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	� +�+&�,�'� 63�('.7/� '&'*�3�8+5�'�0(,�0()� �� (�'6&�0()
43,91,':� '&'*�3��'()��&�5�(,�0()� �� '&'*�3�'�'35'�0(,�0()
,� 24*�'8� 63914� 63,'8�'��'5�� ,/0*&'� 6�8�;+� .�-� ,;+/�.*�
+.08'�3��� ()+3+*�'30.�0*��+6�-(��/�<6391�/0()�10�+8�(,<
�0() �	�63+*�0('"��+;(,-=(�';"� �+�+.08'�3�+� ;'.����',�+(,�+
&4>���',+4/+?+&�+"�63,0.2���-�+� ���08�� .�&��';.,08��,;+/�<
.*+8����'&����/08������'.�+(;��+3�08� �
.���';9�;'1�+*�43,9<
1,'��+����()�.�+�0�63+(0"�/�*�730()�+.08'�3�+�.�&��'�.�-�4;+/<
��+"�63�/+1,9(�1��5'�'3�/+��+�6+3,0.�0()�)+38���(,�0()"
+� 63,',� ��� .,*�1&�/0()� 3',��+�.7/� �3+,� .*2+1�/';� .�+2';
63914"��+.0(+;9(';�31,'��'�8+5�'�0(,�'���/0/�24;9(';�'&'*<
�3�&�,-�@!A 


.���';'�/�'&'�63,0(,0��8�59(0()�6�/�1�/+B�+.08'�3�-
()+3+*�'30.�0*�.�+�0(,�0()���10�+8�(,�0()�24*4�'&'*�30(,<
�'5� ��57&��'�8�?�+�;'�6�1,�'&�B��+�/0/�2+�'�,;+/�.*+8���+
'&'*�3�1+()���,;+/�.*+8��/�*�&48��'�24*�/';�@!"��A ���&�+�+.0<
8'�3�+�8�?'�63�/+1,�B�1��6�5�3.,'��+�.�+>�&��=(��*�&48�0
6&+,8�/';"�+�/�-(�1��,5+=��-(�+�24*4 ��*4�*��'&'*�3�8+5�'<
�0(,�'�+.08'�3���24*4�.9�>+31,��4(�9?&�/'�@!A �C',6�=3'1��'
.*4�*��(�'6&�'�+.08'�3�����'�.9�,+4/+?+&�'"�&'(,�8�59�6�/�<
1�/+B�6�5�3.,'��'�.63+/��=(��'�'35'�0(,�';�&4>��'()��&�<
5�(,�';�43,91,'��+�'&'*�30(,�'5� ��.08'�3�'�24*4�.,(,'57&<
��'��341���;'.��,+�>.'3/�/+B�/�.�+�+()�63,';=(��/0()��+<
6�-(�+���63+14"�+�/�-(��+�63,0*2+1�/�24*+()�29(,'���/0() 

�)+3+*�'30.�0*-�10�+8�(,�9�24*4��6�.4;'�,+&'?��=B

( )

( )
1

2

,        je����� �

   ,        je����� �

kol
a

kol

u i i
u

u i i

−α + <⎧⎪= ⎨
α + ≥⎪⎩

(1)

gdzie:�α1 i�α2���.480�63,0'&'*�3�1�/0()�.6+1*7/��+6�-(�+
D/0>73�,+&'?0��1�*�'34�*4�63914E"�ukol – spadek napiecia na
kolumnie plazmowej.

W przypadkach bliskich symetrii zjawisk na elektrodach
,+()�1,��,+&'?��=B�αe = α1 =�α2.

+*2+1+80"� ?'� ,+>43,'��+� *�&48�0� 24*�/';� .9� +.08'<
�30(,�'����1>0/+;9�.�-�.0�()3���(,��'�,�6391'8�/02+1�/+<
��+ �%3,0*2+1�43,91,'��+"�/�*�7308�,+.��.�/+����.(0&+(;'
'&'*�3�10�D f ≤�F#��,E"�+�63,',�����*3'.�/'�,8�+�0�1245�=(�
24*4"������'*�73'�.6+/+3*���064�����&4>��
��3'+&�,4;+('
�'()��&�5�-�����DCold Metal Transfer).

;+/�.*��,5+=��'(�+�24*4�'&'*�30(,�'5����,/�9zany z tym
proces przej=(��/0�.9�4,�+/+�'�,+���38+&�'�.�+�0��'()��&�<
5�(,�'�43,91,':�.6+/+&��(,0()"���1&+�'5��1���';�6�30���'�>020
.,(,'572�/��+�+&�,�/+�' �G'1�+*?'�,'�/,5&'14��+�8�?&�/�=B
5'�'3�/+��+� 14?0()� /+3��=(�� 63,'6�-B� .��.4;'� .�-� 37?�'
=3�1*���53+��(,;9('���'>',6�'(,�'�'H'*�0 �G'1�08�,'�.6�.�<
>7/� >+1+��+� .*4�'(,��=(�� �()3��0� 63,'(�/63,'6�-(��/';
;'.�� .084&�/+��'� .�+�7/� 63+(0� 43,91,':� '&'*�3��'()��&�<
5�(,�0()���'&'*�3�'�'35'�0(,�0()"�/�*�730()�/0.�-64;9�,5+<
=��-(�+�24*4�@I�JA 
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��(� 3�,63+.,+�+� /� 24*4� +.08'�30(,�08� 8�?'� 4&'5+B
,8�+��8��*3'.�/08"�+&'�/�(�954�672�*3'.4���'�.6'2��+�/+<
34�*4�.08'�3��

( )
( )

( )

( ) ( )

( ) ( )

1

2

,  je����� �

,  je����� �

0,5

kol

dys

kol

dys dys

dys dys

i u i i
P t

i u i i

P t P t T

P t P t T

⎫⎧ ⋅ <⎪ ⎪= ⎨ ⎪⋅ ≥⎪⎩ ⎪
⎪

= + ⎬
⎪
⎪≠ +
⎪
⎪
⎭

(2)

	�8�1'&+()�3',0.�+�(0;�0()�24*4�/05�1��'�;'.��/0*�<
3,0.�0/+B�,+&'?��=B

a E kolr r r= + (3)

+� /� 8�1'&+()� *��14*�+�(0;�0()� 24*4� ,/0*&'� .��.4;'� .�-
/,73

1 1 1

a E kolg g g
= + (4)

gdzie:
ra, ga � ��'&����/'� 3',0.�+�(;+� �� *��14*�+�(;+� 24*4

Dra = 1/ga);
rE, gE – nieliniowe rezystancja i konduktancja obsza-

rów przyelektrodowych (rE = 1/gE);
rkol, gkol – nieliniowe rezystancja i konduktancja kolum-

ny plazmowej (rkol = 1/gkol).
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��1'&'��+03+�24*4�.08'�30(,�'5��8�?�+�,+6�.+B�/�'*/�<
/+&'���0()�6�.�+(�+()�@K"�LAM

� *��14*�+�(0;�';

1 1
1kol

M M

u idg

g dt P

⎛ ⎞
= −⎜ ⎟θ ⎝ ⎠

(5)

&4>

21 1
1

M M

dg i

g dt gP

⎛ ⎞
= −⎜ ⎟⎜ ⎟θ ⎝ ⎠

DJE

� 3',0.�+�(0;�';

1 1
1 kol

M M

u idr

r dt P

⎛ ⎞
= −⎜ ⎟θ ⎝ ⎠

(7)

&4>

21 1
1

M M

dr i r

r dt P

⎛ ⎞
= −⎜ ⎟⎜ ⎟θ ⎝ ⎠

(8)

gdzie:
r, g � 3',0.�+�(;+� �� *��14*�+�(;+� *�&48�0

24*4�Dr = 1/g),

g = gkol � �,�+(,'��'�63,0;-�'�/�('&4�463�.,(,'<
��+�,+6�.4EN

PM – moc modelu Mayra;

θM � .�+2+� (,+.�/+� 8�1'&4� �+03+
DθM = H0/PM , H0 – entalpia plazmy).

��1'&'� �+.�'5�� 24*4� .08'�30(,�'5�� 8�?�+� ,+6�.+B
/�'*/�/+&'���0()�6�.�+(�+()�@K"�LAM

� *��14*�+�(0;�';

2

2

1 1
1kol

C C

udg

g dt U

⎛ ⎞
= −⎜ ⎟⎜ ⎟θ ⎝ ⎠

(9)

� 3',0.�+�(0;�';

2

2

1 1
1 kol

C C

udr

r dt U

⎛ ⎞
= −⎜ ⎟⎜ ⎟θ ⎝ ⎠

(10)

gdzie:
UC � .�+2+�/+3��=B��+6�-(�+�8�1'&4��+..�'5�N
θC � .�+2+�(,+.�/+�8�1'&4��+..�'5� 

��1'&��+03+�.��.4�*�/��1�>3,'��6�.4;'�63�('.0�'�'3<
5'�0(,�'� /� 24*4� /� ,+*3'.�'� .2+>'5�� 63914"� +� /�-(� /�*72
63,';=(�+� 63914� 63,',� /+3��=B� ,'3�/9 � �+��8�+.�� 8�1'&
�+..�'5��.��.4;'�.�-�/�,+*3'.�'�.�&�'5��63914�/02+1�/+��+ 

�'�3'�0(,��'� >+31,�';� �57&�0� ;'.�� 63,06+1'*� *�&48�0
24*4� �� +.08'�30(,�';� ()+3+*�'30.�0('� �+6�-(��/�<6391�<
/'; �	�'10�+.08'�30(,�9�()+3+*�'30.�0*-�8�(0�,8�10H�*�<
/+�'5��8�1'&4��+03+�@FA�4,0.*4;'�.�-"�/63�/+1,+;9(�,+&'?<
��=B

( )( )
1

2

,  je����� �

,  je����� �

M

M M

M

P i
P P sign i

P i

<⎧⎪= = ⎨
⎪ ≥⎩

(11)

�+��8�+.�� +.08'�30(,�9� ()+3+*�'30.�0*-� �+6�-(�+� ,8�<
10H�*�/+�'5��8�1'&4��+..�'5��@OA�4,0.*4;'�.�-"�/63�/+<
1,+;9(�,+&'?��=B

( )( )
1

2

,   je����� �

,    je����� �

C

C C

C

U i
U U sign i

U i

<⎧⎪= = ⎨
⎪ ≥⎩

(12)
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%�1(,+.� >+1+:� 24*4"� 6�/.�+;9('5�� /� 63�('.+()� 29(,'���<
/0()�+6+3+�7/�'&'*�30(,�0()"�.�/�'31,����6'/�'�3�,>�'?<
��=(��8�-1,0�8�1'&+8���+..�'5�����+03+�+�/0��*+8��>+1+:
'*.6'308'��+&�0() ��>0�,8��';.,0B��'�37?��('"�/63�/+1,+<
�'�.9�37?�'�8�10H�*+(;'"�6�&'5+;9('�8 �� ��+�4,8�'���'��4
6+3+8'�37/�8�1'&� �	�6�(,9�*�/';�/'3.;��,+63�6���/+��
8�10H�*+(;-�8�1'&���+03+�@�A"�/63�/+1,+;9(�,+&'?��=(�M

( ) ( ),M MS M MSP g P g g gα β= θ = θ (13)

lub

( ) ( ),M MS M MSP r P r r r−α −β= θ = θ (14)

Zgodnie ,� *��('6(;9� �()/+3,+� 6�8���-��� >',6�=3'1��
/620/�/+3��=(��8�(0�3�,63+.,+�';��+�.�+29�(,+.�/9�θM ��+<
.�-6��'��+*?'�,8�10H�*�/+���8�1'&'��+..�'5��@!#A"�/63�<
/+1,+;9(�,+&'?��=(�M

( ) ( ),C CS C CSU g U g g gγ δ= θ = θ (15)

lub

( ) ( ),C CS C CSU r U r r r−γ −δ= θ = θ (16)

gdzie: PMS, UCS , θMS , θCS)�α)�β)�γ)�δ����.�+2'�6+3+8'�30
+63�*.08+(;��()+3+*�'30.�0*�24*4 

��1'&'� �+03+��()/+3,+��P1����+� 24*4� .08'�30(,�'<
5��8�?�+�,+6�.+B�/�37/��/+?�0()�6�.�+(�+()

� *��14*�+�(0;�';

1 1
1kol

MS MS

u idg

g dt g P gβ α

⎛ ⎞
= −⎜ ⎟⎜ ⎟θ ⎝ ⎠

(17)

&4>

2

1
1 1

1
MS MS

dg i

g dt g P gβ α+

⎛ ⎞
= −⎜ ⎟⎜ ⎟θ ⎝ ⎠

(18)

– rezystancyjnej

1 1
1 kol

MS MS

u idr

r dt r P r−β −α

⎛ ⎞
= −⎜ ⎟⎜ ⎟θ ⎝ ⎠

(19)

&4>

2 11 1
1

MSMS

dr i r

r dt Pr

α+

−β

⎛ ⎞
= −⎜ ⎟⎜ ⎟θ ⎝ ⎠

(20)

��1'&'��+.�'5���()/+3,+��P1����+�24*4�.08'�30(,�'<
5��8�?�+�,+6�.+B�/�37/��/+?�0()�6�.�+(�+()

� *��14*�+�(0;�';

2

2 2

1 1
1kol

CS CS

udg

g dt g U gδ γ

⎛ ⎞
= −⎜ ⎟⎜ ⎟θ ⎝ ⎠

(21)

� 3',0.�+�(0;�';

2

2 2
1 1

1 kol

CS CS

udr

r dt r U r−δ − γ

⎛ ⎞
= −⎜ ⎟⎜ ⎟θ ⎝ ⎠

(22)

���	�������
���	
�
���������	����

����������������
������
��

�.08'�30(,�9�()+3+*�'30.�0*'�8�(0�8�1'&4��+03+�@FA�4,0<
.*4;'�.�-"�/63�/+1,+;9(�,+&'?��=(�M

( ) ( )( ) ( ),M MS M MSP g P sign i g g gα β= ⋅ θ = θ (23)

lub

( ) ( )( ) ( ),M MS M MSP r P sign i r r r−α −β= ⋅ θ = θ (24)

5�1��'�,�*��('6(;9��()/+3,+��P1����+�θM���'�,+&'?0
�1�PM"�+�/�-(��1�*�'34�*4�63,'620/+;9('5��63914 

�.08'�30(,�9�H4�*(;-��+6�-(�+�8�1'&4��+..�'5��@OA�4,0<
.*4;'�.�-"�/63�/+1,+;9(�,+&'?��=(�M

( ) ( )( ) ( ),C CS C CSU g U sign i g g gγ δ= ⋅ θ = θ (25)

lub

( ) ( )( ) ( ),C CS C CSU r U sign i r r r−γ −δ= ⋅ θ = θ (26)

gdzie: PMS, UCS ��H4�*(;'"�*�73'�8�?�+�+63�*.08�/+B�,+
6�8�(9�,+&'?��=(����'&����/0()�D.*�*�/0()�&4>�.�58��1+&<
�0()E"� +�+&�5�(,��'� ;+*�6�1+���/�63+(+()� @F"�OA �	�63,0<
6+1*4� ,+>43,':� �� (,-.���&�/�=(�� 37?�';� �1� (,-.���&�/�=(�
/084.,'��+�6391�/'5���>/�14�&4>�/�63,06+1*4�,+>43,':
��*.,�+2(�'�>+31,��37?��9(08�.�-��1�8'+�130(,�'5����/08+<
5+�';�/�-*.,';�63'(0,;���>&�(,':�8�?�+�;'�,+.�96�B��16�/�'1<
��8��63,'>�'5+8��(,+.�/08� 

8�10H�*�/+�'� 8�1'&'� �+03+��()/+3,+��P1����+
24*4�+.08'�30(,�'5��8�?�+�,+6�.+B�/�6�.�+(�+()M

� *��14*�+�(0;�';

( )( )
1 1

1kol

MS MS

u idg

g dt g P sign i gβ α

⎛ ⎞
⎜ ⎟= −
⎜ ⎟θ ⋅⎝ ⎠

D�FE

&4>

( )( )
2

1
1 1

1
MS MS

dg i

g dt g P sign i gβ α+

⎛ ⎞
⎜ ⎟= −
⎜ ⎟θ ⋅⎝ ⎠

D�OE
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� 3',0.�+�(0;�';

( )( )
1 1

1 kol

MSMS

u irdr

r dt P sign ir

α

−β

⎛ ⎞
= −⎜ ⎟⎜ ⎟θ ⎝ ⎠

D��E

&4>

( )( )
2 11 1

1
MSMS

dr i r

r dt P sign ir

α+

−β

⎛ ⎞
= −⎜ ⎟⎜ ⎟θ ⎝ ⎠

DI#E

8�10H�*�/+�'� 8�1'&'� �+.�'5���()/+3,+��P1����+
24*4�+.08'�30(,�'5��8�?�+�,+6�.+B�/�6�.�+(�+()M

� *��14*�+�(0;�';

( )( )
2

2 2
1 1

1kol

CS CS

udg

g dt g U sign i gδ γ

⎛ ⎞
⎜ ⎟= −
⎜ ⎟θ ⋅⎝ ⎠

DI!E

� 3',0.�+�(0;�';

( )( )
2 2

2
1 1

1 kol

CS CS

u rdr

r dt r U sign i

γ

−δ

⎛ ⎞
⎜ ⎟= −
⎜ ⎟θ ⎝ ⎠

DI�E

����
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