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FOREWORD 

In this study that will be published in Planetary and Space 
Science, a new approach to the MI-ID drag on artificial satellites is 
made. All the formulae are expressed in rational MKS units. The 
information given by my colleague J. VERCHEVAL was greatly appreciated 
as is also the encouragement of Dr. L. JACCHIA of the Smithsonian 
Astrophysical Observatory. I thank also Prof. J. DUNGEY for the 
opportunity he kindly offered me for speaking about this work at the 
Imperial College for Science and Technology. 

AVANT-PROPOS 

Par cette étude qui paraîra dans Planetary and Space Science 
le freinage MIID des satellites artificiels est calculé suivant une 
nouvelle méthode. Toutes les formules sont exprimées en unités MKS 
rationalisées. L'information donnée par mon collègue J. VERCHEVAL a 
été très appréciée de même que l'encouragement du Dr. L. JACCHIA de 
la Smithsonian Astrophysical Observatory. Je tiens à remercier également 
le Prof. J. DUNGEY pour l'aimable invitation d'exposer cette théorie 
à l'Impérial College for Science and Technology. 

VOORWOORD 

Met deze studie dis in Planetary and Space Science zal verschijnen 
wordt de MHD remming van kunstmatige satellieten op een andere manier 
benaderd dan totnogtoe het geval was. Al de formules zijn uitgedrukt in 
rationele MKS eenheden. De inlichtingen mij door mijn collega J. VERCHEVAL 
verstrekt, werden ten zeerste op prijs gesteld. Dit is eveneens het geval 
voor de aanmoediging van Dr. L. JACCHIA van het Smithsonian Astrophysical 
Observatory. Ik dank tevens prof. J. DUNGEY voor de mogelijkheid die hij 
mij geboden heeft nm over mijn werk te spreken ia het ïffipêrial College 
for Science and Technology. 



VORWORT 

In dieser Arbeit, die in Planetary and Space Science soll herausge-
geben werden, wird die MHD Abbremsung der künstlichen Satelliten mit einer 
neuen Methode gerechnet. Alle Formeln sind im rationalen MKS System. 
Die durch meinen Kollegen J. VERCHEVAL gegebene Erkundigungen sowie 
Dr. L. JACCIIIA's (Smithsonian Astrophysical Observatory) Ermutigung wurden 
sehr bewert. Ich bedanke mich auch bei Prof. Dungey für seine liebens-
würdige Einladung,, um diese Theorie zur Imperial College for Science and 
Technology vorzustellen. 
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Summary 

It is shown that no actual artificial terrestrial satellite 
is able to generate magnetohydrodynamical waves by its own movement. 
Assuming that the observed induction drag is due to perturbations of 
a steady state, a quasi-hydrodynamic approximation of the problem 
is made. The theory gives results of the right order of magnitude 
for the phenomenon, given some acceptable assumptions. 

Résumé 

Il a été prouvé qu'aucun satellite artificiel terrestre 
actuel n'est capable de générer des ondes MHD par son seul mouvement. 
En supposant que le freinage inductif est dû à des perturbations d'un 
état stationnaire une théorie est établie en se basant sur l'hypothèse 
quasi hydrodynamique. Les valeurs obtenues sont du bon ordre de grandeur, 
compte tenu de certaines hypothèses acceptables. 



Samenvatting 

Er werd bewezen dat geen enkele hedendaagse kunstmatige 
satelliet der aarde in staat is MHD golven te veroorzaken uitsluitend 
door zijn beweging. In de onderstelling dat de inductieve remming 
veroorzaakt wordt door verstoring van een stationnaire evenwichtstoestand 
is een theorie opgebouwd steunende op de quasi hydrodynamische benadering. 
De waarden afgeleid uit de waarnemingen stemmen volkomen overeen met 
de theoretische voorspellingen, mits invoering van enkele aanvaardbare 
hypothesen. 

Zusammenfassung 

Es wird bewiesen, dass keiner der heutigen künstlichen 
Erdsatelliten MHD Wellen durch seine einzelne Bewegung hervorbringen 
kann. Wenn angenommen wird, dass die induktive Abbremsung durch 
Störungen einer stationären Zustand verursacht ist, wird eine Theorie 
aufgebaut die sich auf die quasi hydrodynamische Vorausetzung basiert. 
Mit annehmbaren Hypothesen, werden Werte berechnet, die mit den Beo-
bacli Lungen übet'tsius Liuuueu . 



1.- INTRODUCTION 

Some years ago it was suggested by Drell et al that the 

observed drag on large artificial balloon-type satellites, such as 

Echo, was mainly due to power dissipation by magnetohydrodynamic (MHD) 

waves, generated by the passage of the satellite through the ionosphere, 

and not by aerodynamical friction as is generally accepted. They 

based their conclusions mainly on following assumptions : 

a) at Echo altitudes the influence of the neutral particles 

is independant of the charged ones, the influence of the latter being 

predominant ; 

b) the surface barrier for the electrons could readily be 

overcome by photoelectric emission. 

Their formula gives good results for a particular' case of 

Echo 1 drag measurements. However on checking the formula in other cases 

and for other satellites, large discrepancies were found at the Smithsonian 
(2) 

Astrophysical Observatory . By considering long rod-shaped spacecraft 

components, that where charged up by the charged particles of the 

(3) 

ionosphere, Chu and Gross came to the conclusion that the values 

advanced by Drell et al. were largely overestimated. 

This conclusion agrees very well with that of the observers 

who have studied aerodynamical drag phenomena and who claim that if MHD 

drag exists it would be several orders of magnitude less than the aero-

dynamical drag. However, apart from that of Drell et al., no serious 

effort has ever been made to look for observational evidence of the 

proposed MHD drag mechanism. Data obtained by F e a ^ for three polar 

satellites show that an analysis of the MIID drag could be made. By 

assuming the existence of an effective magnetic field of a 100f gamma 

allows fehown that the MHD drag contributes only a very small fraction 

to the total drag. 



2.- THE DRAG MECHANISM 

As a spherical metallic satellite crosses the lines of force 
of the geomagnetic field, an electric field will be built up in the 
spacecraft and will be detectable by a stationary observer« The 
induced electric field E^, due to the magnetic induction and the 
velocity vg of the satellite, will cancel the motional electric field 
E : m 

E = v~ x B~~ (1) m s o 

due to the Lorentz-force that produces the charge separation. As a 
result a co-moving observer will not experience an electric field, as 

(5) 
explained by Alfven and Falthammar, provided that the satellite is 
a perfect conductor. Owing to the resistivity of the spacecraft a 
current Jg circulates in the conductor during the build-up phase but 
cancels out as soon as an equilibrium is reached» However, when 
the satellite is embedded in a conducting fluid, charges will leak 
away from the spacecraft thus destroying the equilibrium and restoring 
a current inside the conductor. As the surrounding medium is a conductor 
the current loop will be closed outside the satellite and a current 
J^ will be generated in the conducting fluid ; such a process will 
generate magnetohydrodynamic waves in appropriate circumstances. 
The elements involved in these processes are represented schemati-
cally in fig„ 1. 

Owing to the fact that the medium surrounding the satellite 
is a weakly ionized gas, consisting of rather slow massive ions and 
highly mobile electrons, the spacecraft will acquire an electrostatic 
potential superimposed on the dipole field and, as a result, will in-
fluence strongly the flow of the charged particles in the vicinity of 
the probe. After a while a steady state will be achieved and there 
will be no net current flow towards or from the satellite, or in its 
neighbourhood. As a result Alfven-waves will no longer be generated 
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and no MHD wave d rag w i l l be e x p e r i e n c e d . This p i c t u r e remains e s s e n t i a l -
l y t h e same under c o n d i t i o n s of a c t i v e p h o t o e l e c t r i c emi s s ion ; once a 
s t e a d y s t a t e i s r e ached t h e r e w i l l no l o n g e r be any MHD d r a g . 

Any p e r t u r b a t i o n of t h i s s t e a d y s t a t e r e s u l t s i n an e f f e c t i v e 
e l e c t r i c d r i v i n g f i e l d which i n f l u e n c e s t h e mot ion of t h e s a t e l l i t e . 
This e l e c t r i c d r i v i n g f i e l d E^ can always be r e p r e s e n t e d as 

E = v x AB (2) d s 

where AB i s t h e e f f e c t i v e m a g n e t i c - f i e l d govern ing t h e d r a g phenomena. 
Assuming t h a t t h e MHD approach i s a p p l i c a b l e , f o r an e l e c t r i c f i e l d E^ 
i t has been shown by D r e l l e t a l i t h a t , i n t h e c a s e of a p e r f e c t s p h e r i c a l 
conduc to r w i t h o u t a s u r f a c e p o t e n t i a l b a r r i e r , t he power d i s s i p a t e d i n 
a c o l l i s i o n l e s s p lasma can be r e p r e s e n t e d a p p r o x i m a t e l y by 

PMHD " ~ 1 6 \ 2 f ^ • 

where r = r a d i a l d i s t a n c e of t h e s a t e l l i t e f rom t h e c e n t e r of t h e E a r t h , 
V g = l i n e a r v e l o c i t y of t h e s a t e l l i t e , 
R = r a d i u s of t h e s a t e l l i t e , 

B Q ( r ) = mean v a l u e of the u n p e r t u r b e d magne t i c f i e l d a t t h e a l t i t u d e 
of t h e s a t e l l i t e , and 

p^ = ion d e n s i t y a t t h e a l t i t u d e of t h e s a t e l l i t e . 

C o n s i d e r i n g the h i g h e r i o n o s p h e r e as a c o n d u c t i n g part ia-My, ionftze'di , : . 
f l u i d t h e e f f e c t of the n e u t r a l p a r t i c l e s must a l s o be c o n s i d e r e d because 
i n our ca se t h e l a t t e r a r e a l s o J g a ' a n d c o n t r i b u t e 
t o the c o l l e c t i v e m o t i o n . S u b s t i t u t i n g t h e magne t i c d r i v i n g f i e l d f o r 
t h e t o t a l magne t i c f i e l d as r e s p o n s i b l e f o r the power d i s s i p a t i o n one 
f i n d s , by a s t r a i g h t f o r w a r d a p p l i c a t i o n of the method of D r e l l e t a l . , t h a t 

2 2 
PM„n = - 16 V R _ e . MHD s B ( r ) o f ^ (4a) 



where now p represents the total density at the altitude of the satellite. 
This expression can also been written as 

1« V ( r V \T PMHD = " 1 6 Vs R B T T T ) ^ ( 4 b ) 
o o v o ' 

where B (r ) is the magnetic field at 600 km altitude, r being the o o o 
corresponding radial distance. 

3.- RELATIONSHIP BETWEEN AERODYNAMICAL AND MHD DRAG 

To establish the relationship between these two kinds of 
drag mechanism, the following formula for the expression of the 
power P^ dissipated by means of aerodynamical drag can be used 

P A = - I C D F S v 3 p <5> 

This formula applies only to a circular orbit ; for other orbits 
additional terms ought to be considered,The interested reader is 

f f \ 

referred to King-Hele's well-known formulae. When necessary, use 
of these formulae will be made in this text without referring to, them 
explicitly. In formula (5) the various symbols have the following 
meanings 

m = mass of the satellite, 
F = coefficient allowing for atmospheric rotation, according 

to King-He le ̂ ^ , 
S = effective cross-section of the satellite, 
C^ = aerodynamical drag coefficient, and 
p = mean atmospheric density. 

Assuming that the total drag P T results from aerodynamic P A and 
MHD drag P j ^ one has the relation 



P T 5 P A + PMHD < 6 ) 

Let us now consider the ratio 

5 = (7) 

MHD 

For circular orbits this ratio could be expressed by dividing equation (5) 

by equation (4b) . Remembering that 

v 
s 

one finds 

1/2 

5 - ^ 2 7 /2 ( 8 ) 

(AB) r 

where 

n = 3 .1 x 10~2 y 1 / 2 FC TT 1 / 2 B (r ) r 3 (9) 
1J o o o 

with y = G.M , G = universal gravity constant, and M = mass of the 

Earth. 

Obviously this ratio is independant of the volume-to-mass ratio of the 

satellite and hence the relative importance of the MID drag is the 

same for all types of satellites. This conclusion is contrary to 

the current belief that this type of drag should be more important 

for large and light satellites than for small and heavy spacecraft. 

In f ig . 2 the dependence of C on altitude and temperature for a 

circular orbit is shown, assuming that AB is of the order of lOOy 

and using Nicolet's atmospheric models. From f ig . 2 it is clear that 

quite generally one can write 

i 
P = P + P = P f l + i ^ ' v p 

T A MHD U -C *A 



Z ( KM ) 
Fig. 2 . - "Ratio's of the aerodynamical drag to the induction drag as a function of the 

altitudS for various exospheric temperatures at circular orbits. 
<J3 « 
I 



This means that generally speaking the results obtained by the aero-
dynamical drag theory are by no means invalidated by the existence of 
the MHD drag. This also means that the total drag which has been 
observed experimentally may be substituted for the aerodynamical drag. 
This will be done when satellite results are analyzed. In fig. 3 
the dependence of 5 on altitude and eccentricity is shown assuming 
a temperature of 886°K. From these curves it can be clearly seen that 
the relative importance of the MHD drag depends on temperature and 
increases with the altitude and with the eccentricity of the orbit. 

4.- EXPERIMENTAL EVIDENCE FOR THE ACTUAL MHD DRAG FORMULA 

Equation (7) offers the possibility of isolating P ^ ^ from 
the total drag experienced by a satellite. From equation (3) one can 
deduce that PJ^Q will exhibit a power law in p with exponent 0.5. . 
To verify this law one would need data from at least fchriefe, satellites 
orbiting at widely separated altitudes. As a typical case, Explorer 19, Echo 
Echo 2 and Dash 2 will be considered. Unfortunately normal hydro-
dynamic behaviour will not be exhibited by the magnetospheric plasma. 
Indeed, although the Lundquist number : 

L = 2ORBq f 

is sufficiently large, the product tô  also large and thus it is not 
possible to use the MHD approach (UÎ  = ; T = where v is the 
total collison frequency). This means that artificial terrestrial 
satellites, even of the size of ECHO, are unable to generate MI© waves. 

However in many cases of transport problems in a plasma which 
does not satisfy the MHD conditions, the theory can still be used as an 
approximation. In such circumstances it is called the quasi-hydro-
dynamic apporximation by Ginzburg. Considering the large uncertainties 
in the data entering into the formulae, the use of the quasi-hydrodynamic 
approximation seems fully justified in attempting to explain the observed 
phenomena. 



Z ( KM ) 
Fig. 3.- Ratio £2 of the aerodynamical drag to the induction drag as a function 

of the altitude at 886°K for slightly elliptical orbits of various 
eccentricities. 
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The data relative to the satellites to be considered are 
(4) 

displayed in table 1. Some of them are borrowed from Fea . As 
one can see, almost all the spacecraft have nearly polar orbits and 
they revolve at widely separated altitudes. As for C , various choices (8) 
are possible according to Cook „ After trying various combinations, 
the result finally obtained was a very fit assuming F = 1, B = lOOy, 
and C^ = 2.4, considering everywhere suprathermal flow of the air around 
the satellite. Less good agreement is found when thermal flow is assumed. 
Poor agreement is obtained when one assumes suprathermal flow below 
800 km and thermal flow above this altitude. 

On computing the power P^, 

(r) _ A o (10) 
u p " n/2. 2 „2 16ir ' Çv R s 

dissipated as a result of MFD drag for unit mass, cross-section, velocity 
and magnetic field, one obtains the curves in fig. 4. The P^ values are 
deduced from observational data by Fea. The curve (a) corresponds to the 
case of the suprathermal flow and assuming CQ = 2,4 , the essrve (b) does so 
assuming thermal flow and the ourve (c) represents the case of suprathermal 
flow below 800 km and thermal flow above 800 km. In fig. 4 the curve 
are calculated for a mean temperature of 886eK which has been chosen 
because of the very low solar activity at the moment when the drag measure 
ments were made. The equations of the various curves obtained by a least 
squares best fit, are 

a) log P u = 0.483 log - 0.102 
b) log P u = 0.502 log - 0.972 
c) log P^ » 0.579 log + 0.515 

Drag data from Calsphere 1 were also available for a somewhat later 
period. By extrapolating these data, so as to obtain data corres-
ponding to the conditions prevailing at the moment that the drag 



TABLE I : Data concerning the various satellites 

N Satellite S/m 

2 . 
cm /g 

Z 
gP 

10 c m 

7, 

, „ 8
a 

10 cm 
g 

10 cm 

H 
6 P 

10 cm g/cm 
5 ° 

10 cm/s 

L 

cm 

B 
o 

gauss 10
3

s 

1 Explorer 19 

2 Echo 2 

3 Cclsphere 1 

4 Dtsh 

1 13.9 7x10 0.596 2.365 

5 
0.98 57.6 2.56x10 

0.98 1.04 980 

40 1.2x10 

1.124 1.206 

1.054 1.085 

3.119 4.28 

7.88 0.113 

7.565 0.005 

7.47 0.002 

8.0 9x10 
- 1 8 

7.9713 365 0.473111 6.98 

39.3 5 . 5 5 x l O ~
1 9

 7.2624 4.1xl0
3

 0.38063 . 6.55 

35.0 6.1x10 
-19 

10.1 0.058 12.0.7 1.6x10 
-20 

7.3228 36 

6.6608 240 

0.38934 6.43 

0.18782? 10.1? 

2.4 

2.8 

2.8 

4 

78.6° 

81.5° 

89 .9" 

88.4" 

For the meaning of F , S , m , H^, p , , and C
Q
 the reader is referred to the text 

Z height of the perigee 
' P 
Z height of the apogee 

e eccentricity of the orbit 

v linear velocity of the satellite 
s 

T period 

B geomagnetic field strength at the perigee altitude 
o 

^ density scale height 

I inclination of the orbit 



unit magnetic field and a magnetic driving field of 100y deduced from t.ie 
obs ervations of the satellites Explorer 19, Dash 2 and Echo 2 assuming ^ 
(a) suprathermal flow, (b) thermal flow and (c) suprathermal flow below ~ 
300 km and thermal flow above 800 km. 



data for the other satellites were obtained, it was found that they 
fitted rather well with the earlier data. The results are shown in 
fig. 5. 

5.- CONCLUSIONS 

From the results discussed above one can conclude that for 
886°K the MHD-drag shows a dependence on p such as one would expect 
from the theory. It has also been shown that the importance of the 
MHD drag relative to the aerodynamical drag is independent of the mass-
to-volume ratio of the satellite. Finally it is emphasized that the re-
lative importance of the MHD drag depends on both altitude and tempera-
ture . It is at least an order of magnitude smaller than the aero-
dynamical drag, a result which confirms the opinion of the observers of 
aerodynamical drag phenomena on artificial satellites. 



- Induction drag P per unit ;e#|efefeive cross-section, unit satellite velocity, 
unit magnetic field and a magnetic driving field of 100y, deduced from the 
observations of the satellites Explorer 19, Dash 2, Echo 2 and including 
extrapolated data for Calspnere 1, assuming 
(a) suprathermal flow, (b) thermal flow, and (c) suprathermal flow below 
800 km and thermal flow above 800 km. 
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