YT",,,-,. '/TS~ 
Clll ~""'r lC", ,C .. ,3.0,0.Z" tTLH, Ie 1 
'C"'-"C", •• O'''SF 
.,~Iot·Yr.:"'-"'.'''SF 
,. '"l ~"''' nC .. ,YeH,,,.C,O.lh TITL '''1'' 

nuv n,ZI 'IOJECTION 

,,, .. ,, "'T"II_, PI. NT 
'f'T""h"'''"IN.It'LNT 
CALL -lnTfO.o,O.O,', 
"alL ~eILFnSFI",TS"t,lI 
e.ll V!CTOII ZTIU,YTR""N""', I, 1,1'411 
rill 1f'.-lTfn'A,,,T'IU,TShTSF' 
e'LL "LOTUT"I,X,YT .. IN,-" 
CAll -UE' 

U,II ,ROJECTtO'" 

"IU", lAlEL, 'ft(' JIt""TATE x-nts I14I)ttt1'lNTAU 

NTC. tNT II. O.C IT"A I-IT", "'+1.0' 
''='he- • .J 

PlOTT. 
PlOT" 
'LOTT' 
PlOTTP 
'LOTT' 
"'lOT'''' 
"'lOTT" 
PLOTT' 
'L"TT" 
... OTT, 
PLOTT' 
PLOTT" 
'lOTT" 
PlO'T
"L!tTr" 
'LOTT'" 
PLOTTP 
'lOTT" 
Pl OTT" 
PLI'TT'" 
'LOTT' 
'"OTT' 
Pl.nT'
PLOTT" 
'l."TT' 
PlOTT" 
'L OTTP 
'L"TTe 
'lm'T' 
"LIlTT, 
PLOTT' 
'LOTTP 
PlOTT" 
PLnTT' 
"lD:"T' 
'"IlTT' 
'LOTT' 
Pl"TTI» 
'"OTT' 
PLOT" 
,..",TT" 
'L OTT" 
"l!"TT' 
PlOTT' 
"LMT, 
PLOTT, 
-Lf!TT" 
PL"TT
PLoTTP 
"L"TT
PLoTTP 
"LIl'" 
-LI')TT" 
PLOTT" 
'",TT" 
PLntT' 
PL OTT
PloTTP 
'"OTTII 
PLOTT' 
'L OTT" 
"lOTT" 
'lOTT, 
PLflTT
PlIlTT" 
PlOTTP 
'lOTT, 
'"OTT, 
'LOTT" 
PLOTT' 
PlflTT" 
PLOT" 
PLOTT' 
'"OTTP ,"'!TT, 
Pl"TT' 
'LOT" 
PLOTT" 
'1. OTT" 
PLOTT' 
'LOT" 
PlOTTP 
'LnTTe 
PLOTT' 

" " " " '7 
51 ,. 
~ 
n 
6Z 
n 
60 
~, 

" 61 
6. 
6' 
~ 

" " n 
» 
" 76 
» 
70 

" " H 
U ., 
.0 ., 
% 
n •• 
n 
~ 
11 
Q ., 
" " " " •• •• n. 

IGI 
112 
113 
1')4 
1~ 
1H 

"' U· 
\U 
110 
11\ 
llZ 
113 
n. 
113 
116 
117 
n. 
11' 
1~ 
121 
lZZ 
1n 
no 
125 
126 
127 
!l' 
I!' 
no 
131 
13Z 
111 
13. 
In 
nl 

IF IYTSIlE-IT"'I.,!.1.01 TC .... 0.5 
CALL PlOTn.1h 'C".-I' 
rAt L AlISn.O,O.O,IM ,-1, nT"II-IT"lft.*T'iF,-NTC.l,O.O. 
CILL 'LnTf-X,"I ... TSF.O.h-U 
CAll 'CllFITS"TSF,1' 
'("H--.15nSF 
reH.aI .. 'UT"lft. 
!)relfZ-1.0 

. ZO, enNTI'IIlE 
CUL ""IIIPLT (lCH,IC ... ,O.O,-O.I,-ICH, 1) 
XCHdC".OIC .. Z 
'F flC'f.L!. IT"AI) GO TO ZOO 
rC"·ITIII,tt-J.,/n' 
-C"._.~"T~' 
CAll 1:14I'''C14, .CH,O.G,.I',IIo4f1It, U 
lfCH.,CH •• 4'/T5F 
Clll C,",UIIC14,ICH,!1.0,.rh6HPl'NET,6' 

OIIV, lU£l, 'liD a"NOTATE I-AilS ",UTtCILl 

NTCeTtr(TI Z ••• T"AI.l.0 t 
CUL III$CI.I.I1,0.0,1H ",'''''''TSF,-atTC.2,,,,,, .. 2I 
Ir ... ·l.:) 
"'C"I2·1.e 
ICN •• :", '15' 

2Ii. CDNTTJot"F. 
e ALL NU"-L T (lCIot,IC .. -.G'IT~F. o,e.I).I.ltC'hl' 
'C"''''C''.DIC'42 
tF ."I:".LF.'T"lrI '0 TO ZU 
YC"4'-O." "" F 
oC ..... Tlltll .... l "5F 
f.lll ".THrrc ... ,ltc ... ,.Z,ITSF,t.t',Zl. 
tC"" C".0.16/T5 F 
,. 1 LL Pl "TI 'C .... ,' ITSF ,ItCIo4 •• ze I TS', Z 1 
CUl C"A.,IC • .,ItC .. ,0.(,.1',I"'Y,1. 
CALl r.Io4UIYCf4 •• H nSF,ICH •• l1ITSF,C,.3 .. 06,1 'f2,1' 
'('4.1C",.t .2/T$F 
'= ALL C .. U I1C .. ,I:C"',O.O,. H,Z ... ',ZI 
r:Hl c ... ur lfCH •• leITSF "C'4 •• 11/TSF, 0.0, .06,1"'Z, 11 
WeM"'C'f •• 1' ITS~ 
".ll C'4UIWC'4,RCH,).r ,.1"ZIo4/ihU 
,F ,1t"llr4T .lE. ,.0. 'n Trt ZI' 
weH .... C ..... 2SITSF 
t;lll r. ... 0\II:.IC ... I:C14,0.0,.1'I6,6f4"ll"ET,61 

f'I"V PLINET IND IDNQ'AIjS!, AND LIBEL 'lilT 

~IlL Ell "sn.I),e..o, 1.0, 1. I), O.il,O.O, 18(\./)," 
2]5 r.""tTtNII~ 

XT" TN'" T .. ' .... PlNT 
-'T"""""I""lNT 
""lI·RT"A'·"LNT 
CILl 'L"TC".:)'0.0,1' 
Call SCItFfnFIt\,TSFIO,tt 
')0 zz. r·I,"'"'. 
IF' CII'I1n"t.GT.n",,, GO TO 2!, 
IF c"~'oCt"GT.IT"I" Ii!') TO 210 
N-01)Y.' 

zz, coJotnlr4uF 
23" r.rNTtNlIE 

"1) 2') '·I,N'"I,' 
IF f'S"'ltltl.~T.IT"UJ GO Tf] Z", 
" IY5HIt"1.'T •• ''''X' GO TO U~ 
N$Mr]It., 

243 ~IllttTlltttlE 
250 cnNTlNUE 
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Catalog page number index for plasma streamline, velocity magnitude, 
aensity, temperature, and unit magnetic-field maps for 

various solar-wind flows past planetary ionopauses 
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(I~I/s..,) • 
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0.'0 
O.CO 

O,'IIrONOPAUS 
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O.SO 

0.' 0.0 

H/R. = 0.01 

H/R.= 0.01 

-0.' 

XtR. 

-t.O 
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-'.0 -,., 

---------- 0.14 

O.,t 
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t .... 
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~.o 
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.t-
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-l.S -t.O -'.0 -,.S -4.0 -4.S -S.O 

X/R. 
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M=12..0 Y=1.S7 H/R.=O.Ol 
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MRGNETIC FIE 0, (BIB.)! 

'PERPENDICI.UIR COII'ONENT J 
CONTOURS 
FIELD LINES •......• 

-1.' -~.O 

X/R • 

.... /1 

...... // 

-~ .. -J.O -J.' -t.O -t.' - •• 0 
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X/R. 

------0.14 

0.1t 

-1.' -~.O -~.I -,.0 -s., -4.0 -1.0 -1.1 
X/R. 



R/R. 

R/R. 

M=2.5.0 Y=1. 67 

DENSITY, pIp. 

H/R. = 0.01 

SHOCK WRVE 

4 .... 

0 •• 0.0 -0.' -1.0 

M=2.5.0 Y=1.S7 H/R.=O.Ol 
TEMPERRTURE IT. 

-t.0 
X/R. 

-t.0 
X/R. 

-'.0 -4.0 

-,.0 -4.0 

-4.' 

~------u.u 

n.oo 

-4.' -s.0 

195 



4.D-

I." 

t ... 

M=25.0 Y=1.67 H/R.=O.Ol 
MRGNETIC FIE 0, (BIB.). 

I PARAlLEl. CllII'ONENT I 
CONTOURS 
FIELD LINES •.•..... 

R/R. SHOCK WRVE 

R/R. 

196 

1." 

1.' 

4." 

I.D-

t." 

IONOPRUS 

0.' 0.0 -0.' -1.0 

M=25.0 Y=1.67 H/R.=O.Ol 

MRGNETIC FIE 0, (B/B.~ 
I PERPENDIClA.AR COMPONENT I 

CONTOURS 
FIELD LINES ....... . 

SHOCK WRVE 

1." 

IONOPRUS 

1. 0.' 0.0 -0.' -1.0 

-t.0 
X/R. 

-t.' -s.O -s.' -4.0 -4.' -'.0 

..
............. --; .. ;>"" •. -----------. ....... . 

..... . ... 

t.,O 

-t.O 
X/R. 

t.OO 

-t.' -s.O -s.' -4.0 -4.' -'.0 

-s.t 

• 0.'0 

0.10 

1.00 
1.50 1.U 

-,., 



'.0-

7.0-

1.0-

5.0-

4.0-

R/R. 

5.0-

f.o-

1. 

'.0-

7.0-

1.0-

5.0-

4.0-

R/R. 

3.0-

t.o-

M=2..0 
STRER 

Y=1. 67 
INES 

H/R. =0.10 

X/R. 

M=2..0 Y=1.67 H/R.=0.10 
VELOC TY, IVII V. 

ONOPAUSE 

.5 

0.0 -0.5 -1.0 -1.5 -f.0 -f.5 -'.0 -,.5 -4.0 -4.5 -5.0 -5.5 
X/R. 
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'.1)-

R/R. 

3.1)-

'.1)-

R/R. 

3.1)-

198 

M=2..0 Y=1.67 

DENSI y, pip. 

H/R. = 0 .10 

0.0 -0.5 -1.0 -1.5 -t.O -t.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 

X/R. 

M=2..0 Y=1.67 H/R.=0.10 

TEMPE RTURE TIT. 

ONOPRUSE 

0.0 -0.5 -1.0 -1.5 -t.O -t.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 

X/R. 



R/R. 

'.11-
M=~.O Y=1.67 H/R.=O.10 
MRGNE IC FIELD, (BIB.), 

7. II- I PARlLLEI. CHENT J 

C.II-

1.11-

4.11-

'.11-

t.1I-

'.11-

CONTOURS 
FIEl.D L S ...•..... 

0.0 -0.5 -1.0 -1.5 -f.O -f.5 -'.0 -,., -4.0 -4.5 -'.0 -II.' 
X/R. 

M=~.O Y=1.67 H/R.=O.10 
MRGNE IC FIELD, (B/B.~ 

7.11- I PERPENDIC All COMPONENT J 
CONTOURS 
FIEl.D LI S ........ . 

R/R. 

3.11-

t.o-

ONOPRUSE 

0.5 0.0 -0.5 -1.0 -1.5 -f.O -f.5 - •• 0 - •• , -4.0 -4.' -'.0 -,., 

X/R. 
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R/R. 

R/R. 

200 

1.0-

1.0-

4.0-

1.0-

t.O-

1.0-

'.11-

1.0-

M=3.0 Y 1.67 H/R.= 0.10 

STRERML ES 

X/R. 

M=3.0 Y 1.67 H/R.=0.10 
VELOCIT , lVI/V. 

•• 

1.' 0.' 0.0 -0.' -1.0 -1.' -~.O -~.. -3.0 -I.' -4.0 -4.' - •• 0 - ••• 

X/R. 



..... 

I .... 

..... 

M=3.0 Y 1.67 H/R.=O.10 
DENSITY, pIp. 

R/R. 

R/R. 

1.t-

1.' 0.. 0.0 -11.' -1.0 -1.' ~.O -t.. -J.O -J.' - •• 0 -... -1.0 -I.' 

I .... 

I .... 

4 .... 

..... 

X/R. 

M=3.0 Y 1.67 H/R.=O.10 

TEMPERR URE TIT. 

1.1 0.1 0.0 -11.1 -1.0 -1.1 ~.O -t.1 -J.O -J.' -'.0 -I.' -'.0 -1.1 

X/R. 
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202 

4.0-

a.o-

R/R. 

1.0-

1.1 

1.0-

1.0-

4.0-

R/R. 

M=3.0 
MRGNETI 
I PRRIU.EL COMP 

CONTOURS 
FIElD LINES ..... .. 

0.1 0.0 

M=3.0 
MRGNETI 

I PERPENDICULAR 
CONTOlJIS 
FIELD LINES ....... 

1. 67 HI R. = 0 . 10 
FIELD, (BIB.), 

~-~~------.-------------

-o.S -1.0 -l.S -t.D -t.I -,.0 - •• 1 -4.0 -4.1 -S.D 
X/R. 

H/R.=0.10 
( B/B.)l 

T) 

/ 
,I 

, .. /.///," 1':"111'----
" Y'~~E..'~~~l'OO ~ 1.10 l.ts 

-1.1 

i.s 0.1 D.D -D.I -l.D -1.1 -t.D -t.I -3.0 -3.1 -4.D -4.5 -5.D ·...,.5 

X/R. 



•• t-

R/R. 

'.t-

4.t-

'.t-

R/R. 

l.t-

1.t-

1.5 

M=5.0 Y=l 67 H/R.=O.10 
STRERML 

M=5.0 Y=l 67 H/R.=O.10 
VELOCITY, IVII V. 

.5 
X/R. 

0." 

~~~~~~---------===========::==::::=========--o.'t 

0.5 0.0 -0.5 -1.0 -1.5 -t.O -t.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 
X/R. 
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1.0-

4.0-

R/R. 

t.o-

1.0-

1.' 

1.0-

4.0-

J.o-

R/R. 

t.o-

1.0-

1.' 

204 

M=5.0 Y=l 67 
DENSITY, pip. 

H/R. = 0.10 

0.' 

-----
0.0 -0.' -1.0 -1.' -(.0 -(.1 -'.0 -'.1 -4.0 -4.1 -'.0 -'.1 

X/R. 

M=5.0 Y=l 67 H/R.=0.10 

TEMPERRTU E TIT. 

0.1 

1.17 

~~~~~~~----------==============::::::========~-t.t. 

0.0 -c,., -1.0 -1.' -l.O -l.5 -J.O -3.' -4.Q -'.!Ii -1.0 -,., 

X/R. 



.... 

4." 

I ... 

R/R. 

1." 

1.' 

I." 

4." 

I ... 

R/R. 

t ... 

1.' 

M=5.0 Y=167 H/R. = 0.10 

MRGNETIC IELD, (8/8.). 
(~EL COII'ONENT 

CONTOURS 
FIELD UNES ....... . 

t;:t.:;~;::.::.1f.in------------..... -------= 0.41 

0.' 0.0 -G.' -1.0 -1.' ~.O -~.. -'.0 -,.. _+.0 -f.' _'.0 -I.' 
X/R. 

M=5.0 y=l 67 H/R.=0.10 

MRGNETIC IELD, (8/8.)1 
(PERPENDICUlAR C 

CONTOURS 
FIELD LINES ....... . 

, 

/ 

/1 0.10 

/ ...... 
0'/~~~ ...... ~~1.00 
~ t.OO 1.10 1.U 

0.' 0.0 -G.' -1.0 -1.' ~.O -~.. -'.0 -,.. -f.O -f.' -1.0 -I.' 
X/R. 
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I.D-

R/R. 

5.D-

R/R. 

206 

M=8.0 Y=1 67 
STRERMLI. 

H/R. = 0 .10 

M=8.0 Y=167 H/R.=0.10 
VELOCITY, IVI/V. 

.s 
X/R. 

0." 

o.n 

-II.' 



..... 
M=8.0 y=! 67 H/R.=O.!O 

DENSITY, pip. 

4 .... 

..... 

R/R. 

t .... 

1 .... 

1.' -S.' 

M=8.0 Y=167 H/R.=O.!O 

TEMPERRTU E TIT. 

4 .... 

R/R. 1.41 

t .... 

4.21 

1.0-

1.' -4.0 -4.' -'.0 -S., 
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208 

1.0-

4.0-

1.0-

R/R. 

t.o-

1.0-

1.' 

1.0-

4.0-

1.0-

R/R. 

t.o-

M=8.0 Y=l 67 
MRGNETIC IELO, 
I PARAlLEl. COMPONENT 

CONTOURS 
FIELD LINES ...... .. 

1.U 

H/R. = 0 .10 

( BIB. l, 

0.' 0.0 -0.' -1.0 -1.' -t.O -t.' -'.0 -,.. -4.0 -I.' -'.0 - ••• 
X/R. 

M=8.0 Y=l 67 H/R. =0 .10 

MRGNETIC IELO, (B/B_h 
I PERPENDIClA.AR COMP T I 

CONTOURS 
FIEl.D LINES .......• 

0.10 

SHOCK WRVE 

1.0-

1. 0 •• 0.0 -0.' -1.0 -1.' -t.O -t.' -'.0 -,., -I.D -I.' -'.0 -I.' 
X/R. 



.... 

.... 

.... 

I ... 

R/R. 

t ... 

1." 

1.1 

M=l~.O y= 67 H/R.=O.10 
STREr:lMLI 

M=l~.O y=l 67 H/R.=O.10 
VELOCITY, IVII V • 

X/R • 

0.14 

O •• t 

..,.S 

209 



1.0-

4.0-

1.0-

R/R. 

t.o-

1.0-

1.' 

1.0-

4.0-

1.0-

R/R. 

t.O-

1.0-

1.' 

210 

M=12..0 Y=l 67 
DENSITY, pip. 

H/R. = 0.10 

M=12..0 Y=l 67 H/R.=0.10 

TEMPERRTU E TIT. 

5.n 

'.17 

-t.O -t.' -J.O -,., -4.0 -4.' -5.0 -5.5 

X/R. 



1.0-

4.0-

3.0-

R/R. 

t.o-

1.0-

1.1 

1.0-

4.0-

1.0-

R/R. 

t.o-

M=12..0 Y=l 67 H/R.=O .10 
M~GNETIC IELD, (BIB.). 

I PARAlLEL COMPONENT 
CONTOURS 
FIELD LINES ....... . 

0.1 0.0 -G.I -1.0 -1.1 -~.O -~.I -J.O -,.1 -4.0 -4.1 -S.O -1.1 

X/R. 

M=12..0 Y=l 67 H/R.=O.10 

M~GNETIC IELD, (B/B.~ 
I PERPEHDIClJ..AR C T J 

CONTOURS 
FIELD LINES ........ 

SHOCK WRVE 

1.0-

1. 0.1 0.0 -0.1 -1.0 -1.1 ~.O -~., -J.O -,., -4.0 -4.' -1.0 -'.1 

X/R. 
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'.0-

'.0-

•• 0-

1.0-

R/R. 

t.o-

1.0-

1.' 

212 

M=2.5.0 
STRER 

H/R.= 0 .10 

M=2.5.0 Y=l 67 H/R.=0.10 
VELOCITY, IVII V • 

X/R. 

D." 

D.1t 

-f.a -f.' -'.a -,.. -4.a -4.' -'.a -t.' 
X/R. 



..... 

..... 

J .... 

R/R. 

t .... 

1.'" 

1.1 

..... 

4.'" 

I .... 

R/R. 

t .... 

1.'" 

1.1 

M=2.5.0 Y=l 67 
DENSITY, pip • 

H/R.= 0.10 

M=2.5.0 Y=l 67 H/R.=O.10 
TEMPERRTU E TIT. 

U.tI 

n.oo 

-t.0 -~.I -'.0 -'.1 -4.0 -4.1 -1.0 -1.1 
X/R. 

213 



214 

I.t-

R/R. 

1.' 

I.!>-

R/R. 

M=2.5.0 Y=l 67 

MRGNETIC 
H/R. = 0.10 

IELD, (BIB. l. 
I PARALLEl. COIf'ONENT 

COHTOU!S 
FIElD LINES ...... .. 

l.t' 

a., 0.0 -0.' -1.0 -1.' -t.a -t.' -3.0 -3.' -4.0 -4.' -'.0 -5.e 
X/R. 

H/R. = 0.10 
MRGNETIC ( B/B.)l 

I PERPENDICULAR CONP T J 
CONTOURS 
FIElD LINES ....... . 

SHOCK WRVE 

a.e 

IONOP USE 

a.a -a., -l.a -1.' -t.a -t.' -3.a -3.' -4.a -4.' -'.a -e., 
X/R. 



'.0-

'.0-

7.0-

'.0-

R/R. 

4.0-

3.0-

'.0-

•• 0-

7.0-

'.0-

'.0-

R/R. 

4.0-

3.0-

t.o-

y=1.67 

LINES 

Y=1. 67 

ITY, IVI/V .. 

H/R. = O. ~5 

., -5. -,., 

H/R. = O. ~5 

0.0 -0.' -1.0 -1.5 -t.O -t.' -3.0 -3.5 -4.0 -4.5 -5.0 -5.' 

X/R. 
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I .... 

..... 

I .... 

5 .... 

R/R • 

..... 

I .... 

..... 

7 .... 

I .... 

I .... 

R/R • 

..... 

3 .... 

t .... 

216 

M=2.. Y=L67 H/R.=O.2.5 

DENS TY, pip .. 

0.0 -0.' -1.0 -1.' -C.O -C.I-'.O -'.1-4.0 -4.1-1.0 "'.1 
X/R. 

M=2.. Y=L67 H/R.=O.2.5 

TEMP R~TURE TIT • 

0.0 -0.1-1.0 -l.I-C.O -t.I-'.O -'.1-4.0 -4.1-'.0 -,.1 
X/R. 



9.1f-

a.1f-

C • If-

'.If-

R/R. 

4. If-

3.1f-

Z.1f-

a.1f-

R/R. 

M=2.. Y=1.67 H/R.=O.2.5 

TIC FIELD, (BIB .. ), 
(P~LEL COHPONENT) 

CONTOUR 
FIELD L NES ..•..... 

. ........... . 

••••••••••••••• M .......... 

.................. 

IONOPilUSE 

0.0 -0.5 -1.0 -1.5 -Z.O -f.5 -3.0 -l.5 -4.0 -4.5 -5.0 -5.5 

X/R. 

M=2.. Y=1. 67 H/R.=O.2.5 

MRGN TIC FIELD, (BIB .. )! 
(PERPENDI UU1R COMPONENT) 

CONTOUR 
FIELD L NES .......• 

IONOPI:lUSE 

1.00 

0.0 -0.' -1.0 -1.5 -t.O -t.5 -s.o -s., -4.0 -l.' -'.0 -5.5 

X/R. 
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7.0-

6.0-

5.0-

4.0-

R/R. 

3.0-

a.o-

7.0-

6.0-

4.0-

R/R. 

3.0-

a.o-

218 

M=3.0 y=1. 67 HI R. = 0.2.5 

STRERM INES 

I NOPI'lUSE 

0.5 0.0 -0.5 -1.0-~.~.,-:t-O - -3.5-=4:0 --4:'5 -!!5.0 _,'.5 

X/R. 

M=3.0 y=1.67 H/R.=O.2.5 

VELOCI Y, IVII V. 

I NOPI'lUSE 

0.5 0.0 -0.5 -1.0 -1.5 -l.O -z'.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.' 

X/R. 



7.1)-

R/R. 

3.1)-

R/R. 

M=3.0 Y=1.67 HI R. = 0.2.5 

DENSIT , pip. 

I NOPI'lUSE 

0.5 0.0 -0.5 -1.0 -1.5 -t.O -L5 -l.O -3.5 -t.O -4.' -5.0 -5.5 

X/R. 

M=3.0 Y=1.67 H/R.=O.2.5 

TEt:1PER TURE TIT .. 

I NOPI'lUSE 

0.5 D.D -0.5 -1.0 -1.5 -t.O -l.5 -3.0 -1.5 -LO -4.5 -5.0 -5.' 

X/R. 
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5.0-

R/R. 

3.0-

7.0-

5.0-

R/R. 

1.0-

220 

M=3.0 Y=1.67 H/R.=O.25 

MRGNET C FIELD, (BIB.), 
I PARRLLEL COM ONENT I 

CONTOURS 
FIELO LINES ...... . 

I NOPRUSE 

L:...---::::::-------

0.5 0.0 -0.' -1.0 -1.' -t.O -t.' -'.0 -,., -4.0 -4.' -'.0 -'.5 

X/R. 

M=3.0 Y=1.67 H/R.=O.25 

MRGNET C FIELD, (B IB.)l 
I PERPENDICULR CONPONENT I 

CONTOURS 
FIELD LINES ....... . 

,Al·~~~=l.OO ~ 1.50 1.t5 

I NOPRUSE 

0.5 0.0 -0.5 -1.0 -1.5 -t.O -t.5 -3.0 -].5 -4.0 -4.5 -5.0 -5.5 

X/R. 



R/R. 

R/R. 

1.0-

4.0-

'.0-

1.0-

H/R. = 0.2.5 

M=5.0 Y 1.67 H/R.=O.2.5 
VELOCIT , IVII V. 

0." 

l.:"'-~~--I.~a--':""'------":==::===== o.,t 

1.' 0.' 0.0 -G.' -1.0 -1.' -t.O -t.' -3.0 -3.5 -'.0 -4.' -'.0 -,., 
X/R. 
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M=5.0 y 1. 67 H/R. = 0.2.5 

DENSITY, pip. 

4.~ 

R/R. 

1.~ 

1.S o.s 0.0 -0.' -1.0 -1.' -E.O -E.' -'.0 -,., -4.0 -4.' -'.0 -'.S 
X/R. 

M=5.0 Y 1.67 H/R.=O.2.5 

TEMP ERR URE TIT. 

,.~ 

4.~ 

1.S7 
R/R. 

L~4-:r---,~:w-------=====::=:== t.tI 

1.' 0.' 0.0 -G.' -1.0 -1.5 -E.O -E.5 -,.0 -,., -4.0 -4.5 -'.0 -,., 

X/R. 
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'.G-

R/R. 

1.' 

C.G-

I.G-

I.G-

R/R. 

1.G-

M=5.0 
MRGNETI 

I PARIl.LEL COMP 
CONTOURS 
FIElD LINES ..... .. 

0.' 0.0 

M=5.0 
MRGNETI 

I PERPENDICUUII 
CONTOURS 
FIElD LINES ....... 

-0.' 

NTJ 

H/R. = 0.2.5 
(BIB.). 

-1.0 -1.' -L.O -t.' 
X/R. 

HI R. = 0.2.5 
(B/B·)l 

-'.0 -,., -'.0 -.. , -5.0 -,., 

i., 0.' 0.0 -G.' -1.0 -1.' -L.O -t.' -'.0 -,., -'.0 - •• , -'.0 -!I. I 

X/R. 
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I.t-

R/R. 

R/R. 

1.' 

224 

M=8.0 Y=l 67 

STRERMLIN 

M=8.0 Y=l 67 

VELOCITY, IVI! V. 

H/R. = 0.2.5 

X/R. 

HI R. = 0.2.5 

0." 

O.It 

a.' 0.0 '-0.' -1.0 -1.' -t.O -t.' -J.O -J.' -1.0 -I.' -'.0 -I.' 
X/R. 



.... 

4." 

I." 
R/R. 

t ... 

1." 

1.1 

I." 

4." 

I." 

R/R. 

t." 

1." 

1.' 

M=8.0 r=l 67 H/R. = 0.2.5 

DENSITY, pip. 

D.I D.D -0.1 -l.D -1.' -t.D -t.' -J.D -J.' -4.0 -4.' -I.D ..... 

M=8.0 r=167 H/R.=O.2.5 

TEMPERRTU E TIT. 

X/R. 

1.41 

4.U 

0.1 0.0 -0.' -l.D -1.' -t.Q -t.' -J.D -J.' -4.D -4.' -'.0 -1.1 
X/R. 
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I.~ 

R/R. 

l.t)-

1.' 

R/R. 

1.' 

226 

M=8.0 Y=l 67 H/R.=O.G5 
MAGNETIC IELD, (BIB.). 

(PARALLEl COMPONENT 
CONTOUIS 
FIElD LI~S ....... . 

0.' 0.0 -D.' -1.0 -1.' -t.O -t., -S.O -S.' -4.0 -4.' -'.0 -,., 
X/R. 

M=8.0 Y=l 67 H/R.=O.G5 
MAGNETIC IELD, (B/B.)1 

(PERPENDIClUII COMP T I 
CONTOURS 
FIElD LINES ........ 

~.,/ " 

,i// .... 
..... 

, .. "" ...... .... 

~/~<~ ."., ......... ~o •• o 
....................................................... 

;a/~~~~,,""."~"."." "·"·Sl.OD !~ ':'.': .. ':':''' .. ::::;.;;;;;~;;",~;::ii:o"~':':";;'::::::::::::"""::""· 1.ra u 

0.' 0.0 -0.' -1.0 -1.' -t.o -t.' -s.o -S.' -4.0 -4.' -'.0 
X/R. 



5.~ 

.. ~ 

R/R. 

1.~ 

5.~ 

.. ~ 

R/R. 

1.5 

M=!2.0 y=! 67 H/R.=O.25 

STRERMLIN 

M=!2.0 Y=! 67 H/R.=O.25 

VELOCITY, IVII V • 

X/R. 

_~~r----T.:n---------------'O=- 0.'0 

-t.5 -J.O -3.5 -'.0 -'.5 -5.0 -5.' 
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1.1)0 

R/R. 

1.1 

1.1)0 

R/R. 

228 

M=!2.0 y=! 67 H/R.=O.25 

DENSITY, pIp. 

IONOP USE 

0.1 0.0 -0.1 -1.0 -1.1 -£.0 -£.1 -'.0 -'.1 -4.0 -4.1 

X/R. 

M=!2.0 Y=! 67 H/R.=O.25 

TEMPERI=lTU E TIT. 

__ --~~~----~~nr----------------------~==~10.lt 

-'.0 -J.5 -4.0 -4.' -!l.0 



'.t-

•• t-

R/R. 

1.5 

•• t-

•• t-

I.t-

R/R. 

1.t-

1.5 

M=l~.O Y=l 67 H/R.=O.c5 
M~GNETIC IELD, (BIB.). 

(PARAlLEL COMPONENT 
CONTOURS 
FIELD LINES ....... . 

0.5 a.a -0.5 -1.0 -1.5 ~.a -t.5 -'.0 -'.5 -t.a -t.5 -5.a -t.5 
X/R • 

M=l~.O Y=l 67 H/R.=O.~5 

M~GNETIC IELD, (B/B.~ 
(PERPENDICULAR COItPO T J 

CONTOURS 
FIELD LINES ....... . 

1.00 

i:U 

0.5 a.o -0.5. -1.0 -1.5 ~.O -t.5 -'.0 -'.5 -4.0 -t.5 -5.0 -t.5 

X/R. 
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1.0-

4.0-

'.0-

R/R. 

t.o-

1.0-

1.0-

4.0-

'.0-

R/R. 

t.o-

1.0-

1.' 
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M=2.5.0 y=! 67 

STRERMLIN 

H/R. = 0.2.5 

M=2.5.0 y=! 67 H/R.=O.2.5 
VELOCITY, IVII V. 

X/R. 

0." 

0.1t 

__ 4-rr-----'v:;n-------------o.to 

-s.o -S.' -4.0 -4., _'.0 _,., 



I.t-

f.t-

R/R. 

1.t-

1.' 

I.t-

f.t-

I.t-

R/R. 

1.1 

M=2.5.0 Y=l 67 

DENSITY, I> II>. 

H/R. = 0.2.5 

0.' 0.0 -0.' -1.0 -1.' -e.o -e.. -J.O -J.' -f.O -f.' -1.0 -t •• 
X/R. 

M=2.5.0 Y=l 67 H/R.=O.2.5 
TEMPERRTU E TIT. 

U.tI 

12.00 

--~.---~-------------
fO." 

-J.O -J.I -4.0 -t.' -'.0 -,., 
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.. ~ 

.. ~ 

a.~ 

R/R. 

1.~ 

1.' 

.. ~ 

R/R. 

1.' 
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M=25.0 y=! 67 H/R.=O.25 
M~GNETIC IELD, (BIB.), 
(PllllU.EL COIPOHENT 

CONTOURS 
FIELD LINES ....... . 

0.' 0.0 -0.' -1.0 -1.' -t.O -t.' -3.0 -3.' -t.O -t.' -'.0 -,., 
X/R. 

M=25.0 y=! 67 H/R.=O.25 
M~GNETIC IELD, (B/B.~ 

(PERPENDICll.AR CDHI' 
CONTOURS 
FIELD UNES ....... . 

IONOP USE 

c .... 

0.' 0.0 -0.' -1.0 -1.' -t.O -t., -J.O -3.' -t.O -t., -'.0 -,., 
X/R. 



.. ~ 
7.~ 

R/R. 

3.~ 

.. ~ 

5.0-

R/R. 

3.~ 

t.o-

M=2..0 Y=1.67 

STRE LINES 
H/R.= 0.10 

M=2..0 Y=1.67 H/R.=O.10 
VELOC TY, IVI/V. 

ONOPRUSE 

.5 

0.0 -0.5 -1.0 -1.5 -t.O -t.5 -3,0 -3,5 -4.0 -4,5 -5,0 -5.5 

X/R. 
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'.11-

7.11-

•• > 

•• 11-

1.11-

R/R. 

3.11-

t.1I-

'.1). 

1.11-

R/R. 

234 

M=2.0 Y=1.67 H/R.=O.10 

DENSI y~ pIp. 

0.0 -0.' -1.0 -1.' -t.O -l.' -3.0 -3.' -1.0 -I.' -'.0 -,., 
X/R. 

M=2.0 Y~1.67 H/R.=O.10 

TEMPE ~TURE TIT. 

ONOPAUSE 

0.0 -0.5 -1.0 -1.' -t.O -t.' -3.0 -3.' -1.0 -I.S -'.0 -5., 
X/R. 



R/R. 

R/R. 

.. ~ 
M=2.. Y=1. 67 

MP.GNE IC FIELD, 

H/R.=O.lO 
(B/(3.). 

7. ~ (PARAlLEl COMPONENT I 

1.~ 

.. ~ 
1.~ 

I.~ 

CONTOUR 
FIELD L N£S ...... .. 

IONOPAUSE 

0.0 -0.5 -1.0 -1.5 -!.O -~.5 -3.0 -3.5 -1.0 -4.5 -5.0 -5.5 

X/R • 

M=~.O Y=1.67 H/R.=O.lO 
MRGNE IC FIELD! (B/B.')l 
(~ERPENCIC AR CO~ONENT J 

:ONTOURS 
FIELD LI .S ........ 

/i~ •. " 
1.00 

0.0 -0.5 -1.0 -1.5 -~.O -t.' -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 

X/R. 
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236 

1.0-

S.O-

4.0-

R/R. 

~.O-

,,1)0 

4.1f-

R/R. 

SHOCK 

1. If-

M=3.0 y 1. 67 H/R. =- 0.10 

STRE~ML NES 

0.' 0.0 -0.' -1.0 -1.' -a.o -Z.' -'.0 -3.5 -'.0 - •• , -'.0 - ••• 
X/R, 

M=3.0 y 1. 67 H/R, = 0.10 

VELOCIT , IVII V. 

1.' 0.' 0.0 -0.' -1.0 -1.' -Z.O ··Z.' -3.0 -3.' . '.0 -... -'.0 - •• , 
;(fR. 



R/R. 

R/R. 

c.~ 

5.~ 

t.~ 

1.~ 

, .0-

4.~ 

t.~ 

M=3.0 Y 1.67 R/R.=O.10 
DENSITY, pip. 

J.' 0.0 -0.' -1.0 -1.5 -t.O -t., -3.0 -,., -1.0 -I.' -'.0 -5.' 

X/R. 

M=3.0 Y 1.67 R/R,~O.lO 

TEMPERR UPf TIT. 

1.5 0.' 0.0 -0.5 -1.0 -1.' -t.O -t.' -J.O -J.' -1.0 -1.5 -'.0 -5.5 

X/R. 
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S,II-

',II-

1.11-

R/R. 

loll-

1.' 

238 

M=3.0 
M~GNETI 

I r RRRLLEL COMPO 
CONTOURS 
FIELD LINES.. . 

M=3.0 
M~GNETI 

r PEPrENOICULRR 
CONTOURS 
FIELD LINE~ .... 

1. 67 HI R. = 0.10 
FIELD, ( B I B_ ). 

-1.5 -a.o "l.' -3.0 -l.5 4.0 -4.5 ·'.0 -5.5 

X/R. 

1. 67 H/R. = 0.10 
FIELD, (BIB.). 



3.~ 

fUR. 

z.~ 

1.~ 

1. 

!.~ 

3.~ 

R/R. 

1.~ 

1.! 

M=5.0 Y=l 67 H/R. = 0 .10 

STRERML 

M=5.0 Y=l 67 H/R.=O.10 
VELOCITY, IVII V. 

X/R. 

0.54 

_.-L.L.----~~:11f----------========= o.'z 

-t.! -3.0 -3.' -1.0 -I.' -'.0 -,., 
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3.G-

R/R • 

•• iI-

1.5 

l.lI-

R/R. 

a.lI-

1.lI-

1.' 

240 

M=5.0 y=l 67 H/R. = 0.10 
DENSITY, pip. 

0.5 0.0 -0.' -1.0 -1.5 -t.O -t.5 
X/R. 

M=5.0 Y=167 H/R.=O.lO 

TEMPERRTU E TIT. 

USE 

0.' 0.0 -0.5 -1.0 -1.5 -t.O -t.' 
X/R. 

-3.0 -3-5 -4.0 -4.' -5.0 

1.'7 

!.U 

-3.0 -3.5 -4.0 -4.' -'.0 -5.' 



R/R. 

R/R. 

5.0-
M=5.0 Y=l 67 H/~.=O.10 

4.0-

t.O-

SHOCK 

1.0-

.5 

5.0-

'.0-

3.0-

Z.O-

SHOCK 

1.0-

1.' 

MRGNETIC IELD, (8/B.J, 
'IIIIALLEL CC»AlHEtft' 

COHTOUr-S 
FIELD LINES ...... . 

............................ ~ .................................................... -.... -
~~~~~r,r==:=::::::======~~--------------------O.45 

tDNOP USE 

0.5 0.0 -0.5 -1.0 -1.5 -~.o -t.5 

)(/R. 

M=5.0 Y=l 67 R!R.~O.10 

MRGNETIC IELD, (B I B. )1 
(PFRPENDICUUlR COttF <NT I 

CONTOURS 
FIELD L lNES •....... 

-3.0 -3.5 - •• 0 - •• 5 -5.0 -5.5 

c .... 

0.' 0.0 -0.5 -1.0 -1.5 -t.O -~., -3.0 -3.5 -4.J 

X/R. 
- •• 5 -5.0 -5.5 
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5.0-
H/R, = 0.10 M=8.0 y= 67 

STRERMLIN 

R/R. 

-5.5 

5.0-

M=8.0 Y=167 H/R,=O.lO 

VELOCITY, IVII V. 

1.0-

3.0-

0." 
R/R. 

t.o- • O.St 

1.0-

1.5 -t.5 -3.0 -3.5 -1.0 -1.5 -5.0 -5.5 

242 



5.0-
M=8.0 Y=l 67 H/R.=O.10 

DENSITY, pip. 

4.0-

3.0-

R/R. 

l.o-

SHOCK 

1.0-

1.5 -5.5 

5.0-

M=8.0 Y=167 H/R.=O.10 

TEMPERRTU E TIT. 

1.0-

3.0-

3." 
R/R. 

l.o- l.lI 

1.0-

1.5 
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244 

5.0-

4.0-

S.O-

R/R. 

t.o-

M=B.O Y=l 67 R/R.=O.10 
MRGNETIC IELD, (BIB. l, 

(PARALLEL COHPON£NT 
CONTOURS 
HELD LDlES ....... . 

SHOCK 

1.0-

1.5 

D.o-

·4.0-

3.0-

R/R. 

z.o-

SHOCK 

1. 

0.5 0.0 -0.5 -1.0 -1.5 -l.O -l.5 -3.0 

X/R. 

M=B.O Y=l 67 H/R.=O.10 
MRGNETIC IELD, (B/B.)l 

(PERPENDICULAR COMPO NT J 
CONTOURS 
FIELD LINES ....... . 

IONOP USE 

0.5 0.0 -0.5 -1.0 -1.5 -Z.O -l.5 

X/R. 
-3.0 

-3.5 -4.0 -4.5 -5.0 -5.5 

c .... 

-3.5 -4.0 -4.5 -5.0 -5.5 



'.0-

R/R. 

5.0-

4.0-

3.0-

R/R. 

t.o-

1.0-

1.' 

M=12..0 Y=l 67 

STRERMLI 

4/R. = 0.10 

M=12..0 Y=l 67 H/R.=0.10 

VELOCITY, IVII V. 

X/R. 
.5 

O.!! 

O.St 

-3.0 -3.' -'.0 -'.5 -'.0 -'.5 
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1.0-

3.0-

R/R. 

!.o-

1.0-

1.' 

5.0-

1.0-

3.0-

R/R. 

!.o-

1.0-

1.5 

246 

M=l~.O Y=l 67 H/R.=O.lO 
DENSITY, pip .. 

M=l~.O Y=l 67 H/R.=:O.lO 
TEMPERQTU E TIT .. 

-,., 

C.st 

..37 

-I.' -5.0 -,., 



R/R. 

R/R. 

,.~ 

4.~ 

M=12..0 Y=l 67 

MRGNETIC IELD, 
(PA~ALLEL COMPONENT 

CONTOURS 
FIELD LINES ....... . 

H/R.=O .10 

( BIB .. ). 

SHOCK 

1.~ 

1.5 

5.1r 

4.~ 

SHOCK 

1.0-

1. 

1.t5 

0.5 0.0 -0.5 -1.0 -1.5 -f.O -f.5 -'.0 -3.5 -4.0 -4.5 -5.0 

X/R. 
-5.5 

M=l~.O Y=l 07 H/R.=0.10 
MRGNETIC IELD, (BIB .. )! 
(PERPENOI~ULAA COMP lENT J 

CONTOURS 
FIELD LINES ........ 

IONOP USE 

0.5 0.0 -0.5 -1.0 -1.5 -t.O -t.5 -3.0 

X/R. 

c .... 

-3.5 -4.0 -4.5 -5.0 -5.5 
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I.~ 

3.~ 

R/R. 

a.~ 

1.~ 

1.5 

248 

M=2.5.0 Y=l 87 
STRERMLIN 

H/R. = 0.10 

M=2.5.0 Y=1.67 R;Ro~O.10 

VELOCITY ~ lVI.' V~ 

X/R. 

-0." 

- o.sa 

0.90 

-1.5 -t.O -t.5 -3.0 -3.5 -1.0 -1.5 -5.0 -5.5 

X/R. 



R/R. 

R/R. 

1.' 

,.~ 

3.~ 

!.~ 

M=2.5.0 Y=l 67 R/R.= 0.10 

DENSITY, pIp. 

M=2.5.0 Y=l 67 R/R.=0.10 

TEMPERRTU E TIT. 

SHOCK 

1.~ 

1.5 

~,.u 

33.00 

40." 

249 



250 

5.0-

4.0-

3.0-

R/R. 

t.o-

1.0-

1.5 

5.0-

4.0-

3.0-

"fR. 

t.o-

M=~5.0 Y=l 67 H/R.=O.10 

MRGNETIC IELD, (B / B. ). 
(PARRLLEL COMPONENT 

CJNTOURS 
FIELD LINES ....... . 

1.f5 

0.5 0.0 -0.5 -1.0 -1.5 -f.O -f.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 

X/R. 

M=~5.0 Y=l 67 H/R.=O.10 
MRGNETIC IELD, (B/B.~ 

(PERPENDICULAR CO"P T 1 
CONTOURS 
FIELD LINES ....... . 

c .... 
SHOCK WRVE 

1.0-

1. 0.' 0.0 -0.5 -1.0 -1.5 -t.O -f.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.' 

X/R. 



'.0-

'.0-

7.0-

C.O-

'.0-

R/R. 

4.0-

3.0-

'.0-

'.0-

7.0-

C.O-

,.0-

R/R. 

4.0-

3.0-

~.O-

M=2.. Y=1. 67 

MLINES 

IONOPj:lU~E 

HI R. == 0 • 2.0 

0.0 -0.5 -1.0 -1.5 -t.O -t •• -3.0 -3.5 -4.0 -4.5 -'.0 -,., 

X/R. 

M=2.. Y=1.67 H/R.=O.2.0 

VELO ITY, IVII V .. 

IONOPj:lUSE 

0.0 -a •• .,.1.0 -1.' -~.O -~ •• -3.0 -3., -4.0 -4.' -'.0 -'.5 

X/R. 
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'.0-

C.I)-

5.1)-

R/R. 

'.0-

R/R. 

t.1)-

252 

M=2.. Y=L 67 H/R. = 0.2.0 

DENS TY ~ F-Ip. 

0.0 -0.5 -1.0 -1.5 -t.O -t.5 -3.0 -3.5 -t.O -t.5 -5.0 -5.5 

X/R. 

M=2.. Y=L 67 H/R.:-: 0.2.0 

F.:r:nUF<E TIT. 

0.0 -0.5 -1.0 -1.5 -t.O -t.5 -3.0 -3.5 -t.O -t.5 -5.0 -5.5 

X/R. 



.. ~ 

t.~ 

R/R. 

!.cr 

.. ~ 
7.~ 

t.~ 

5.~ 

R/R • .. ~ 
3.~ 

C.~ 

M=2.. Y=1. 67 H/R, -= 0.2.0 

TIC FIELD, (BIB.), 

IONOPI'lU5E 

0.0 -0.5 -1.0 -1.5 -C.O -C.5 -'.0 -'.5 -'.0 -'.5 -5.0 -5.5 

X/R. 

M=2.. Y=1.67 H/R,=0.2.0 

MRGN TIC FIELD, (B/B.~ 
r PERPENOI ULAR COHP0NEH7 J 

CONTOUR 
FrELD L NES ....... . 

IONOPI'lU5E 

1.00 

0.5 0.0 -0.5 -1.0 -1.5 -C.O -C.! -'.0 -3.' -'.0 -I.' -5.0 -,., 

X/R. 
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7.1)-

4.1)-

R/R. 

3.1)-

t.1)-

7.1)-

5.1)-

4.1)-

R/R. 

3.1)-

t.1)-

1.1)-

254 

M=3.0 Y=1.67 

STRERM INES 

I NOPRUSE 

HI R. = 0 • 2.0 

0.5 0.0 -0.5 -1.0 -1.5 -l.O -l.5 -'.0 -3.5 -4.0 -4.5 -5.0 -5.5 

X/R. 

M=3.0 Y=1.67 H/R.=0.2.0 

VELOCI Y, IVII V. 

I NOPRUSE 

.90 

l .... 
O.,t 

0.5 0.0 -0.5 -1.0 -1.5 -t.O -t.5 -'.0 -3.5 -4.0 -4.5 -5.0 -5.5 

X/R. 



7.0-

&.0-

5.0-

4.0-

R/R. 

3.0-

t.o-

1.0-

7.0-

&.0-

5.0-

4.0-

R/R. 

3.0-

t.o-

1.0-

M=3.0 Y=1. 67 H/R.=O.2.0 

DENSIT , plp-

I NOPI'lUSE 

0.5 0.0 -0.5 -1.0 -1.5 -t.O -2..5 -3.0 -3.5 -4.0 -4.!! -5.0 -5.5 

X/R. 

M=3.0 Y=1.67 H/R.=O.2.0 

TEMPER TURE T/T_ 

I NOPI'lUSE 

l, ... 
1. 4& 

.57 

0.5 0.0 -0.5 -1.0 -1.5 -t.O -t.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 

X/R. 
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,.~ 

R/R. 

3.~ 

f.1I-

5.11-

R/R. 

3.~ 

1.~ 

256 

M=3.0 Y=L67 H/R. = 0.2.0 

MRGNET C FIELD, (BIB.), 
I PARI'l.LEL co ONEHT) 

CONTOURS 
FIELD LINES .•..... 

0.' 0.0 -0.5 -1.0 -1.5 -f.O -f.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 

X/R. 

M=3.0 Y=1.67 H/R.=0.2.0 

MRGNET C FIELD, (B/B.~ 
I PERPEHDICULR COMPOHENT) 

CONTOURS 
FIELD LINES ....... . 

1.00 

~~S:~~~f:::::=j~:== 1.U 

I NOPRUSE 

0.5 0.0 -0.5 -1.0 -1.5 -f.O -t.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 

X/R. 



M=5.0 1.67 HI R. = 0.2.0 

STRERML ES 

R/R. 

X/R. 

M=5.0 Y 1. 67 HI R. = 0.2.0 

VELOCIT , IVII v. 
5.!>-

3.0-

------- 0.'0 

R/R. .11 

1.!>-

1.5 0.5 0.0 -0.5 -1.0 -1.5 -t.O -t.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 

X/R. 
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M=5.0 Y 1. 67 RI R. = 0.2.0 

DENSITY, pip. 

R/R. 

-5.5 

M=5.'O Y 1.67 R/R,=0.2.0 

TEMPER~ URE TIT. 

5.1)-

C." C.I)-

t.u 
, .1)-

t.5I 

R/R. .11 

t.o-

1.1)-

1.5 0.5 0.0 -0.5 -1.0 -1.5 -t.O -t.5 -'.0 -'.5 -4.0 -4.5 -5.0 -5.5 

X/R. 
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R/R. 

R/R. 

6.!>-
RI R. = 0.2.0 M=5.0 1. 67 

MRGNETI FIELD, ( BIB .. ). 
(PRRRLLEL COMP 

5.!>- CONTOURS 
FIELD LINES •• ,', 

4.0-

3.0-

~.O-

SHOCK 

t.o-

1.5 0.5 0.0 -0.5 -1.0 -1 .. ' -z..Q -Z..5 -3.0 -3.5 -4 .. 0 -4.5 -5.0 -5.5 

G .0-

1.0-

3.!>-

~.O-

SHOCK 

1.0-

M=5.0 

MRGNETI 
( PERPENDlCULRR 

CONTOURS 
FIELD LINES '" 

X/R. 

1.67 R/R,=0.2.0 

FIELD, (B/B .. \ 

c,." 

1~.5~~~--~O.~5~~O.~O~~-O~.~5----1~ •• O--~-1~.'5---~<~ •• O~-~<~.5'-~_A3~.O'-~_A3~.5.-~_i •• ~o.-~_i •• '5--=5.0--'.5 
X/R. 
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1.0-

4.0-

3.0-

R/R. 

4.0-

3.0-

R/R. 

t.o-

1.5 

260 

M=8.0 y=! 67 

STRERMLIN 

HI R. = 0 • 2.0 

M=8.0 y=! 67 R/R.=0.2.0 

VELOCITY, IVII V. 

XlR. 

.85 

.5 

0." 

O.,t 

0.'0 

0.88 

-3.5 -4.0 -4.5 -5.0 -5.' 



3.1). 

R/R. 

1.5 

4. II-

3.11-

R/R. 

t.1I-

•• 11-

~.5 

M=8.0 Y=l 67 HI R. = o. c:0 
DENSITY, pip. 

IONOP USE 

0.5 0.0 -0.5 -1.0 -1.5 -t.D -t.5 -3.0 -3.5 -4.0 -4.' -'.0 -5.5 

X/R. 

M=8.0 Y=l 67 H/R,=0.20 

TEMPERRTU E TIT. 

3.48 

4.t8 

5.05 

5.81 

-5.5 
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5.11-

4.11-

3.11-

R/R. 

Z.II-

1.11-

1.' 

'.11-

R/R. 

Z.II-

1.' 

262 

M=8.0 1'=1 67 HI R. = 0 • 2.0 

MRGNETIC 
(PARALLEl COMPONENT) 

CONTOURS 
FIElD LINES ....... . 

ELD, (BIB.), 

0.' 0.0 -0.' -1.0 -1.' -Z.O -Z.' -3.0 -3.' -4.0 -4.' -'.0 -,., 

X/R. 

M=8.0 1'=1 67 H/R.:= 0.2.0 

MRGNETIC IELD, (B/B.)l 
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0.7916 0.6185 
0.7474 0.6729 
0.6995 0.7243 
0.6482 0.7725 
0.5937 0.8172 
0.5363 0.8582 
0.4761 0.8954 
0.4135 0.9287 
0.3487 0.9581 
0.2820 0.9833 
0.2135 1. 0046 
0.1436 1. 0219 
0.0724 1. 0354 
0.0000 1. 0454 

-0.0736 1. 0523 
-0.1485 1. 0566 
-0.2251 1. 0591 
-0.3040 1. 0603 
-0.3861 1. 0607 
-0.4723 1.0609 

Vco .s0Sl 
~ x/Ro 

IONOPAUSE IONOPAUSE 

H/Ro = 0.05 H/Ro = 0.10 

X/Ro Yi/Ro x/Ro Yi/Ro 

1. 0000 0.0000 1. 0000 0.0000 
0.9995 0.0349 0.9995 0.0349 
0.9950 0.1046 0.9953 0.1046 
0.9861 0.1739 0.9870 0.1740 
0.9727 0.2425 0.9746 0.2430 
0.9550 0.3103 0.9580 0.3113 
0.9330 0.3770 0.9374 0.3787 
0.9068 0.4423 0.9127 0.4451 
0.8764 0.5060 0.8840 0.5104 
0.8419 0.5679 0.8514 0.5743 
0.8035 0.6278 0.8148 0.6366 
0.7613 0.6854 0.7745 0.6973 
0.7153 0.7407 0.7303 0.7563 
0.6658 0.7934 0.6824 0.8133 
0.6128 0.8435 0.6309 0.8683 
0.5565 0.8906 0.5756 0.9212 
0.4971 0.9349 0.5168 0.9719 
0.4346 0.9761 0.4543 1.0203 
0.3691 1.0142 0.3882 1. 0665 
0.3009 1. 0492 0.3184 1.1103 
0.2298 1. 0811 0.2448 1.1517 
0.1560 1.1098 0.1674 1.1908 
0.0794 1.1355 0.0858 1. 2276 
0.0000 1.1583 0.0000 1. 2620 

-0.0824 1.1782 -0.0905 1. 2943 
-0.1680 1.1955 -0.1861 1. 3244 
-0.2572 1.2102 -0.2875 1. 3524 
-0.3506 1. 2226 -0.3953 1. 3785 
-0.4488 1. 2330 -0.5106 1. 4027 
-0;'5527 1. 2415 -0.6346 1. 4253 

-

IONOPAUSE IONOPAUSE , 

H/Ro = 0.20 H/R = 0.25 
0 

X/Ro Yi/Ro x/Ro Yi/Ro 

1. 0000 0.0000 1. 0000 0.0000 
0.9995 0.0349 0.9996 0.0349 
0.9958 0.1047 0.9960 0.1047 
0.9883 0.1743 0.9888 0.1744 
0.9771 0.2436 0.9781 0.2439 
0.9622 0.3126 0.9638 0.3132 
0.9435 0.3812 0.9459 0.3822 
0.9211 0.4492 0.9243 0.4508 
0.8949 0.5167 0.8991 0.519l 
0.8649 0.5834 0.8701 0.5869 
0.8312 0.6494 0.8374 0.6543 
0.7935 0.7145 0.8009 0.7211 
0.7520 0.7787 0.7604 0.7874 
0.7066 0.8421 0.7159 0.8532 
0.6571 0.9044 0.6673 0.9184 
0.6035 0.9657 0.6143 0.9831 
0.5456 1.0261 0.5569 1.0473 
0.4504 1.1147 0.4947 1.1744 
0.4163 1.1437 0.4274 1.1744 
0.3444 1. 2010 0.3548 1. 2374 
0.2673 1. 2574 0.2764 1. 3001 
0.1845 1.3130 0.1915 1. 3628 
0.0956 1. 3677 0.0997 1. 4254 
0.0000 1.4218 0.0000 1. 4883 

-0.1032 1. 4753 -0.1085 1. 5516 
-0.2148 1. 5284 -0.2271 1.6156 
-0.3361 1. 5813 -0.3572 1.6807 
-0.4686 1. 6343 -0.5010 1. 7472 
-0.6142 1. 6875 -0.6608 1. 8156 
-0.7753 1. 7414 -0.8400 1. 8866 
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IONOPAUSE 

H/Ro = 0.01 

x/Ro Yi/RO 

-0.5641 1. 0610 
-0.6630 1.0610 
-0.7708 1. 0610 
-0.8903 1. 0610 
-1. 0246 1. 0610 
-1.1783 1.0610 
-1. 3580 1. 0610 
-1. 5730 1.0610 
-1. 8377 1. 0610 
-2.1754 1. 0610 
-2.6262 1. 0610 
-3.3654 1. 0610 
-4.2564 1.0610 
-6.0204 1. 0610 

-10.1111 1. 0610 

Table 1.- Concluded. 

IONOPAUSE IONOPAUSE 

H/Ro = 0.05 H/Ro = 0.10 

X/Ro Yi/Ro x/Ro Yi/Ro 

-0.6638 1.2484 -0.7690 1. 4462 
-0.7835 1.2539 -0.9159 1.4657 
-0.9142 1. 2583 -1. 0782 1. 4840 
-1. 0587 1. 2617 -1.2597 1. 5012 
-1. 2209 1.2643 -1. 4654 1. 5175 
-1. 4064 1. 2664 -1. 7027 1. 5331 
-1. 6229 1.2679 -1. 9817 1. 5482 
-1. 8816 1.2692 -2.3176 1. 5632 
-2.1999 1. 2701 -2.7338 1. 5784 
-2.6057 1. 2709 -3.2686 1. 5942 
-3.1471 1.2715 -3.9884 1.6114 
-3.9152 1.2721 -5.0210 1.6314 
-5.1047 1. 2727 -6.6450 1. 6568 
-7.2230 1. 2736 -10.1609 1. 7004 

-12.1370 1. 2758 -16.8192 1. 7678 

IONOPAUSE IONOPAUSE 

H/Ro = 0.20 H/Ro = 0.25 

X/RO Yi/Ro X/RO Yi/Ro 

-0.9551 1. 7963 -1. 0427 1. 9610 
-1.1578 1. 8529 -1. 2746 2.0397 
-1. 3890 1.9118 -1. 5434 2.1243 
-1. 6562 1.9738 -1. 8598 2.2165 
-1. 9703 2.0403 -2.2393 2.3189 
-2.3465 2.1128 -2.7047 2.4353 
-2.8081 2.1939 -3.2913 2.5715 
-3.3909 2.2872 -4.0570 2.7365 
-4.1545 2.3986 -5.1025 2.9460 
-5.2045 2.5384 -6.6208 3.2292 
-6.7470 2.7260 -9.0300 3.6484 
-9.2448 3.0038 -13.4322 4.3644 
13.9882 3.4877 -23.9161 5.9630 
26.3596 4.6480 
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Figure 2.- Comparison of former and present computational 
procedures for determining the gasdynarnic flow properties 

of solar wind-magneto!ionopause interactions. 
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Figure 4.- Illustration of capability for providing an additional 
flow-field segment to the obstacle nose solution in the 
computational procedure for determining the gasdynamic 

flow properties of solar wind-ionopause interactions. 
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Figure 5.- Illustration of quantities used 
for streamline calculation. 
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Figure 6.- Illustration of quantities used for magnetic 
field-line calculation in the plane of magnetic symmetry. 
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Figure 7.- Illustration of the components of the 
three-dimensional magnetic field. 
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Figure 8.- Illustration of sun-planet (Xs,Ys,Zs) and solar 
wind (x,y,z) coordinate systems and the azimuthal (0.) 

and polar (~p) solar:w~nd angles, both shown 
1n a pos1t1ve sense. 
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Figure 9.- Illustrationof solar-wind (x,y,z) and (X,Y,Z) 
coordinate systems and the interplanetary magnetic 

field and magnetic-field angles (a ,a ). p n 
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Figure 10.- Bow shock locations for Moo = 8.0, 'Y = 5/3 flow past 
constant scale-height ionopause shapes with H/Ro = 0.5 and 1.0. 
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Figure. 11.- Bow shock shapes for flow past an ionopause shape with 
gravitational variation included in scale height with 

I/Ro - 0.25, ~ - 5/3 and Moo - 2.0 and 3.0. 
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Figure 14.- P-V Orbit 6 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. 
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Figure 15.- Comparison of observed (OPA) and theoretical time histories of ionosheath 
plasma properties for P-V Orbit 6 based on inbound and outbound interplanetary 

solar-wind conditions using a gasdynamic solution for Moo - 13.3, ~ - 2.0. 
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