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AM

BF

BM

CF

CM

ND-Stutzen

HD-Stutzen

Auslassfläche Einlassfläche
Gehäusespalt

Kammerverbindende Flächen
PE-Spalt

nachfolgende Kammer

GF

FF

FM

EF

EM

DF

DM

AF

AM
Kammern, AM bis FM (M = Male Rotor,Hauptrotor)
resp. AF bis GF (F = Female Rotor,Nebenrotor)
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Kammer

Zustände: V(t) bzw. V(phi)
                 m(t) bzw m(phi)
                 u(t) bzw. u(phi)

mech. Energie

therm. Energie

Massenstrom
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	�M�F�-�S�J�q�
�u���F£¢�¢��:��j�F� 
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x

y

z

s 1

s 2

P 1

P 2

P 3

P 4

A n 1

A n 2

x 1

x 3

x 2

x 4

L a g e  d e s  O b e r f l ä c h e n -
e l e m e n t e s  a u f  d e m  H a u p t r o t o r

S t i r n s e i t e

O r t s v e k t o r e n  r 1  b i s  r 4  v o m
K o o r d i n a t e n u r s p r u n g  z u  d e n
P u n k t e n  s i n d  n i c h t  d a r g e s t e l l t

R o t o r s e g m e n t
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-�v���u�j�d�F�j�����F�

-�v� v� � t v� x t v� � �F�F� v���
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AM

BF

BM

CF

CM

ND-Stutzen

HD-Stutzen

Auslassflächen Einlassfl.
Gehäusespalt Kammerzwischenflächen

Profileingriffsspalt

Nachfolgende Kammer

GF

FF

FM

EF

EM

DF

DM

AF

AM
Kammern, AM bis FM (M = Male Rotor)
bzw. AF bis GF (F = Female Rotor)

Male
Rotor

Female
Rotor

Mechanische Verbindung
Male
Rotor

Mechanische
Kapazität

n>fhbho����
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Lagerposition auf
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Lagerposition auf der
Saugseite in den Rotoren
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MHR

FHR

FNR

Druckkräfte u. -momente
bez. auf den Koordinaten-
ursprung auf der Stirnseite
von HR und NR

Kontaktpunkt im
Profileingriff
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2. Ansatz: Pi = ω Mi

1. Ansatz: Pi = z n� p dV

n>fhbho������ 
 � ¥¦�j£ �	�v�����#� � � �j�¢��� �F�F�^�F�j��¥¦�j���F�j� ���j���O�M�F�u�j�4�¢�P� �F� � �F���¢��
M�j� �z�F�j����� ��� �F£ �v�j�
� �j� ���u���F�u� �u�v�3�n�j�@�F�j�(�n�j�	�u¡F�¢�j£¢�_�	�D�v�j�#� �j�u�j���F� �F�F�:�F���&�8�¢���v�F�j£¢£¢�j� � �j�u�F�¢���-�v�j���

�v�j�d�o©F�¨�_��� BH�8�F�j£¢£.���j��
 ©F��"j�j�C�u�¢�����@�q�¢���u� � �j���O�M�F�u�j�6�u�¢�F�����n�j�¨���	�v�F�j���	�v�	�u���5
M���z¡F£¢��
��j�
�F�F�H� �F�¦�z� �&�q��� � �M�F� �¢�U�_���&�����u�_�M�F�F�j�F� �����
"j�j¡��(����� �������	� "j�H�¢�-�v�j���u�¢�j�u�j���
�q�H�F�¢���u�j�
1 �v�j£¢£¢� �	��� �_�M�v�M����"j�m~*�F�
���v�j���j�¢�F�j� �j�u�
���-�v�j���q�
"S�M�F£F����� � �j� ���u���F�u� �u�v�j�����j��"j�¢���-�v�V� � ���u�F�j���

��K



� � � � � �������	��$�%�� �����&,2�	���:��
�� ����


�)$�%��*�����+��
&,-���&���:


�q�¢�($������v�j£¢£¢�F�F�*�j�¢�F��� ���M�z�z�j�u�z�8�F�j£¢£	�@�o©F���j�¢�F�j�*18���F�v�M�
�n�j�F£ �M�F�j���	���9"j�F� � �j� �S�M�¢�
���n���u���F�F�j�u�
�n�j��$��¢�D�F�¢�F�F�F�F�U�F�j���z�j���_�M�F�	�u���F�j�����M¡_��"j� � � �v�j�"�F�F� � �j���F�¢�F�F�F�F���j���@�j�¢�6"j�j� ���M��� � �j�F�F�¢���j�
� ���u�-�M�F�F� ��� �n�j�n�F�j�:���j¡F£ �M�-�v�j� � �M�u� �	�v�¢���
�u�F�-�v�j���u�F��� �F�F���j�:�F�j�+�q��� � �M�F��"j�:�z�¢�F�¢�z�¢�j�u�j���
�	�������3�u�¢�F� ����£¢£\�2�_���'�����u�_�M�F�F�j�F��BH�8�F�j£¢£B�z� �3���¢£ �o��"j�"�F�V� �¢�F�¢�j�u�j�F�F�j�*���j���z�V�v�u�	�u���F�j�)1 
	�M£¢�¢�l�
�u�F�F�����O��
-�v���u�j�d�M���B�j�¢�F�*�F�j�F��BH�8�F�j£¢£¢������:��*�M�
"j�F¡_�����u�j���

���¢�j�q�_�M�F�F�j£ �*���'�u�¢�����F�S�>��
-�v���u�j���2�F�¢� �j�¢�F�h���j���z�V�v�u�	�u���F��1 
	�M£¢�¢�j�u�F�F���F���)BH�8�F�j£¢£	�q�j���
�!����£¢�¢���F�j�����q�¢���u�j�3�q�
�v�	��"�
	�M�F�"�F�¢���-�0�¢�S18�¢�F�F���F�j�3
 �¢�F�j���	�v�	�u���F�j���q�F�F£¢�¢���

M�j� �0�M�
�*�F�j�
� �j�u�j�¢��� �F�j�'1 �v�����h�F�F���u�����u���F�¢�F�j�#���j�������M�F�F�j� � �j�u�F�j���%$9���	���q�M£	�u� �F�¢���-�q�!����£¢�¢�����F�M���9�(�X�
�u�	� �F�j�!$��u�����F�F�	���u���z�j�¢�F��� 
 £¢�j�¢�F�j�PBH�8�F�j£¢£	� �M���q�_��� � �j�u�_�M£ �v�j�^�j�¢�F�j� � ���u�j�-�v£¢�¢��� ������:��j�u�j�
B ���u���F�¢�F�*"j�7�u���F£¢�¢��:��j��� � �¢� ��� �F�¢��
 �¢�F�j���	�v�	�u���F� �q�F�F£¢�¢���

M�j� �0�F�j��~*���u��� � �¢�F�F�¢��
M�j� ���u¡F£ � �F�
�����;1 �v�����h�F�F���u�����u���F�¢�F�j���o©F� BH�8�F�j£¢£B�F�F�Y~*�u��:-�M�
���o©F�F�u�F�F�:�j�u£ �M�
��� � ��ª �\� �¨�¢�j£¢�z�j�F�q�F�¢�j�-�
�F�¢���u��� � ���u���j�F�j� �F�j�����j���z�V�v�u�	�u���F�j�;1 
	�M£¢�¢�j�u�F�F�F�2�F�j�0�M�
�u���F£¢�¢��:��j�F�"�F�8��� �F�¢�h�v�F�j�u�z�8� /8�_�X�
�z�	�u���F�'18�¢�h�F£ �	�v�¢��� �o��£¢���j�z�h�
���j�8�¨���n�j�J
����F�F�j�:�F�F� � �j�u�F�j�:�F�¢� 18�¢�h�F£ �	�v�¢���
�u�j�u�����F�F�	���u� �F�j�
�n�j�¢�F�j�5BH�8�F�j£¢£¢�¨�F�F�u���_�M�
�(�M�M�u�¢�¢�j�u�j���
~*�j�_�M� �F�¢���u��� � �j�u�_�M£ �v�j� �F�j�3BH�8�F�j£¢£¢�0�	���q�j� � ©F�
�u���-� �
" � �J�u��£¢£ �F�-�v�j���u�F���-� � �j�u�F�j�����q�¢�

�_�v�M��� �	���<� � �z£¢�¢�����K�¢� � �¢� � �j� �<�F�¢� ~*�j���z�V�v�u�¢� ���j� � �F�F�j�u�F�F�¨�F�j��¥¦�M�v���u�j�h�F�¢�H� �F�j�u�z�8� /8�_�M�z�	

�F�F�y�_�����v�v�M�
�u�¢�j�-�v� � �j�u�_�M£ �v�j�^�F�j�*B ���u���F�¢�F�#�n�j�j�¢��� £¢�
���u�j�����¨���n�j�&�u��£¢£¢�j� �F�¢�<18¡_�M£ �v�
���F�j�

M���
�����M�-���F£¢�j�	�n�j���@�q�¢���*�	��� �n�j���F�j� � �j� �v�j�u�j�;���-�v�j���u�F��� �F�F���j� � �F�0��
D"j�j¡������n�j£\� � �j�F�C�u�¢���
�F�¢� �q�F�u���F�z�����u�j�����F�F��¤ � �F���j� � �F�F�j�u�F�F�:�F�j�q¥¦�M�v���u�j�d�¢�d~*�u�j�
"j�j���_�M£ �v�j�H�F�F�d�F�j�2�>��
-�v���
® �F�¢���-�¨©
�n�j���u���F�u�j� �v�j���%� �j�6������:��j�u�j� � �M�u� �	�v�¢���F�j�;= BH�8�F�j£¢£���~*�u��:-�M�
���o©F�F�u�F�F�D?(�h�
���q�F�¢�j�
�M�F��� �_���*�v�F�j�u�z�	�u���F���q�
�u�F�j�F� �F�F���0���j�u�_�M£ �v�j�7�n�j�u©F�4
D�u�¢���-�v�¢�M�0�F�F� �F�¢�!18¡_�M£ �v�
���F�j�"�h©
���u�j�
�j�-���u¡F�u�j���F�j�F�"�M�F���j¡_������� � �j�u�F�j���

�1�



� � ��� � ��	 � ��������� � � ���
�����>���	� 
C� � ������� ���-� �����
���������

�q�¢� ���j���z�V�v�u�	�u���F� �q�F�F£¢�¢���

M�j� �.�n�j� �j�¢�F�j��18���F�v�M�
�n�j�F�����u���F�¢�F� �	���B�M£¢£¢�j�u�F�¢�F����� �F�B���j�����n�j���
� �j�F� �_���q���u�M� �¢£2�F�F� �F�j�����!�u���F£¢�¢�F���F�F��� � �¢�

M�j£ �F�j��¥¦�M�v���u�j�<�u�¢���H�F�¢���-� � �F�F�j�u���J� �j�@�j�¢�F�j�
� �j� � �F�F�j�u�F�F� �F���z���u�M� �¢£	�h�F�F�y�F���!���!�u���F£¢�¢�F���F�F��� � �¢�

M�j£	� � �¢�u�^�F�¢�<18� �v�_�	�v�¢��� � ���u�j�-�v£¢�¢���

M���z¡F£¢��
��j���F�u� � �F�F�j�����u�¢��� �¢�U�F�¢���u�j� �>�M£¢£@�M�F��� �F�¢� � �F���u�F� �F�F���F�j� �q�M�F¡���� �F�F�58����n�j�F�u�	�
�v����
	�M�z�z�j�u�C"j�F�j�¢�_�M�F�F�j�j�<�q�¢����
	�M�F�^�M£¢£¢�j�¢�"©
�n�j�h���j���z�V�v�u�	�u���F�+1 
	�M£¢�¢�j�u�F�F�����O��
-�v���u�j�Y�F�¢���-�
���F�����F�¢£¢�F�V� � �j�u�F�j���%� �j� �j�¢�F�j� � �M�u� �	�v�¢���m�F���q¤ � �F���j�8���q�F�u���F�z�����u�j� � �j�u� � £ �v�F�	���u��� ��� z �F�j�
¥¦�M�v���u�j���B�F�¢�m�¢�«¥��M�F�z�j�^�F�¢���u�j� �q���n�j� ���F�-�v�j���u�F���-� � �¢�u���B£ �����u�j���u�¢���y�F�¢�*���j���u���F�¢�j�F�j�F�j�
BH�8�F�j£¢£¢������:��j���¢�F�F�j�u�_�M£	���F���¦���M�z�z�j�u�z�8�F�j£¢£	��= "M���q�F���M�z�z�j�0����£¢�F�z�j���8¥¦�M�v���u���n�j��� £ � ���F�j���
18¡_�M£ �v£ � �F���j�m�V�v�M�4?(�z� � �F�-�v�j���u���F�¢�j�F£¢�¢���F�j�21 
	�M£¢�¢�j�u�F�F�����O��
-�v���u�j�U�M�F¡_�����u�j���
�q�¢�q���j���z�V�v�u�	�u���F�j�+� �F�z�����u�F�F���j�U�F���H�����u�_�M�F�F�j�F�j�U�F�F�m�F���(�F�j�F�j�<BH�8�F�j£¢£	� £¢�¢�V�o�j�u���F�¢�

1 
	�M£¢�¢�j�u�F�F�����O��
-�v���u�j�h�o©F�<�F�¢� �F�-�v�j���u���F�¢�j�F£¢�¢���F�j��BH�8�F�j£¢£¢������:��j���M�¨���n�j� � �j�u�F�j���F�¢� �¨�	�v�j� �F���
�q�M�F¡��v�u�M�v�������n�V�v�v�M���-�v�V�S�n�F�j�q���F�F��
d�!���v�j�-�q�o©F���_�����q�
�u�-�M�F���u�z�8�F�j£¢£ �F�F� �F�j�q���F�F��
 �H�o©F�
�_���(��
	�M£¢�¢�j���v�M���F�j�F��BH�8�F�j£¢£\�
�q�j�!1 
	�M£¢�¢�j�u�F�F�����O��
-�v���0�o©F�h�_�������
� ����£¢�F�z�j�^�F�F� �F�¢�m���M�z�z�j�0����£¢�F�z�¢�_�U�F���!BH�8�F�j£¢£	�

� � �F�M�&�����H�F�j� � �M�F�F£¢©F�4
M�j��� £ � ���F���¢� 1 �v�¢�u�
�u���F�F� �u���F�F�H�F�j��¤ � �F���*�F���q¥¦�M�v�����¦�����

{������
	 � � � � z  "� ���z ��� ��� � x � �  "� ���� ��� ��� ~*£\� =O¬ � 
 ?l�
�q�¢���v�M�F� �M£¢�j���q�
���v�u� �u����� £ � ���F�j���¢� ~*�j� � �
�u�M�8�F�¢���*�v�	�D�v���n�j��� £ � ���F�j�_�M�-�v�j�¢£¢�¦�F�j� ¥¦�M�v���u�j���¢� 
 �
�F�F�!/-��¥¦�¢���-�v�F�F�F� �F�¢� � �j���F�¢�F�F�F�F����� £ � ���F�j�*" � �	�u���F�j�#�q�M�F¡����B�F�F�+8����n�j�F�u�M�v����
	�M�z�z�j�u�z�F�F�
�F�¢�(� £ ���u£¢�8����� £ � ���F�j� �u�¢�F�!�B£ � ���F�j�F������:��j���-�F�¢������� �q�F�u���F�z�����u�j� �F�F�z�F�j� ¤ � �F��� �F��� ¥¦�M�v�����
�n�j�j�¢��� £¢�
����� � �j�u�F�j���n�q�j��"j�F���j�
���u�¢��� �>��
-�v��� £ �M���v�V�S�

{ � � 	 � x � z  "� ���
z ��� ��� � �  "� ���� ��� ��� ~*£\� =O¬ �F®�?l�

�q�¢���>��
-�v���u�j���o©F� �F�¢�m� 
�� �M£¢�j�7$��¢�8�*�F�F�N�q�
�u£ ������� £ � ���F�j���B�F�¢�m¥¦�M�v����� £ � ���F�j�Y�¢�7"l��¥¦�¢���-�v�F�F�
�F�F���F�¢�'1 �v�¢�u�
�u¡_�M£ �v�&�u�¢�F�:���F� � �F���¢� �������F�j�����v�¢�u�
�u�j� �v�¢���j�!�B£ � ���F�j�*�
" � ��¤ � �F���j���F�F���_�M�z� �
�������q�F�u���F�z�����u�j�q�F����¥¦�M�v�����j�

{ � 	 � x � � z  "� ���z ��� ��� � x = �B£ � ���F�G? �
" � � { ��� 	 � � z  "� ���
z ��� ��� = 1 �v�u�¢�
�u¡_�M£ � ? ~*£\� =O¬ � � ?l�

� �j�¢� 1 
	�M£¢�¢�j�u�F�F�����O��
-�v��� �o©F�q�F�j�"~*�j� � �
�u���u¡_�M£ �¨���������M£ �v�V� �u�¢��� �F�j�31��M��� ���j�u�_�M£ �3
M���z¡F£¢��
��j�j�
� �V�v�v�M���-�v�V�z���M� �F�j�y¥¦�M�v���h�¢� ~*�j� � �
�u�M�9
	�M�F�^�F�¢�m¤ � �F���m�F�j� ����¡�� £¢�¢�F�¢�z�F�F�^�_�M�z� �h�F���
~*�j� � �
�u���u¡_�M£ �v�����F�F�u���y���u� -u��
-�v�¢��� �F�����F�u�j�¢�F�¢�z�j�
�u�¢���_�M£¢�j�Y���u���F£¢�j�!�h�¢���F�¢�+$9�n�j�F�m���j£	�����

L-ª



� � ��� � ��	 � ��������� � � ���
�����>���	� 
C� � ������� ���-� �����
���������

 n>fhbho ������� �X���F�¢�z�j�
�u�¢���_�M£¢�j� � �j�u£ �M���B�F���¨~*�j� � �
�u���u¡_�M£ �v�����F�F�5A��n�j���v�v�M���F�F�z�F�j�'18¡_�M£ �v£ � �F���
�¢�m�F�¢�)$9�n�j�F�

� �j�u�F�j��� n>fhbho ����� � $9� �j�u���	���@�u�¢���:�j�¢���u�j���-� � �¢�

 £¢�¢����� �q�u�j�¢�j�4
>���F�����u�j�+�n�j�¢�F�j�:���	�v�F�V�v�j�F£ � �8�
���j�<����� �q�F�u���F�z�����u�j�¨�F�F� �F�j�q¤ � �F���0�F���q¥¦�M�v���������F� � �F���j� �
" � �J�n�����v�¢�z� � � �j�u�F�j���2�q�¢�
¤ � �F���¦�F�j�H�(/8¡n�M�v�j� �
�u�M�8�F�¢������¡�� £¢�¢�F�¢�j�8� �
" � ��~*�j� � �
�u���u¡_�M£ ���F�u�j� �v�M� �n�j�u�j���F�F�V���u�¢���:�M�
� �F�j�
1��	��"��F���q�O/ �v�_�M�����v���

����� � � $ � �
� x� � $ ��� � 	 � ������ 	 � �,+-� z � � $ ��� 
 x ~*£\� =O¬ ��LD?l�

�F�F�:���M� �j�u� � £ � �o©F� �F�j�+1 
	�M£¢�¢�j�u�F�F�����O��
-�v��� �F���(~*�j� � �
�u���u¡_�M£ �v���H�n�j�L
M���
�����M�-�v�j� ���!�u���F£¢�¢�8�
���F�F��� � �¢�

M�j£

{ � 	 � � �  "� ��� � � $
� ��� ��� � � $ ��� 	 � z@x "� ��� � � x "� ���	 � z x��� ��� � � x��� ��� �z� � 	 � 	 � ������ 	 � �"+ 
 x ~*£\� =O¬ ��J�?l�

� �j�>�F�j�H� �����v�¢�z�h�F�F���F����1 
	�M£¢�¢�j�u�F�F�����O��
-�v�������o©F� �F�j�:���u�M� �¢£¢�j�¢�F���u� �\� ���u¡_�M£ � � �¢�u���M�����j�¢�����u�	�
���v�M�z� "j�F��� �j�u�j���F� �F�F�"�F��� $��¢�F���u� �\� ���u¡_�M£ �����j�u£ �M��� � "j�F�u©F�4
 ���j���u� �\�o�j� � � 
��\�6�¨�������u�����v�M�z�
�n�����v�¢�z� � �M�F�����F�¢��¤ � �F���z�F�������u�M� �¢£¢�j�¢�F���u� �\� ���u¡_�M£ ���j�2�¨�M�v�M�
� �j�u���	�����u�¢�����F�j��1 
	�M£¢�¢�j�u�F�F�����
�O��
-�v��� �o©F� �F�j� $��¢�F���u� �\� ���u¡_�M£ �S�

{�

� 	 � � �  "� 

�
� ��� 

� ~*£\� =O¬ ��¬ ?l�

L 




� � ��� � ��	 � ��������� � � ���
�����>���	� 
C� � ������� ���-� �����
���������

8��F�H�o�j�F£¢�j�H�F�8��� �F�¢��1 
	�M£¢�¢�j�u�F�F�����O��
-�v���u�j�m�o©F�¦�F�¢��BH���z�j�-�u� £ � ���F�j�_�M�-�v�j�¢£¢���F�j��¥¦�M�v���u�j���
�q�¢���u�@�u�¢�F�)"j�F���j�¢�F�j�h���F� � �F���¢�&����� �F�j�B¥¦�M�v���u���n�j��� £ � ���F�M�K�M£	�u�&����� �q�F�u���F�z�����u�j�<�F�F�5I	�8�F�j�
�F�j�0¤ � �F��� �F��� ¥¦�M�v�����j�@�F�F�;"j�F�+�M�F�F�j�u�j�6����� � �
�����M�F�Y�F�¢���u�j��M'�n�j��� £ � ���F�������+���8���u�F� �
�_�	�v�j� �F���u¡F�u�F�F�F���B©F���_���¨�q�u�j�F�z���z�j�-�¨�F� �F�¢�)"l�R� ���
�u�<=O¥¦�M�v���u�F�u�j�_�M���
�u�G?��u�¢�F� �F���n�j���F�j�
�q�F�u���F�z�����u�j� � �F�F�j�u�F�F���o©F�(�F�j�<� �
�����M�F�#���������8���u�F�¢�_�	�v�j� �F���u¡F�u�F�F� �F�¢�*¡F�u� -u��"j�¢�j���v�j�<�B£ � �
���F�j� �M��� �F�¢� 
 "l�(� � "M��/ "l�T$9�n�j�F� �n�����v�¢�z�z�j�F���2�q�¢��1 
	�M£¢�¢�j�u�F�F���F�¢���u�j�3�B£ � ���F�j���	���*�z� �q�F�j�
�q�F�u���F�z�����u�j���*�F�F� ¤ � �F���j� � �F�F�j�u�F�F� ����
M��¡F¡n�j£ �S�B�¨�M�z� ���j�u� � £ �0���M�"�o©F�0�F�j��1 
	�M£¢�¢�j�u�F�F�����
�O��
-�v��� �F�����q�u�j�F�z���z�j�-���¦�F���F�¢�3"l�R� ���
�u�M�

{���� 	 � � � � z  "� ���z ��� ��� � x � �  "� ���� ��� ��� = "l�R� ���
�u�G? ~*£\� =O¬ �F­�?l�
�q�¢���u�j�&�>��
-�v��� �h�
��� �z� � �F�j� �>��
-�v��� �o©F�(�F�¢��� ��£¢�F�z�j�_�M�F¡_�����u�F�F�h©
�n�j�u�j�¢�
���v�¢�z�z�j��� � �j�

�j�¢�F�j�m�¢�F�S�M£*�F�¢���-�v�j��B ���u���F�¢�F� � �F�F�j���<�u�¢�����F�¢�"���F�F�j�_�M���n�j� �H�M�_�M£¢���N"j�F� �>��
-�v���:�o©F�U�F�¢�
� ��£¢�F�z�j�

 �F�0����= � �j�u�j���F� �F�F�z©
�n�j� �F�¢� � ��£¢�F�z�j�

 �F�0���G? �8�F�j�H"j�F�E�>��
-�v��� �o©F� �_�����q�-�v�u�¢���
���
�z���z�j�-��= � �j�u�j���F� �F�F� ©
�n�j�*�_�����q�u�j�F�z���z�j�-� ?l���¨�M�F�j�*�h©
���u�j�C�n�j�¢�F� �>��
-�v���u�j�"�F�¢���-��� �F�
�F�¢���u�j£	�n���q�¢�z�j�
�u�¢���+�u���F�F�j�u�d�M�F��� ���
�u��£¢���¦�F�j�
�u�j£	�n�j�H§Y�j���¦�_���n�j���

�B©F�q�F�¢� 1 
	�M£¢�¢�j�u�F�F�����O��
-�v���u�j�d�F�j�3BH���z�j�-�v�h�F�
�F�¢� 
 � �F�F�5/-�R� ���
�u�����v�j£¢£ � �u�¢�����F�¢��$����
�z� �u�v£¢�F�F�"�j�¢�F�����j�¢�
"j�j£¢�F�j� �>��
-�v�����:�M£	�z�F�F�!����£¢�¢���^�_�M�j� �¨���m���u���F£¢�j�&�u���u�F£ �v�¢�j���:�M�
���F�j�
� ��
-�v����
 �u�j�
"j¡F�u�8�F�

-���F���3�B£ � ���F�j�
�u��� � �j�u¡F�F�

-���0����
-�v����� �z� �q�F�j� �B£ � ���F�j�F�F���u���M£¢�j� ����
-�v���j�
�8��£\�>~*£\� =�J�� 
 
 ?l�_�¨��� BH���z�j�-���F���F�¢� 
 �R� ���
�u�0�u���u�F£ �v�¢�j���(�n�j�	�u¡F�¢�j£	� � �j�	�u�0�M�
�¦�F�j�H¡F�u� -u�	"j�¢�j���
�v�j� �B£ � ���F�j� �¢���F�¢� 
 /-�0�F�F�^�F�¢� 
 "l�T$9�n�j�F�M� n>fhbho ��� 
 �<�q�¢�<1 
	�M£¢�¢�j�u�F�F�d�F�j� �B£ � ���F�:�¢� �F�j�

 /-�T$9�n�j�F�0�	���&����� �¨�_�M�F�v�	�¦�F���q�q�F�u���F�z�����u�j���j�n�F�¢�3� �
�����M�F�
� � �F�F�j�u�F�F�*�������q�F�u���F�z�����u�j�
���F� � �F���¢�F� ����~*�j���j�
�v�	��"¨�_��"j�U�	���(�F�¢�¨¡F�u� -u�	"j�¢�j���v�'�B£ � ���F�¨�¢�:�F�j� 
 "l�T$9�n�j�F�3����� �q�F�u���F�z�����
�u�j�h�F�F� �F�j��¤ � �F���:�F��� ¥¦�M�v�����h���F� � �F���¢� �F�F� �F�j��� �
�����M�F�^���n�j���O�M£¢£	�0�j�¢�F�+�_�F�

-�v�¢�����F�j�
¤ � �F���j� � �F�F�j�u�F�F�F�>�¨�M�z� � �j�u�����n�j�<�u�¢���<" � �j��1 
	�M£¢�¢�j�u�F�F�����O��
-�v���u�j�m�o©F� �F�¢���u���'BH���z�j�-�S�

{������ � � 	 � � � � z  "� ���z ��� ��� � � =O� ? ~*£\� =O¬ ��K ?l�
{������ � � 	 � � � z  "� ���

z ��� ��� � � �  "� ���� ��� ��� � x = �L? ~*£\� =O¬ � � ?l�
~*£¢�j�¢���F�������¢£ �¦�M�F��� �o©F���F�¢�)�>��
-�v���u�j� �F���3BH���z�j�-�����F���F�¢� /-�R� ���
�u�M���q�¢��BH���z�j�-�v� �F�

�F�¢���u�#�n�j�¢�F�+� ���
�u�j�>
����F�F�j� �M£	�u�"�F�¢���-�z�z� �h�j�¢�F�j� �j�¢�
"j�¢���j�P1 
	�M£¢�¢�j�u�F�F�����O��
-�v�����M�F���j¡_�������
� �j�u�F�j�����u���F�F�j�u���F�¢�@�n�j�¢�F�j��BH���z�j�-���M�-�v�j�¢£¢� �h©
���u�j� �z� �6�¢�F�u�j�(-u� � �j�¢£¢�¢���j���>��
-�v���u�j���n�j�u©F�4
��

L ®



� � ��� � ��	 � ��������� � � ���
�����>���	� 
C� � ������� ���-� �����
���������

 

Faktor ~D3 Faktor ~D L2

a) b)

n>fhbho ��� 
 � ���u� -u��
-�v�¢���:�j�¢�F��� ¥¦�M�v���u���n�j��� £ � ���F�j�F�j£¢�j�z�j�-��� �¢�:�F�¢� 
 /-� �F�F� 
 "l�
$9�n�j�F���z� ��1 
	�M£¢�¢�j�u�F�F�����O��
-�v���u�j�m�o©F��BH���z�j�-�v���F���F�¢� 
 �R� ���
�u�

�u�¢���-�v�¢�M� � �j�u�F�j���������F�¢���q���D�v�j�¢£¢�F�F�¦�F�¢���u�j�.�q�-�v�j�¢£¢��"j� �j�u�!����£¢�¢���F�j��� �u�¢�F�0�F�¢��18��� � �j�u¡F�F�

-�����
����
-�v���u�j�:�F�F�*�B£ � ���F�j�F�F���u���M£¢�j� ����
-�v���u�j�z�_�M���m~*£\�F=�JK� 
 
 ?6�F���@�q�
�u�-�M�F���u�z�8�F�j£	���F�M� � �j�F�F�¢�F�
�¨�M�z� �(
����F�F�j�d�_�M�F� ©
�n�j�¦�_��� � ��
-�v���u¡F�u�8�F�

-�q�F�¢�)$��¢�
"j�j£ �M�-�v�j�¢£¢�*�F���¨~*���v�M� �v�z���z�j�-���¦�F���
¥¦�V�o�j�u�j�
"j�z�8�F�j£¢£	�&�n�j�u�j���F�F�V�q�F�F�H�_�M�F�H�z� � �F�j�51 
	�M£¢�¢�j�u�F�F�����O��
-�v���u�j�+���j���u�j�F�j� � �j�u�F�j���

BH� �¨�F�¢���u�j�;1 
	�M£¢�¢�j�u�F�F�����O��
-�v���u�j���	���*���*� �F�"�!����£¢�¢�����2�M�
�u���j�F�j�F�6�����"�j�¢�F�j� �����u�_�M�F�F�l�
�F�j�2BH�8�F�j£¢£\�F�M�F�F�j�u��B ���u���F�¢�F�j�F������:��j� �¢�E� �j�u�j�¢��� ��� * ���
"j�F£¢�j� �v�j�U�F�F�<"j� �u�¢�h�F£¢�¢�j�u�j���8���
���M¡������¯®8�¯® � �¢�u���F�¢���u��� � ���u���j�F�j�^�M�F��� � �j�F�F�V�S�<�F� �M�F�_�M�F���j�¢�F�j� � �M�u� �	�v�¢���"�F����¤ � �F���j�8�
�q�F�u���F�z�����u�j��� � �j�u� � £ �v�F�	���u���U�F���m¥¦�M�v�������j�¢�F�5� � � �j���v�F�F�N���j���u���F�¢�j�F�j�F�j� ~*�j���z�V�v�u�¢�j� �F�¢�8�
�u�¢���-�v£¢�¢���y�v�F�j�u�z�8� /8�_�M�z�	�u���F�j� � �j�u�_�M£ �v�j�
�z�F�F� �¢�
�����	�v�¢��� � �u�j�P� ���u���F£¢�j�F�F�¢���F�F���0���j�u�_�M£ �v�j�
�
�F�F�u�����o©F�F�u�j�5"j�<
����F�F�j���

L �



� � ��������� �
	�� 
����������
	����������

����� �"!�# $&%(')!�*)# +(!�,"- �"*/.102.1!�3546� �17�8 9:!�# ;<7�,"46� *)# !�#=8 # ,?>5# 46� �"@(# *),"*)!��?.A9:!2.1�"*)!�9:!�#CBD!��"$ !�#FEG*),?.
9:!�*H$ !�#I.1�"@546J�!�# 'K7�8MLN!�# $ !�#IOP7��"*K7�#Q.1!�#A!�*)#R3S>5# 46� �"@(# *),17T.1*)@(# ,"+(!2.1�"*)!�9:!U#V7�46�W$ !�;X$ !��"0�!�*/.1*)+(!�#
3S.67�# $W$ !��ZY[!�46� # *)JA\ 9 ')*)46�FE]8 ;X!�*)# !_^D!��"\ � �"8 # +`$ !��bac@�.1@(�"!�#I0�8Wd(!��";e!�*)$ !�#FfhgG8 �"46�R!�*)# !�#
Oi!��"0�*)46�Q.D7�8ML]$ *)!�,"!�,D3S>5# 46� �"@(# 0�7�� # �17�$ -V7(7��i!��"+(!�9:!�#e,"*)46�e;e!��"JS')*)46� !DOi!��"9:!�,","!��"8 # +(,"-:@�.1!�#Q.1*K7kj
')!_l mQn�oqp

rts *)# ,"-V7��"8 # +u$ !�,R3S>5# 46� �"@(# *),17T.1*)@(# ,vj?wF7�� # �17�$ -V7(7��"!�,yxzac!�$ 8 0�*)!��"8 # +u$ !�,R{|7�,","!�#Q.1�1��+Tj
� !�*/.1,";e@(;e!�#Q.1!�,}8 # $`$ !�,~{`@(#Q.67�+(!�7�8ML�B�7�# $ !�,6��E

r ac!�$ 8 0�*)!��"8 # +_$ !�,G^�7�8 �17�8 ;e!�,�E
ry� # ,?.1*)!�+�$ !�,���*)�"JS8 # +(,"+(�17�$ !�,[$ 8 �"46�U+(!��"*)# +(!D35-V7�'/.1!�E�BD!�*)'S!�*)# !P^D!��"\ � �"8 # +G$ !��Hac@�.1@(�"!�#
0�8 'K��,","*)+�Bc*)�"$Ff

^D!�*);�8 # ,?>5# 46� �"@(# *),"*)!��?.1!�#�^D!2.1�"*)!�9Z!��?LN@(')+�.h$ *)!���9:!��?.1�17�+(8 # +c$ !�,h$ 8 �"46��$ *)!P�b7�,"JS�1�TL�.1!�9:!�$ *)# +Tj
.1!�#�gG�"!�� ;e@(;e!�#Q.1!�,P02Bc*),"46� !�#��G7�8 -M.?jH8 # $���!�9:!�# �"@�.1@(�P\ 9:!��i$ *)!GwF7�� #ML�'K7�# J�!�#<$ !��Pac@�.1@(�"!�#Ff
s *)# � # ,17T.10c0�8 �P�h%(,"8 # +b$ *)!�,"!�,P���"@(9 ')!�;e,�9:!�* .1�"@546J�!�# 'K7�8MLN!�# $ !�#�3546� �17�8 9:!�# ;<7�,"46� *)# !�#IxNJ�!�*)#
3546� ;e*)!��",?.1@�LqL�*)#R$ !�� � �"9:!�*/.1,"JT7�;e;e!��6�G9:!�,?.1!��Q.�*)#R$ !���^D!�,"46� *)46�Q.18 # +I;e!2.67�')')*),"46� !��bac@�.1@(�"!�#
;e*/.�d(!��","46� ')!�*)��LN!�,?.1!�#|J�!��17�;e*),"46� !�#A3546� *)46�Q.1!�#Ff

gG!��H��#Q.1!��","8 46�S8 # +Z$ *)!�,"!�,����"@(9 ')!�;e,FBc*)$ ;e!2.1!i,"*)46�U$V7�,[Y[!�*)')- �"@k�"!�JQ.h�k���2�1�2���2���)�2�< ��6��¡6¢5£q¡6¢5¤
���2���2�Z¥F¡6¢5�"¦�§  ��2�V�1¨T��¨T�1�2� ©Z$ !�,G35@(# $ !��?LN@(�","46�S8 # +(,"9:!��"!�*)46� !�,~mMª�«S¬D$ !���gG!�8M.1,"46� !�#A­V@(�","46�S8 # +(,vj
+(!�;e!�*)# ,"46�V7TL�.�xzg~­[���Zl m(mToqf:w]*)!�'F$ !�,~���"@k�"!�JQ.1!�,�B�7���E®$ *)!Z��*)�?.1,"46�V7TL�.1')*)46� J�!�*/.c8 # $A^D!2.1�"*)!�9 ,","*¯j
46� !��"� !�*/.bd(@(#�3546� �17�8 9:!�# ;<7�,"46� *)# !�#�$ 8 �"46��$ !�# s *)# ,17T.10°# !�8V7��?.1*)+(!��~��!��"JS,?.1@�LqL�d(!��"9 8 # $ !�0�8
!��"� %(� !�#FfVg~7�9:!�*]Bc8 �"$ !�#`,"@�BD@(� ']Oi!��","46� ')!�*)��d(!��","8 46� !U7�#±+(!�@(;e!2.1�"*),"46��d(!��"!�*)#MLz7�46�Q.1!�#|���"@(9:!�#
7�'),c7�8 46�`�"!�7�')!�{|7�,"46� *)# !�#Qd(!��","8 46� !°$ 8 �"46� +(!2LN\ � �?.�f
²H³�´?µ�¶N·q´?¸ ¸ ¹kºk»T¼�½]´v¾M¹kºT¿}ÀV´?µ�Á�µqÂ�´?Ã ·q¹kºk»i¶zÄ6ÅhÃ ´�Æ®µqÇ�È¯¹kºk»PÉ�´v·�Á�¸ ¸ ÃÊ¶qË�Ìk´?µ®¹kºT¿}É�´v·�Á�¸ ¸ ¾KÍ2´?µ�Á�É�ÃÊ¶qË�Ìk´?µVÀV´?µqÂk¹kºT¿�Å]´?µqÍ�¾¶N·qÄ�È/È¯´

Î(Î



���������
	���
���������������������������� �"!#�����%$&��'(�����)�*���+�

,�; a�7�� ;e!�#�$ !��Hd(@(�"')*)!�+(!�# $ !�# � �"9:!�*/.[BD!��"$ !�#_$ *)! s �"+(!�9 # *),","!�$ !�,i3M­�^RBD!�*/.1!��"!�#Q.�Bc*)46J�!�'/.�E
8 ; !�*)# !�#A8 # ,?>5# 46� �"@(# *),"*)!��?.1!�#W3546� �17�8 9:!�# 'K7�$ !��G0�8 � � 8ML�'K7�$ 8 # +ed(@(#|Oi!��"9 �"!�# #S8 # +(,";e@�.1@(�"!�#
8 # $`^D�"!�# # ,?.1@�LqLN0�!�')')!�#�0�8��"!�7�')*),"*)!��"!�#Ff5gG*)!~+(!�#V7�# #Q.1!�#�Oi!��"9:!�,","!��"8 # +(,"-:@�.1!�#Q.1*K7�')!Z+(!�9:!�#�Bc*)46�5j
.1*)+(!���8 # JQ.1!±7�8 ,U$ !�� � #MLN@(�"$ !��"8 # +(,"')*),?.1!<$ !�� � 8M.1@(;e@(9 *)')*)# $ 8 ,?.1�"*)!_7�#�!�*)# !�# ;e!�46�V7�# *),"46� !�#
��7�$ !��}Bc*)!�$ !���f

-�.�/ 021
354�67481
9:4�;<4>=#48?A@�BDCFEG4DHJI�@�BDC:KL;<M)@�BDCFHGBDCL;

����� �"!�# $A$ !�,G^D!2.1�"*)!�9 ,cd(@(#|8 # ,?>5# 46� �"@(# *),"*)!��?.1!�#W3546� �17�8 9:!�# ;<7�,"46� *)# !�#|.1�"!2.1!�#A8 #Q.1!��","46� *)!�$5j
')*)46� !�^D!�'K7�,?.18 # +(!�# $ !��°ac@�.1@(�"!�# 9 02Bbf�$ !��°ac@�.1@(�"@(9:!��?L�'K��46� !�#�*)# ^D!�0�8 +W7�8MLG^D!�'K7�,?.18 # +(,17��?.
8 # $ j�@(�?.e7�8MLvf�gG*)!�,"!|^D!�'K7�,?.18 # +(!�#yJ�%(# # !�#t*)# ��!��"JS,?.1@�LqLN9:!�7�# ,"- �"8 46�S8 # +(!�# ¦�§*N��2�1¢ ¦��/ ±8 # $
£��V�]�2�1¢ ¦��/ b$ !�,GwF7�� # !�*)# +(�"*/LqLN,�8 #Q.1!��?.1!�*)'/.}BD!��"$ !�#Ff

gG*)!�^D!�7�# ,"- �"8 46�S8 # +_¦�§*N��2�1¢ ¦��/ �$ !�,HwF7�� # !�*)# +(�"*/LqLN,]�"!�,"8 '/.1*)!��?.�7�8 ,h;e!�46�V7�# *),"46� !�#U8 # $Z.1� !��vj
;e*),"46� !�#�^D!�'K7�,?.18 # +(!�#e$ 8 �"46�<$ !�#�gG�"8 46JQd(!��"'K7�8MLh*)# # !��"�V7�')9_$ !�, � �"9:!�*/.1,"�17�8 ;e,i8 # $e$ 8 �"46�<$ *)!
� @(� !�#`gG�"!�� 0�7�� ')!�#FfPOb7�8 $ !���8 # $±��!�')-:!��?.10°l mQnko]Lz7�,","!�#±$ *)!�d(@(#`gG�"!�*),"46� � @�LqLDl m Î o].1� !�@(�"!2.1*),"46�
!��";e*/.".1!�'/.1!�#���*)�"JS8 # +(!�#±LN@(')+(!�# $ !��";<7��(!�#�0�8 ,17�;e;e!�#Fp

r gG!�� s *)#ML�')8 ,",U$ !�,e�Z�17�d5*/.67T.1*)@(# ,?LN!�')$ !�,�8 # $ $ !��_w]!�#Q.1�"*/LN8 +Q7�')9:!�,"46� ')!�8 # *)+(8 # +|*),?.�8 #S9:!�j
$ !�8M.1!�# $Ff

r gG*)!U^D!�'K7�,?.18 # +e*)#±$ !��G^D!�,"46� *)46�Q.18 # +�$ 8 �"46�A!�*)# !�gG8 �"46�S9 *)!�+(8 # +�$ !�,Gac@�.1@(�",�7�8MLN+(�"8 # $
d(@(#|gG�"8 46JSJS�1�TL�.1!�#A,"*)# $`*); Oi!��"+(')!�*)46�±0�8`$ !�#`.1� !��";e*),"46� !�#A35-V7�# #S8 # +(!�#|+(!��"*)# + f

r {`!�46�V7�# *),"46� !W35-V7�# #S8 # +(!�#u$ 8 �"46�tO~*)9 �17T.1*)@(# !�# +(!�� !�# ;<7RQM*);<7�'�;e*/._$ !����Z�"%(�(!±$ !��
$ 8 �"46�|$ *)!Z,?.67T.1*),"46� !�#AgG�"8 46JSJS�1�TL�.1!bd(!��"8 �",17�46�Q.1!�#W35-V7�# #S8 # +(!�#|!�*)#Ff

r ^D!�*F��7�,","!��"!�*)# ,"- �"*/.10�8 # +<9 ')!�*)9M.}$ *)!~.1� !��";e*),"46� !�^D!�'K7�,?.18 # +_+(!��"*)# + f
r gG*)!}+(�"%(��.1!�#�.1� !��";e*),"46� !�#<3546� *)46�Q.?j?35-V7�# #S8 # +(!�#<!�#Q.1,?.1!�� !�#<*); ,?.67T.1*)@(#V���"!�#_^D!2.1�"*)!�9_9:!�*
Y[�"@546J�!�# 'K7�8MLvf

r gG*)!e35-V7�# #S8 # +(!�#R*)# # !��"�V7�')9A$ !���3546� *)46�Q.1!�#RBD!��"$ !�#R�V7�8 -M.1,1��46� ')*)46�W$ 8 �"46�R$ !�#W+(!�+(!�#5j
\ 9:!��G3S.67�� 'h+(!��"*)# +(!��"!�#������";e!�7�8 ,"$ !�� #S8 # +(,"J�@5!2LqL�*)0�*)!�#Q.1!�#`d(!��"8 �",17�46�Q.�f

gG*)!<^D!�'K7�,?.18 # +(!�#t£��V�]�2�1¢ ¦��/ _$ !�,°wF7�� # !�*)# +(�"*/LqLN,Z,"*)# $R!��"� !�9 ')*)46��J�@(;e- ')!SQM!��b8 # $�$ 8 �"46��02BD!�*
�Z�"%(�(!�#|+(!�J�!�# # 0�!�*)46� # !2.�fhgG*)!�,G*),?.G0�8 ; !�*)# !�#|$ *)!U7�8ML�.1�"!2.1!�# $ !�#UT°¨T�V��¦RVT�WVT�"¦"X��}8 # $A0�8 ;�7�#5j
$ !��"!�#�$ *)!ZY��)�2£��\[S�6��¡6¢^]�£�� � £�[RVQ�2£��G02Bc*),"46� !�#�$ !�#�9:!�*)$ !�#����"@�L�*)'/L�'K7�# J�!�#Ad(@(#��G7�8 -M.?j�8 # $���!�j
9:!�# �"@�.1@(��fFgG*)! s �"+(!�9 # *),","!°$ !�� � �"9:!�*/.1!�#Ad(@(#RgG�"!�*),"46� � @�LqLGl m Î o�8 # $Rg~��;e+(!�# l mA_ko�,"*)# $I� *)!��
!�9:!�#MLz7�')'),�d(@(#`Ob7�8 $ !��c8 # $|��!�')-:!��?.10Z0�8 ,17�;e;e!�# +(!2Lz7�,",?.cBD@(�"$ !�#�l mQn�oqp

Î _



����������� ��� $<���#��� ���(� ���)����	�� �


b�1�6¢��<¨
�<�2�V�
r gG8 �"46�|$ *)!�gG�"8 46JQd(!��?.1!�*)')8 # +�*)#±$ !�# � �"9:!�*/.1,"JT7�;e;e;e!��"#±8 # $|$ 8 �"46�|$ *)!���7�+(!��"�"!�*)9 8 # +
!�#Q.1,?.1!��Q.G*); ��!�# #S9:!2.1�"*)!�9`!�*)#`ac!�7�JQ.1*)@(# ,";e@(;e!�#Q.c02Bc*),"46� !�#A�G7�8 -M.?jP8 # $|��!�9:!�# �"@�.1@(��f

r ^D!�*���7�,","!��"!�*)# ,"- �"*/.10�8 # +�JT7�# #b!�*)#b0�8 ,1�T.10�')*)46� !�,h�Q>5$ �17�8 ')*),"46� !�,Hac!�*)9 ;e@(;e!�#Q.F!�#Q.1,?.1!�� !�#Ff
r gG!��UgG�"!�� ;e@(;e!�#Q.1!�#Qd(!��"'K7�8ML}$ !�� � #Q.1�"*)!�9 ,?BD!�')')!e*),?.b$ �"!��QBc*)# J�!�'K7�9 �V��# +(*)+ Eh!��bBD!�46� ,"!�'/.
B���� �"!�# $`!�*)# !�, � �"9:!�*/.1,","- *)!�'),[�"!�$ @546�`# *)46�Q.�,"!�*)#±Oi@(�"0�!�*)46� !�#Ff

r ^D!�*cOi!��?BD!�# $ 8 # + 8 # +(\ # ,?.1*)+(!������"@�L�*)'/LN@(�";e!�# 9:!�,?.1!��Q.�$ *)!A�Z!2Lz7�� �<!�*)# !�,eOi@(�"0�!�*)46� !�#5j
BD!�46� ,"!�'),}$ !�,}��!�9:!�# �"@�.1@(�";e@(;e!�#Q.1,D*)# # !��"�V7�')9<!�*)# !�, � �"9:!�*/.1,","- *)!�'),�fMg~7�$ 8 �"46��BD!�46� ,"!�')#
$ *)!U^D!�'K7�,?.18 # +(!�#`d(@(#I$ !�#|d(@(�"'K7�8MLN!�# $ !�#I7�8ML�$ *)!�#V7�46� 'K7�8MLN!�# $ !�#I­H'K7�# J�!�#A8 # $|LN\ � �"!�#
0�8`!�*)# !��}8 # J�@(#Q.1�"@(')')*)!��?.1!�#`g�>5#V7�;e*)JIxN$V7�,c,"@(+(!�#V7�# #Q.1!~� OZ'K7�- -:!��"#S©Z$ !���ac@�.1@(�"!�#®��f

T°¨T�V��¦RVT�WVT���"X����
r gG*)!_­V!��?.1*)+(8 # +(,?.1@(')!��17�# 0�!�#I8 # $�^D!2.1�"*)!�9 ,"$ !�� #S8 # +(!�#�,"*)# $W*)#I$ !���ac!�+(!�'�,"@±+(�"@(� E]$V7�,",
,"*)46�e$ *)!���9:!��?.1�17�+(8 # +�$ !�,DgG�"!�� ;e@(;e!�#Q.1!�,P#S8 �P$ 8 �"46��!�*)#<wF7�� # -V7(7���d(@(')')0�*)!��Q.�E(@(9QBD@(� '
.1� !�@(�"!2.1*),"46�`;e!�� �"!��"! s *)# +(�"*/LqLN,"- 8 # JQ.1!Z9 02Bbf s *)# +(�"*/LqLN,"')*)# *)!�#e!SQM*),?.1*)!��"!�#Ff

r gG*)! O�@(#Q.67�JQ.1JS�1�TL�.1!PBD!��"$ !�#°$ 8 �"46� � 46� ,17�9 ,?.67�# $ ,17�9QBD!�*)46�S8 # +(!�#e.1!�*)'/BD!�*),"!P$ !�8M.1')*)46��d(!��vj
,?.6���"JQ.�x�d5+('qf 7�8 46�A��!��?.10�,"46� !����"!�,","8 # +S��f

���2��������¡6¢V���D�1�6�6�2§5�^[
r�� !�#V7�46� +(!�@(;e!2.1�"*),"46� !�#�Oi!��"�V��'/.1# *),","!�# *),?.�!�*)# !���8 # JQ.?j�@5$ !��°�h*)# *)!�#S9:!��"\ � �"8 # +A@5$ !��
!�*)# !b�H7��17�')')!�'),"46�V7�'/.18 # +�d(@(#|�h*)# *)!�#S9:!��"\ � �"8 # +(!�#�d(@(�"�V7�# $ !�#Ff

ry� 46� ,17�9 ,?.67�# $ ,1��# $ !��"8 # +(!�#�*); ^D!��"!�*)46�<!�*)# *)+(!����S8 # $ !��",?.1!�'F{`*)')')*);e!2.1!��[J�%(# # !�#�$ *)!c7�8MLKj
.1�"!2.1!�# $ !����"!�,","8 # +�9:!��"!�*/.1,}8 ; $ !�#|­®7�JQ.1@(�)_°7�# � !�9:!�#Ff

r ­V@(�";_LN!�� ')!��i*); {`*)JS�"@(;e!2.1!��"9:!��"!�*)46�<LN\ � �"!�#�*)#�!�*)# !��D9:!�*),"- *)!�')�V7TL�.P$ 8 �"46� +(!2LN\ � �?.1!�#A{`@Tj
$ !�')')�"!�46� #S8 # +e0�8`!�*)# !�; � # ,?.1*)!�+e$ !������"!�,","8 # +<8 ; $ !�#|­®7�JQ.1@(�cmMf

r ��*);e;U.[;<7�#�!�*)# !�#°+(')!�*)46� ;<���(*)+(!�# � 9M.1�17�+~9:!�,"@(# $ !��",�9:!�7�# ,"- �"8 46�Q.1!��P­H'K7�# J�!�#S9:!��"!�*)46� !
7�#FE�,"@ +(')!�*)46� !�#u,"*)46��+(!�@(;e!2.1�"*),"46��9:!�$ *)# +�.1!I���"!�,","8 # +(,"\ 9:!��"� %(�S8 # +(!�#=;e*/.�$ !��`w]!�*/.
Bc*)!�$ !��c7�8 ,�f

r �G7�46�_!�*)# !�; 7�9 +(!�,"46� ')@(,","!�# !�; s *)# 'K7�8ML�d(@(�"+Q7�# +~-:!�# $ !�')#_,"*)46�_$ *)!c��!��?.10�,"46� !�#����"!�,","8 #5j
+(!�#±!�*)#Ff

Î «



���������
	���
���������������������������� �"!#�����%$&��'(�����)�*���+�


��T�:¦ �°£ V
r gG*)!I0�8Md(@(�±7�# +(!�+(!�9:!�# !�#u��!��?.1!I,?.1!�')')!�#u')!�$ *)+(')*)46�t0�!�*/.1')*)46� !W{`*/.".1!�'/BD!��?.1!A$V7���f�gG8 �"46�
­V@(�";°j6EQac8 # $ � !�*/.1,vj�8 # $�Y[!�*)')8 # +(,?LN!�� ')!��i!�#Q.1,?.1!�� !�#`���"!�,","8 # +(!�#FEM$ *)!�JS8 �"0�0�!�*/.1*)+U8 ; !�*)#
O~*)!�'/Lz7�46� !�,c\ 9:!��}$ !�#|0�!�*/.1')*)46� !�#`{`*/.".1!�'/BD!��?.1!�#`')*)!�+(!�#Ff

�A£ VT�1¨��:�1�6�6�2§5�^[
r ��!��?.10�,"46� !<���"!�,","8 # +(,?d(!��"�V��'/.1# *),","!°.1�"!2.1!�#W#S8 �b7�#I+(!�@(;e!2.1�"*),"46�A*)$ !�7�'H+('K7T.".1!�#��~9:!��?L�'K�kj
46� !�#|7�8MLvf s *)# !~.1!�46� # *),"46� !��~9:!��?L�'K��46� !�# �17�8 � !�*/.}LN\ � �?.}0�8`!�*)# !�; BD!�*/.1!��"!�#±!��"� !�9 ')*)46� !�#
� # ,?.1*)!�+e$ !��c')@(JT7�')!�#�;e*)JS�"@(,"J�@(- *),"46� !�#A���"!�,","8 # +(!�#Ff

r ��#Q.1!��","8 46�S8 # +(!�#y;e*/.�!�*)# !�;�02BD!�*)$ *);e!�# ,"*)@(#V7�')!�#�ac!�46� !�# ;e@5$ !�')'P0�8 � s �";e*/.".1')8 # +±$ !��
35-V7�# #S8 # +(!�#�8 #Q.1!��U$ !����~9:!��?L�'K��46� !_0�!�*)+(!�#FE�$V7�,",�$ *)!<35-V7�# #S8 # +(!�#�*)#R$ !���Y}*)!2LN!e,"!�� �
,"46� # !�')'h7�9 JS')*)# +(!�#�8 # $�,"*)46�±$ !�#|35-V7�# #S8 # +(,?LN!�')$ !��"#±*)$ !�7�']+('K7T.".1!��	�~9:!��?L�'K��46� !�#±7�# +(')!�*¯j
46� !�#Ff

Y��)�2£��\[S�6��¡6¢^]�£�� � £�[RVQ�2£��
r gG*)!U�Z')!�*/.1+(!�,"46�QBc*)# $ *)+(J�!�*/.}JT7�# #`7�8 ,c$ !�; Oi!��"0�7�� #S8 # +(,"+(!�,"!2.10U9:!�,?.1*);e;U.�BD!��"$ !�#Ff
rys 9:!�# ,"@UBc*)!�9:!�*®$ !�#����"!�,","8 # +(!�#�LN\ � �"!�#�9:!��"!�*/.1,P+(!��"*)# +(! � 9QBD!�*)46�S8 # +(!�#±$ !��D­H'K7�# J�!�#5j
LN@(�"; @5$ !��}$ !�, � 46� ,17�9 ,?.67�# $ !�,~0�8`!��"� !�9 ')*)46�±� %(� !��"!�#I�Z')!�*/.1+(!�,"46�QBc*)# $ *)+(J�!�*/.1!�#Ff

r �Z')!�*)46� 0�!�*/.1*)+e*),?.~!�*)# !U,?.67��"J�! � 9 �V��# +(*)+(J�!�*/.~$ !��Z�Z')!�*/.1+(!�,"46�QBc*)# $ *)+(J�!�*/.�d(@(#W$ !��~���"@�L�*)'¯j
LN@(�"; +(!�+(!�9:!�#Ff


c� £�������� ���V�2�"¦��z§5�
r gG*)!POi!��"JS#S\ -MLN8 # +~d(@(#��~9:!��?L�'K��46� !�# - �"!�,","8 # +b8 # $_�Z')!�*/.1+(!�,"46�QBc*)# $ *)+(J�!�*/.�LN\ � �?.�0�8�!�*)# !��
� @(� !�#°')@(JT7�')!�# s # !��"+(*)!�$ *)46�Q.1!�f(g~7�;e*/.[d(!��"9 8 # $ !�#_*),?.�!�*)# !D')@(JT7�')!iY[!�;e-:!��17T.18 �"!��"� %(�S8 # +
xN,"@(+ f

c� £�������� ���V�2�"¦��z§5�(�D8 # $±LN@(')+(')*)46��!�*)# !Z!��"� !�9 ')*)46� !Z.1�"*)9:@(')@(+(*),"46� !~^D!�7�# ,"- �"8 46�S8 # + f

� 8 ,","*)46�Q.1,"�"!�*)46� !±��!��"JS,?.1@�LqL�d(!��"9 8 # $ !|8 # $ 3546� *)46�Q.1!�# 7�8 ,_$ !�#y$ 8 �"46� +(!2LN\ � �?.1!�#u{`@5$ !�')'¯j
d(!��","8 46� !�#y9:!�*�.1�"@546J�!�# !��°ac!�*)9 8 # +|8 # $�9:!�*D^D!�# !2.10�8 # +A;e*/.b��7�,","!��U,"*)# $������E`cbhbe`��
���A0�8
!�#Q.1# !�� ;e!�#Ff s *)# *)+(!b$ !��G$V7��"+(!�,?.1!�')'/.1!�#`��!��"JS,?.1@�LqL�d(!��"9 8 # $ !°,"*)# $|$V7�9:!�*H7�8 46�A9:!��"!�*/.1,G*)#A{|7kj
,"46� *)# !�#Qd(!��","8 46� !�#W!��"- �"@(9M.cBD@(�"$ !�#�l m Î o�l mA_ko�l mQnkoqf

� 8MLD�Z�"8 # $ 'K7�+(!�$ !���d(@(�"')*)!�+(!�# $ !�# s �"+(!�9 # *),","!°8 # $ s �?Lz7�� �"8 # +(!�#I9 *)!2.1!2.~!�*)# !U*)# $ 8 ,?.1�"*)!�'¯j
')!���@('/LN�17�;eJT7��"9 */.?j O�@(� ')!�# ,?.1@�LqLKj?{`8 '/.1*/')7�>(!��","46� *)46�Q.Gx����	���}��EM$ *)!�*); ��OZg xz���Q>5,"*)4�7�':OP7�-:@(8 �
gG!�-:@(,"*/.1*)@(#®�hOi!��?Lz7�� �"!�#e7�8ML:$ *)!�ac@�.1@(�"!�#_7�8MLN+(!�9 �17�46�Q.�Bc*)�"$FE�7�'),HOi!��","46� ')!�*)�(,"46�S8M.10�,"46� *)46�Q.D!�*)# !

Î��



����������� ��� $<���#��� ���(� ���)����	�� �

Verschleiß-
verhalten 

Beschichtungsverfahren Verschleißpaarung 
(mit sich selbst gepaart, wenn 

nicht besonders erwähnt) 

Hersteller, Handelsname 
sofern vorhanden 

20°C 150°C PVD APS unbe-
schichtet 

Modellverschleißversuche, trocken 

CrxN LWT o / +  - ■   

CrxN multilayer LWT + k.A. ■   

WC/C Fa. Balzers, Balinit C ++ o / - ■   

Cr2O3 LWT ++ ++  ■  

Polyimid mit 40 Gew.% Grafit 
gegen C45 Du Pont, Vespel SP22 

+ o / -   ■ 

Polyimid mit 15 Gew. % Graftit 
gegen C45 

Du Pont, Vespel SP21 + o / -   ■ 

Modellverschleißversuche, naß 

WC/C in verschiedenen Modifi-
kationen Fa. Balzers, Balinit C ++ / o  ■   

31CrMoV9, plasmanitriert - +  / o    ■ 

CuSn7Zn4Pb6 - +    ■ 

Hartchrom LWT ++    ■ 

Polyamid 12 G 
Fa. Handtmann, 

Lauramid +    ■ 

X20Cr13 durchgehärtet - ++    ■ 

X5CrNi1810 gegen 
CuSn7Zn4Pb6 

- +    ■ 

LWT  = Lehrstuhl für Werkstofftechnologie, Universität Dortmund 
k.A.  = keine Angabe 
++ = sehr gut geeignet, + = gut geeignet, o = bedingt geeignet, - = nicht geeignet 
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Flächenträgheitsmoment:
Hauptrotor 3+5-Profil = 100%

Flächenträgheitsmoment:
Hauptrotor 4+5-Profil = 144%
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 Druckverlauf Maschine 1, Π = 1,3
 Druckverlauf Maschine 2, Π = 1,3
 Druckverlauf Maschine 1, Π = 2,6
 Druckverlauf Maschine 2, Π = 2,6

Mehrarbeit durch Überverdichtung aufgrund
des größeren inneren Volumenverhältnisses

Mehrarbeit durch Unter-
verdichtung aufgrund
des kleineren inneren 
Volumenverhältnisses
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Rotorphase [-]
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 Antriebsmoment bei nHR = 6000 min-1, Π = 1,0
 Hauptrotormoment bei nHR = 6000 min-1, Π = 1,0
 Nebenrotormoment bei nHR = 6000 min-1, Π = 1,0
 Antriebsmoment bei nHR = 15000 min-1, Π = 2,0
 Hauptrotormoment bei nHR = 15000 min-1, Π = 2,0
 Nebenrotormoment bei nHR = 15000 min-1, Π = 2,0

Nebenrotormoment annähernd 0,
Gefahr des "Rotorklapperns"
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