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SUMMARY.

Wi thin the framework of the cooperation between I VTAN , USSR and the

EUT, The Netherlands, the author performed a practical training at

IVTAN. This report deals with the work conducted during this period.

In EUT publications is stated that the electrical current in the plas

ma of noble gas magneto-hydrodynamic generators can be constricted to

certain narrow channels, the so-called streamers. Experiments indi

cated that streamers consist of smaller substructures, the so-called

streamer filaments.

During the above mentioned practical training a new mathematical model

was developed enabling the investigation of the dynamics of streamer

filaments as liquid tubes in a surrounding liquid in the presence of a

prescribed electromagnetic force, which is applied only inside the

tubes. This mathematical model was realized in the form of a Fortran

algorithm.

It was shown that viscous forces can balance strong electromagnetic

forces inside a filament.

Further it was found that two vortices are produced inside the

streamer filament and that the value of the velocity in these vortices

is nearly the same as the relative velocity between filament and sur

rounding gas. This fact means that inside the filament there is a

strong mixing of gas, so it can be assumed that all physical para

meters as e.g. gastemperature, electron density etc. are uniform in

side the filament.

It was shown that for different ratios of filament size and distance

between the filaments the cross section of a filament is nearly cir

cular.
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1. INTRODUCTION

~~~!~~_~!~!~~. The electrical current in the plasma of noble gas

magneto-hydrodynamic generators can be constricted to certain

narrow channels, the so-called streamers.

These streamers seem to be a volume of gas with high electrical

conductivity, while the surrounding gas has a lower conductivity.

Therefore outside the filament a lower current density than

inside will be found. While first models pictured the streamers

as being impenetrable cylinders, newer models took into account

the existence of so-called "streamer-filaments". These filaments

usually appear in bunches and together they form the streamer.

The existence of filaments is proven by laser diagnostics and

high-speed photography. Yet theory can neither reliably predict

the account and the cross section of filaments, nor their

behavior or the way they interact with each other. Why do they

usually appear in bunches?

The length of the filaments is much greater than their cross

section size. That's why almost all theoretical investigations

use two dimensional models for the description of streamer

filaments.

There are several approaches to study streamer filaments.
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The approach Stefanov et.al. [lit.1] used, was to investigate the

spatial distribution of the important plasma quanti ties, like

electron temperature, gas temperature and electron density, by

means of solving appropriate balance equations. Even though they

didn't take into account any convectional disturbances in their

models, their results are in a good enough agreement with

experimental data. From this we can conclude that there is no

substantial mass exchange between the gases in- and outside the

filament.

Another approach is to analyze the dynamic behavior of streamer

filaments. A number of investigations [lit.2,3,4,S] have been

published on the behavior of discharges in a flow field produced

by a pressure gradient and by magnetic forces, caused by internal

and external magnetic fields

One research of Fischer and Uhlenbusch [lit.4] concerns a

cylindrical arc without external flow. In this investigation the

shape of the arc is assumed to be cylindrical, so in a two

dimensional area perpendicular to the cylinder axis the shape is

circular. Further the velocity on the boundary of this circle has

no components in radial nor tangential direction. The external

flow velocity in this case is small enough, about 10 mls. As a

result the dynamic flow field inside the arc is found.

This flow field forms a double vortex which is placed

perpendicular to the direction of the magnetic field The reason

for the existence of these vortices is the non-uniformity of the

inside temperature and consequently the non-uniformity of the

magnetic force.
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Another approach by Bartels et.al. [lit.3,4,5l takes into account

an homogeneous external flow of a certain value. Further it

assumes a circular temperature profile for the arc and finds the

flow pattern in the considered total region.

In fact in this approach the filament itself doesn't exist,

because there is no connection between the force field and the

flow pattern. When such a physical situation is artificially

initialized in a real plasma, this formation would be astable and

be destroyed by convection in a very short time.

More information concerning the approaches of investigation of

filaments can be found in a review by Uhlenbusch [lit.6l.

Problem formulation. Our purpose is to analyze the dynamic

behavior of streamer filaments by combining the advantages of

both of the above mentioned models and excluding their

disadvantages.

We want to find a dynamic solution for the problem of a filament

with an external flow.

We will do this by considering the full region in- and outside

the filament.

We will exclude any mass exchange between the gases in- and out-

side. Moreover we are defining the inside region of the filament

as the region where electromagnetic forces occur.

We have no "solid" boundary of the filament and assume that the

flow is parallel to the line which divides in- and outside

region. So only the normal component of the velocity will be zero

at the "surface" of the filament.
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The physical sense of our analysis is the consideration of the

dynamics of filaments as being the smooth flow dynamics of liquid

tubes placed in a liquid.

The liquid inside the tubes differs from the surrounding liquid

in the property of an electromagnetic force, which is applied

only in the volume inside the tube.

The physical analogy is that of heavier particles placed in a

surrounding liquid. After the starting of their existence these

liquid particles change their relative velocity and shapes.

Our purpose is to find the solution for the stable situation,

i.e. the liquid tubes' relative velocity and their cross

sectional shape. Special attention is paid to the problem of

hydrodynamic influence of the tubes to each other.

This influence is introduced by a model prescribing artificial

uniformi ty of the flow outside the circle with radius equal to

half the distance between two neighboring filaments.
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2. MATHEMATICAL MODEL

2.1. SIMPLIFICATION OF THE NAVIER-STOKES EQUATIONS

~~!~_~!!~E~!~~!' This paper is concerned with the research of

phenomena of viscosity stabilization by a strong electromagnetic

force. With the aim to clarify these phenomena we neglect

additional complicated effects and assume to deal with a liquid

which is incompressible and has a low Reynolds' number.

As is already noticed in the introduction the length of the

filaments is much greater than its cross section size. We choose

a two dimensional system perpendicular to the axis of the

streamer filament. Further the direction of the main flow and a

homogeneous external induction field are perpendicular to each

other. The electromagnetic force, caused by the interaction

between induction field and internal current density, is directed

opposite to the main flow. (fig.l).

The Navier-Stokes equations under these assumptions can be

written as:

{
1 1

l1y =-Vp - -E
1/ 1/

div Y = a

( 1 )

in which y velocity vector, Vp pressure gradient, 1/ viscosity

coefficient and E electromagnetic force j x g.
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~g~~~!~~_f~~_~~~_E~~~~~~~. Let's take the divergence of the first

equation of ( 1 ) at both sides. We can find with the help of the

mass conservation law div y = 0 for the left part:

div ~y = div { V (V·y) - rot rot y } = - div rot rot y = 0

The right part changes by taking the divergence into:

div {
1

11
( Vp - E ) }

From this we obtain the equation for the pressure in the form

div {
1

11
( Vp - E ) } = 0

Hence under the assumption 11 = const

div ( Vp - E ) = 0 ( 2 )

~~~~!~~_f~~_~~~-~~~~~_f~~~~!~~_~t_!~_E~~~~~~~_~f_~_f~~~~_f!~!~·

The first step for deriving an equation for the stream function

¢t is to exclude the equation of the mass conservation law from

system ( 1 ). Following a well known procedure the value of the

velocity y in the form of a vector potential reads:

y = rot ~t ( 3 )

Using this equation transforms the mass conservation law from the

system ( 1 ) into a correct equality.
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The second step of derivation is to exclude the pressure gradient

from the Navier-Stokes equations. It is easy to obtain by taking

the rotation of both sides of the first equation of ( 1 ) and

introducing ( 3 ):

~ rot ~ rot ~ = rot Vp - rot E_t

Remembering that rot grad f =a for any function f we find:

~ rot ~ rot ~t = - rot E

Applying the fact that we consider the two dimensional model, we

can consider the vector ~t as being a scalar ~t and, further, we

2can change the operator rot ~ rot into the operator ~ . Thus we

obtain:

~2~
t

=
1

rot E ( 4 )

In principle equation ( 4 ) is ready to be solved, but the use of

numerical methods can lead to inaccurate results. E.g. in case we

would have a function E with a sudden drop, the value of rot E

would not be found.

Let's rescribe equation ( 4 ) into another shape. Mathematically

it is very usual to write an arbitrary vector field as the sum of

a vector and a scalar potential. Doing this for the force E we

write:

E = V¢ + rot A

9
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Substitution of ( 5 ) into ( 4 ) leads to:

~21/J
t =

1

T/

rot rot b.

In two dimensions this is similar to:

=
1

T/

~ A

or
1

T/

A ) = 0 ( 6 )

It seems to be necessary to solve for A by means of an additional

equation. Fortunately this can be realized using the pressure

equation. Substituting 5 ) into 2 ) we find:

div ( Vp - V~ - rot b. = 0

Because div rot b. = 0

div Vp = div V~

or after the first integration

Vp = V~ + c

or, Vp = V~ ( c = 0, c has no physical sense)

hence we write ( 5 ) in the form

E = Vp + rot b.

10
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The value of A in a point (xO'YO) can be found in two dimensional

case as the integral along a line

A = - (~
a

E - Vp )y dx

y=o
+ t

a

E - Vp) dy
x

( 8 )

Finally we obtain the simplified system of Navier-Stokes

equations in the form of ( 2 ), ( 6 ) and ( 8 ):

div ( Vp - E ) = a ( 2 )

1
t:. ( t:.l/Jt + A ) = a ( 6 )

1/

A = - (~ E - Vp ) dx + (~ E - Vp )x dy ( 8 )
y

a a a
y = x = Xo
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2.2. METHOD OF SOLUTION

~~~~~!_!~~~~~~~!~~_~~~~~~~_!!!~~~~~_~~~~!. The first problem to

solve is the mutual influence between the filaments. Let's

consider the streamer filament to be described by a force E

inside the filament. (fig.2)

The characteristic size of the filament is given by a value h,

which is equal to half the height of the filament in the di

rection perpendicular to the main flow.

The value r
O

is the radius of the region, where there is

influence of the filament under consideration. Roughly r
O

can be

interpreted as a characteristic length for half the distance

between two neighboring filaments.

~~~~~~~~_~~~~!~!~~. From the above assumptions we can derive a

conclusion concerning a uniform boundary condition at the distan

ce r O. The system of the equations ( 2 ), ( 6 ) and (8) we

found, needs three sets of boundary conditions for being solved.

One boundary condition is needed for the pressure-equation ( 2 )

and two for the fourth-order equation of the stream function ~t

( 6 ).

Let's consider the boundary condition necessary for the pressure

problem. At the distance r
O

the force E is equal zero , because

there is no current-density outside the filament. Therefore we

can assume Vp = 0 for r = rOo
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In this way the pressure boundary problem to be solved has become

div (V'p - E) = a

with boundary condition

8p I = a
8n r=ro

( 9 )

f~~~~!~~--~t. The uniformity of the flow outside the circle with

radius r o

function 1JIt

v = {v ,OL
-00 00

defines the boundary condition for the stream

Let's denote the velocity of the uniform flow

It is obvious that in this case we can write the boundary

conditions as a multiplication of the coordinate functions with

the value of v
00

(10)

sary now to note the problem in terms of a mathematical

algori thm.

In our approach the filament consists of a region enclosed by a

mobile "border" across which there is no mass exchange between

inside and outside.
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In terms of the stream function ~t' this fact denotes that the

filament is encircled by a line, which separates the region of

closed stream function lines from opened ones. Further we will

call this line the separation line. From another point of view we

want to find a solution in which this separation line coincides

with the boundary of the region where the electromagnetic forces

occur.

This kind of approach is quite understandable, but not convenient

for algori thmization. It is obvious that the considered problem

has a symmetrical solution. Let's use the symmetry of the sol-

ution to find a convenient algorithm.

Prescribing a zero-value for the stream function ~t in the

line of symmetry (fig.Z) we can write the boundary condition of

uniformity for the value of ~t in the form

~ I -v Yt r=r
O

- 1XI

When backflow is absent the value of ~t in the whole considered

region is positive for positive y-coordinates and negative in the

opposite case.

In case a backflow does occur, the distribution of the

~t-function in the considered region is shown in fig. 3 . When we

use the upper part of the full region (y > 0 ) we are able to

find the separation line as the curve for which the function ~t

is equal to zero.
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When we prescribe the value of the electromagnetic force our

purpose is to find the size and shape of the filament and the

value of the relative velocity v
ClO

But we have only two conditions for realizing this purpose. The

first is the condition of the zero-value of the ~t-function, the

second is the coincidence of the closed stream function line

region with the force region.

Thus we need an additional prescribed value. For this we choose

the height of the filament perpendicular to the direction of the

main flow (fig. 2). Thus we can formulate the algorithm of sol

ution. At first, we prescribe an initial force field in a region

with height h Then we search for such a stream function that

it is equal to zero at this height. Third, we find a clo- sed

stream function region and define this region as a new region for

force occurrence.

We repeat this procedure until the old force region coincides

with the new force region. Eventually, we have a double reversal

problem of hydrodynamics and it seems to be necessary to use a

double iteration procedure. But using the property of linearity

of the equations under consideration we can exclude one iteration

step.
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the fourth-order equation of the stream function Wt :

1
A ) = 0

1)

with two boundary conditions

Wtlr=ro = V
lXJ

V
lXJ

Application of the property of linearity of this equation permits

us to divide the stream function problem into two boundary

problems. The first problem consists of a uniform stream function

equation with no zero boundary conditions:

Wunilr=ro = V
lXJ

8r
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The second problem consists of a nonuniform stream function

equation with zero boundary conditions:

1
A ) = 0

'ltlr=r
o

= 0

a'lt

ar Ir=ro = 0

It is easy to show that the linear combination of 'ltuni and 'It

satisfies the equation for 'Itt

Let's consider the equation for 'It . . This equation describes
unl

the flow in the region without any disturbance (because A = 0).

Furthermore the boundary condition for this equation is a con-

dition of uniform flow. We now know an equation with a boundary

condition with which we can prove that the solution of the 'ltuni

problem is a uniform flow. We can write this solution

'It = Yuni

or the solution for 'Itt:

( 11 )
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When we know the solution of ~ the value of ~t can be found.

Let's note the value of ~ in the point with coordinates {O,h}

as ~(h). Following the above mentioned procedure for searching

the zero line of ~t we can write that

o = ~(h) + v h
(XI

or

v =
(XI

h

Substituting this expression in expression ( 11 ) we can find

~t = ~ -
h

y ( 12 )

nonuniform biharmonic equation with zero boundary conditions

1
A ) = 0

l}

~Ir=ro =0
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It can be shown that the function ~ can be found in the form

~ = 2r

Here ~2 1s the solution of the Poisson boundary problem

Ii. ~2 = - A

~ I = a2 r=r
O

and ~1 is the solution of the Laplace boundary problem

Ii. ~1 = a

2ro 8r Ir=ro
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3. RESULTS

3.1. NUMERICAL CALCULATION OF SOLUTIONS

~~~~~!!~~~!~~_E~~~~~~~~' Before determining the flow function Wt

and size and shape of the filament, we want to create a procedure

which enables us to use the results we get from one determination

for a set of cases of the same type. This special normalization

procedure we are going to detail in the following.

Our criteria for normalizing is to do this in such way, that we

can solve the problem for dimensionless parameters of order 1.

The real values are written as a product of a dimensionless

parameter of about size order 1 and a normalization quantity of

defined value and dimensions. These expressions look like:

[ = F [1nq

[, = r [,1nq

7) = 7)nq 7)1

y = v Ylnq

We can find the typical values of Fnq r nq and 7)nq in

literature-resources, vnq and Pnq have to be calculated.

20



What happens with the vector-operators? To find the answer to

this question we write:

I. = r I.1nq

x = r Xlnq

y = r Ylnq

At first we are changing the independent variables x and Y

into Xl and Y1' For a better understanding we will define a new

differential operator with index 1, For example

8f 8f
+ = div1 f

8x1 8Y1

It's easy to show

8f 8f 8f Bf 1
div f = + = + = div1 f

Bx By Br Xl Br Y1 rnq nq nq

1
rot f. = rot 1 f.

r nq

1
I::.f = 1::.

1
f2r nq

1::.
2

f
1

I::. 2f= etc
4 1r nq
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Considering the pressure equation

div ( Vp - E ) = 0

this is changed by using the above notation into

When we assume that

it is necessary that

r
nq

= Fnq

or = Fnq r nq

In the same way we can derive an equation for v with resultnq

vnq =
Fnq

~nq

2r nq

Typical values for the electromagnetic force E, the radius r

and the viscosity ~ we can find to be resp. 106 [Nm-3 ] , 10-4 em]

and -4 -2
10 [Nsm]. We define these values to be the normalization

quantities F ,r and ~ . Then we will find for v = 10
2 [m/s]-nq nq nq nq

2 2and p = 10 [N/m]. Concluding:nq
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F = 106 [Nm-3 ]
-nq

r = 10-4 [m] ,nq

10-4 -2
l}nq = [Nsm ]

v = 102 [m/s] ,
nq

Pnq = 102 [N/m2 ] ,

The equations for the dimensionless parameters are identical to

the equations for the real values. In further description of our

research the index 1, denoting the fact that we are dealing with

dimensionless parameters, and the dimensionless value

will be omi tted.

~!s~~!!~~. As shown in chapter 2 we converted the initial

Navier-stokes problem into a set of differential - and algebraic

equations or expressions. At this point it becomes necessary to

solve the three second-order differential equations and connect

their solutions with each other.

We did this by means of a rather complex procedure which has been

treated in detail and described in chapter 2. The differential

equations were solved by using a well established computer

program for solving twodimensional elliptic equations. The

procedure to obtain the full solution is built from more than ten

individual program blocks which are interconnected by using

data-exchange from binary files. The full algorithm is shown in

appendix 1. The interaction and file-exchange between the

different independent blocks is to be seen in appendix 2. In this

scheme the program blocks can be distinguished from the binary

files, by a double line around them.
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3.2. DISCUSSION

Using our program packet we investigated several different

si tuations for the filament. In each case we used all

dimensionless parameters being of order 1. We al so used the

height of the filament being equal to 1. The difference between

the considered cases is the value of r
O

' which we can interpret

as half the distance to the neighboring filament.

In this way we obtained results for the dimensionless values of

r o resp. 3, 5, 10, 20 and 40.

The set of results shows us that the cross section of the

filament is close to circular every time.

The result of the well known Stokes' solution of the solid cy-

linder problem is a constant pressure gradient at the surface.

Let's consider the artificially stopped liquid inside the volume

of the solid cylinder and eliminate the border of the cylinder.

In this case the pressure gradient continues through the liquid

and should compensate any uniform force which occurs in the

liquid.

Because of the above mentioned remark we can conclude that the

value of the velocity at the surface of the filament, which is

obtained in our calculations, is to small to influence the full

force distribution ( sum of viscosity forces and the pressure

gradient) .

Considering the results with different values of r
O

' we can see

the decrease of the value of the relative velocity v with
00

decreas i ng r 0 (see fig. 4) . When r 0 decreases from 40 to 3,

v diminishes from 0.8 to 0.11
00
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This effect can be explained by mentioning that the difficulties

for a liquid to flow through a collection of bars grow with the

decrease of the distance between the bars. This is analogous to a

Poisselle-flow through a tube, when the tube diameter diminishes.

For distances between the filaments of about two times the height

of an individual filament and distances around this size, the

degree of diminishing is rather strong in comparison to the

situation with a bigger r It's trivial to note that the flowo .

of the liquid will stop when the distance between two filaments

is twice their radius.

Farther on we will see a big influence of the filaments to one

another in case the distance between two filaments is close to

two times the height of one filament, so for r O close to 1.

The spatial distributions, which are obtained in our numerical

calculations, are qualitatively rather analogous for the cases

with a small difference in the parameter r O ' This is the reason

for picturing and discussing only three situations, for values of

r o = 3, 5 and 20 respectively.

Figures 5, 6 and 7 show the pressure distribution in the whole

region, the stream function in the whole region and the stream

function in the filament respectively. All figures concern the

case r O = 20 .
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From figure 5 we can derive two main features of the pressure

distribution. The first one is the equal distant distribution of

the lines of constant pressure inside the filament. This pressure

distribution compensates for the uniform electromagnetic force

inside the filament. The second feature is that the pressure

gradient is positive upstream, and negative downstream the

filament. This leads to a decrease of the velocity upstream - and

an acceleration downstream of the filament.

The distribution of pressure is closely connected with the

distribution of the velocity, which is pictured in fig. 6.

This change in velocity can easily be explained by the influence

of the pressure gradient.

In figure 7 we can see the stream function inside the filament.

It is to be seen that the inside distribution consists of two

vortices, of which only one is shown because the second is

symmetrical to it.

In the top of the filament the velocity is big enough in

comparison with - and directed parallel to the velocity outside

the filament (compare with fig. 6). Such velocity distribution is

caused by the viscous entrainment of the outside liquid on the

inside one. The stream flow lines should be closed inside the

filament because of the mass conservation law. So two vortices

are produced.
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This is a

One can see a motionless region in front of and downstream of the

filament center. This motionless zone is caused by the geometric

factor (e. g. if two 11ttle circles are put in one big one two

regions will appear where the density of lines is zero).

The figures 8,9,10 and 11,12,13 illustrate the afore mentioned

distributionsthe value of r O being 5 and 3 respectively. They

show the influence from neighboring filaments upon the considered

one. An enough smooth distribution of the parameters illustrated

in figures 5-7 is converted into a disturbed one. The degree of

disturbance grows with diminishing value of r O ' It is necessary

to mention that with the aim of correct calculation of the

disturbances one should solve the periodical problem.

In figure 14 the stream function inside and closely outside the

filament is pictured for the case that r 0 = 5

beautiful illustration for the viscous entrainment of the outside

liquid on the inside one.

Figure 15 shows the velocity distribution along the line of

symmetry for the case r = 5o It represents the value of the

relative velocity inside and outside the filament. From this

picture we can conclude that the greatest relative velocity

values inside and outside the filament are about the same.

Finally let us remember the real values of the parameters. In a

more realistic case r O = 3, which corresponds to the quotient

between the instant average electrical current density in the

filament and in the whole streamer of 10 to 1, the value of real

velocity is equal to 11 m/s . For this case, using the density

of gas p = 0.1 kg/m3 , we obtain the Reynolds' number Re = 1 .

From this we can conclude that the viscous forces can balance the
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strong electromagnetic forces.

In addition it can be derived from this real value of the

veloci ty that the time needed for a marked particle to round a

vortex once, is of the order 10-5
s . This time is much less

than the characteristic time of heat transfer and in comparison

to the kinetic time of ionization or recombination.
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4. CONCLUSIONS

1. We developed a new mathematical model which enables us to in

vestigate the dynamics of streamer filaments as liquid tubes

in a surrounding liquid in the presence of a prescribed elec

tromagnetic force, which is applied only inside the volume of

the tube. We realized this mathematical model in the form of

a program package.

2. We show that viscous forces can balance strong electromagnetic

forces in a filament.

3. We show that two vortices are produced inside the streamer

filament and that the value of the velocity in these vortices

is nearly the same as the relative velocity between filament

and surrounding gas. This fact notes that inside the filament

there is a strong enough mixing for stating the hypothesis

that all physical parameters as e.g. gastemperature, electron

density etc. are uniform inside the filament.

4. We show that for different ratios of filament size and

distance between filaments the cross section of a filament is

nearly circular.
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Fig.3 Sign distribution of the stream function

~t in the symmetrical case with backflow
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Fig.S

\

Pressure distribution in the whole region for r = 20
o

Distance between two lines: 0.1



Fig.6 Stream function distribution in the whole region for

r = 20o

Distance between two lines 1.0



Fig.? Stream function distribution inside the filament for

r = 20o

Distance between two lines 0.01
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Fig.8 Pressure distribution in the whole region for r = 5
o

Distance between two lines: 0.1



Fig.9 Stream function distribution in the whole region for

r = 5o

Distance between two lines O. 1



Fig. 10 Stream function distribution inside the filament for

r = 5o

Distance between two lines 0.005



Fig.11 Pressure distribution in the whole region for r = 3o

Distance between two lines: 0.1



Fig. 12 Stream function distribution in the whole region for

r = 3
o

Distance between two lines 0.03



Fig. 13 Stream function distribution inside the filament for

r = 3
o

Distance between two lines 0.003



Fig.14 Stream function distribution inside and just outside

the filament for r = 5o

Distance between two lines 0.01
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SCHEME 1

Full algorithm of solving

ISTART I

IInitial value of forcefield [I

ICalculation of scalarfield AI

Solving of ~(~~t+ A) = 0

b. c. 1

b.c.2

Assumption

introduce
f = [new

ApPENDIX 1

M~~ + A) = 0 M~~ .) = 0
unl

b.c.l ~(rO) = 0 b.c.l

a~

b.c.2- = 0 b.c.2
ar r O

Assumption

~(~~ + A) = 0

A 1



ApPENDIX 1

Z Z 6(6'/1Z+ A) = a
6(6((r -ra)'/I1)) = a

b. c. 1 '/I(ra) = a b.c.1 '/I(ra) = a

8'/1 8'/1
b.c.Z- = a b.c.Z- = a

8r r a 8r r a

6'/1 =-AZ

b.c.1 '/Iz(ra) = a

true if 6'/1 1
= a '/Iz

1 8'/1Z
b.c.1 '/1

1
(ra) =- ----

Zra 8r

jr = r a

'/1 1 '/Iz

'/I = (rZ
r~)'/I1+ '/Iz-

'/I '/Iuni

I'/It = '/I + '/Iuni I

A Z



Calculation of
v

00

I/l t • V
oo

ApPENDIX 1

INew forcefield f from I/ltlnew

if close enough

A 3



ApPENDIX 2

SCHEME 2

Programexecutionscheme with individual programblocks

and binary data exchange files

Start

60

61

Init iali sation

Iterationprocedure

··········SIngi"e····caT'cuI"ii"tI'on·::
step

TWO

A 4



60

THREE

61

FOUR

FIVE

ApPENDIX 2

SIX
Not close I --=e:..:..:n:..:.o..:::ug=.,:h..:....-_......J,53 .....

C ose enough

END

A 5
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