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Moscato, André Luiz Salvat. 

   Otimização ecológica dos ciclos ar-padrão Otto e 

Diesel/ André Luiz Salvat Moscato, 2014 

   117 f.   

   Orientador: Santiago del Rio Oliveira 

    

   Dissertação (Mestrado)–Universidade Estadual 

Paulista. Faculdade de Engenharia, Bauru, 2014 

1. Ciclo Otto. 2. Ciclo Diesel. 3. Otimização. 4. 

Irreversibilidades. 5. Função ecológica. I. 

Universidade Estadual Paulista. Faculdade de 

Engenharia. II. Título.  
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&1 2 �$��'�2$#$���##$*��

� � �%� # ��'�$�'�+'�1'��$����$!)���'%'!�&$�%#������2�2$#$��&$2� !# � # = ��'�

&$2.�'%%-$� $��'�  � �+��,-$� �$� &$25�%#6"'!� $&$��� � .$�� &$2.�'%%-$� '� �-$� .$��

&'�#'!1 � &$2$� $�2$#$���##$3� %'��$� 4�'� '%%'� '4��. 2'�#$� )$�� �'�$2�� �$�2$#$��

��'%'!*��

� ��'�+'�1'��$�@ 2'%��#:��%$���'%'�"$!"'��'2��PPM��2�2$#$��&$2��2 �) %'��

 ��,-$�'�&$2.�'%%-$�&��# �'�&$2��2 �+� ��'�'=. �%-$3�'�'%#'�2$#$��$5#'"'��2 �

'=. �%-$�&$2.!'# 3�$�4�'� �2'�#$�� �')�&�<�&� �'� �.$#<�&� 3�'� ��� �.$%%�6 ��2 �

2 �$��')�&�<�&� �4�'�$�2$#$���##$3�%'��$�&1 2 �$��'�2$#$���#:��%$�*��

� 02� �S��� � !.1� ��!!'�� �'%'�"$!"'�� �2� 2$#$�� &$2� �2� 2 �$�� #'2.$� �'�

 �2�%%-$3��%#$��3� �"A!"�! ��'� �2�%%-$�)�& �� � 5'�# � #��&'�& ��'��2�4���#$�� �) %'�

�'�&$2.�'%%-$*�� �%�# ��'�'%#'�2$#$��)�& �� �&$�1'&��$�&$2$�2$#$����!!'�*�
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� �#�� 2' �$%� �$� %�&�!$� UU�  � &$�&'.,-$� �$%� ��
^%� '� � �' !�� � � �'� )$�2 �

'2.6��& 3�) #$�4�'�.$�'�%'��'=.!�& �$�.'! �&$2.!'=�� �'��$%�.�$&'%%$%��' !�� �$%�K�

 !# �#'2.'� #�� 3�&$2$�.$��'='2.!$3�$.'� ,-$�'2��'+�2'��-$�.'�2 �'�#'3�)!���$��'�

#� 5 !1$�4�'�%$)�'��' ,R'%�4�62�& %�'�+'$2'#�� %�&$2.!'= %�'�"$!"�� %*��$2'�#'�

&$2�$� " �,$� #'&�$!;+�&$��$%�&$2.�# �$�'%� )$��.$%%6"'!�2'!1$� ��$��'%'2.'�1$�

�$%�2$#$�'%3��'������$� �'2�%%-$��'�.$!�'�#'%�'�"� 5�!�� ��$� ��2.!'2'�# ,-$��'�

%�%#'2 %��'�&$�#�$!'�2 �%�')�&�'�#'%*�

� �%� !'+�%! ,R'%�  25�'�# �%� & � � "'�� 2 �%� �6+�� %� '�  � �'&'%%�� �'� �$� �%$�

&$�%&�'�#'� �$%� &$25�%#6"'�%� ) �� &$2� 4�'�  %� .'%4��% %�  #� �%� '%#'C 2� )$& � %�

.���&�. !2'�#'� � � A�' � �'� 4� !�� �'� � � '�'�+� 3� $��'� %'� 5�%& � �2� 5$2�

&$2.�$2�%%$�'&$!;+�&$�'�#�'��2 �.�$��,-$��'�.$#<�&� �'��2 �.'�� ��'�.$#<�&� �

�$�&$�%�2$��$%�&$25�%#6"'�%*�
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� ��&�&!$��'� ��. ��-$��##$����2�&�&!$���' !�4�'�&$�%��'� �4�'� �# = ��'� ��,-$�

�'� & !$�� $&$��'� ��%# �# �' 2'�#'� '�4� �#$� $� .�%#-$� '�&$�#� �%'� �$� .$�#$� 2$�#$�

%�.'��$��Q���V3�$��%'C 3� �"$!�2'�&$�%# �#'*�0%#'�&�&!$�5�%& ��2 � .�$=�2 ,-$��'�

�2���
�&$2��+��,-$�.$��&'�#'!1 *�

� ��&�&!$��##$���2$%#� �$��$%��� +� 2 %� %& − �'� �� − �� �/�+�� ��*�*���&�&!$�

&$�%�%#'�'2�4� #�$�.�$&'%%$%���#'�� 2'�#'��'"'�%6"'�%�'2�%���'*��'+�'� 5 �=$��2 �

5�'"'��'%&��,-$��'�& � ��2��$%�4� #�$�.�$&'%%$%(�

•� ��$&'%%$����(�&$2.�'%%-$��%$'�#�;.�& ��$� ��&$�)$�2'�$�.�%#-$�%'�2$"'��$�

.$�#$�2$�#$���)'��$��Q��
V�. � �$����*�

•� ��$&'%%$���N(�#� �%)'�<�&� ��'�& !$�� �"$!�2'�&$�%# �#'�. � �$� �� �. �#����'�

�2 �)$�#'�'=#'�� �'�4� �#$�$�.�%#-$�'%#A��$����*�

•� ��$&'%%$� N��(� '=. �%-$� �%$'�#�;.�& � �$�  �� &$�)$�2'� $� .�%#-$� %'� 2$"'� �$�

����. � �$���
*�

•� ��$&'%%$� ���(� #� �%)'�<�&� � �'� & !$��  � "$!�2'� &$�%# �#'� �$�  �� '�4� �#$� $�

.�%#-$�'%#A��$���
*�
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/�+�� ��*��L��� +� 2 %� %& − �'� �� − ��$�&�&!$��'� ��. ��-$��##$*�

� 	2 � "'�� 4�'� $� &�&!$� �'�  ��. ��-$� �##$� �� &$2.$%#$� �'� .�$&'%%$%�

��#'�� 2'�#'� �'"'�%6"'�%3�  %� A�' %� �$%� �� +� 2 %� %& − � '� �� − � � � /�+�� � �*��

.$�'2� %'�� ��#'�.�'# � %� &$2$� .$#<�&� � '� # = � �'� & !$�� .$�� ���� �'� �'� 2 %% 3�

�'%.'&#�" 2'�#'*��'2�%'�4�'(�

•� D�' � ���� �5��� Q %& − V(� #� 5 !1$� )$��'&��$� .$�� ���� �'� �'�2 %% � ��� �#'� $�

.�$&'%%$��'�&$2.�'%%-$*�

•� D�' � N���5� �N� Q %& − V(� #� 5 !1$� �' !�� �$� .$�� ���� �'� �'�2 %% � ��� �#'� $�

.�$&'%%$��'�'=. �%-$*�

•� QD�' � N���5� �NV� L� QD�' � ���� �5��V� d� D�' � ����N����� Q#� 5 !1$� !64���$�

.�$�����$�.$������ �'��'�2 %% ��$��� +� 2 %& − V*�

•� D�' � ��N�5� ��� Q �� − V(� #� �%)'�<�&� � �'� & !$�� )$��'&�� � .$�� ���� �'� �'�

2 %% *�

•� D�' �����5� ���Q �� − V(�#� �%)'�<�&� ��'�& !$���'C'�# �$�.$������ �'��'�2 %% *�

•� QD�' ���N�5� ��V�L� QD�' �����5� ��V�d�D�' �����N����� Q& !$�� !64���$� 5%$�"��$�

.$������ �'��'�2 %% ��$��� +� 2 �� − V*�

� ���'���2'�#$��$�&�&!$��'� ��. ��-$��##$����'.'��'�#'�%$2'�#'�� �� �-$��'�

&$2.�'%%-$3� %'� '%# � � �-$�  �2'�# �  � ')�&�<�&� � #��2�& �  �2'�# *� 0%#'�

&$2.$�# 2'�#$� # 25�2� .$�'� %'�� $5%'�" �$� '2� ��
^%� �' �%� �'� �+��,-$� .$��

&'�#'!1 3�  %%�2� #'��'�%'�  � �#�!�� �� � �R'%� �'� &$2.�'%%-$� & � � "'�� 2 �$�'%*�

Q�$�+� ::'�'��$��# +3�����V*��

� �$��23� ��#�!�� ,-$��'�� �R'%��'�&$2.�'%%-$�2��#$�'!'" � %�'2���
^%��' �%�

.$�'�  & ��'# �� �2�  �2'�#$� � � #'��<�&� � �'� �'#$� ,-$� �$� &$25�%#6"'!*� 0%# %�

�'#$� ,R'%�%-$��'&$��'�#'%�� �&$25�%#-$�� �2�%#�� �'2� !#6%%�2 %�"'!$&�� �'%�'�
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&$2� $�� %� �'� .�'%%-$� �$� &�!����$� �'� +� ��'� ��#'�%�� �'3� $& %�$� ��$� �2� ��6�$�

2'#A!�&$� �'�$2�� �$� "���"�*� &$�1'&��$� # 25�2� .$�� e5 #�� %f*� Q�$�+� ::'� '�

�$��# +3�����V*�

� �$� !$�+$� �$%�  �$%� $%� ��
^%� #�"'� 2� %� %� � �R'%� �'� &$2.�'%%-$�

 �2'�# � %*� 
%%$� %;� %'� "� 5�!��$�� �'"��$� K�  ��,-$� �'� %�5%#7�&� %�  �#��'#$� �#'%3�

'�#�'�'! %��'%# &$��%'�$�&1�25$� #'#� '#�!3�.$��2��'"��$�K%�&�'%&'�#'%� !'+�%! ,R'%�

 25�'�# �%� '� &$�# 2�� ,-$�  #2$%)���& 3� $� &1�25$� )$�� �'2$"��$� � � + %$!�� *� � �$�

�� %�!�'%#'�'!'2'�#$�)$��%�5%#�#�6�$�.'!$�'# �$!*�
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� �� &�&!$� �'�  ��. ��-$� ��'%'!� �� �2� &�&!$� ��' !� 4�'� &$�%��'� � 4�'�  � # = � �'�

 ��,-$��'�& !$��$&$��'���� �#'��2�.�$&'%%$�K�.�'%%-$�&$�%# �#'3�4� ��$�$�.�%#-$�

'%#A� �$� .$�#$� 2$�#$� %�.'��$�*� �� &�&!$� ��'%'!� �� 2$%#� �$� �$%� �� +� 2 %� %& − � '�

�� − �� �/�+�� ��*�*���&�&!$�&$�%�%#'�'2�4� #�$�.�$&'%%$%���#'�� 2'�#'��'"'�%6"'�%�

'2�%���'*��'+�'� 5 �=$��2 �5�'"'��'%&��,-$��'�& � ��2��$%�4� #�$�.�$&'%%$%(�

•� ��$&'%%$����(�&$2.�'%%-$��%$'�#�;.�& ��$� ��&$�)$�2'�$�.�%#-$�%'�2$"'��$�

��
�. � �$����*�

•� ��$&'%%$���N(�#� �%)'�<�&� ��'�& !$�� �.�'%%-$�&$�%# �#'�. � �$� �� �. �#����'�

�2 �)$�#'�'=#'�� �Q� �. �#'��$�&��%$��'�.$#<�&� V*�

•� ��$&'%%$�N��(�'=. �%-$��%$'�#�;.�& ��$� ��&$�)$�2'�$�.�%#-$�%'�2$"'�. � �$�

��
*�

•� ��$&'%%$� ���(� #� �%)'�<�&� � �'� & !$��  � "$!�2'� &$�%# �#'� �$�  �� '�4� �#$� $�

.�%#-$�'%#A��$���
*�
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/�+�� ��*��L��� +� 2 %� %& − �'� �� − ��$�&�&!$��'� ��. ��-$���'%'!*��



T�

� 	2 � "'�� 4�'� $� &�&!$� �'�  ��. ��-$� ��'%'!� �� &$2.$%#$� �'� .�$&'%%$%�

��#'�� 2'�#'� �'"'�%6"'�%3�  %� A�' %� �$%� �� +� 2 %� %& − � '� �� − � � � /�+�� � �*��

.$�'2� %'�� ��#'�.�'# � %� &$2$� .$#<�&� � '� # = � �'� & !$�� .$�� ���� �'� �'� 2 %% 3�

�'%.'&#�" 2'�#'*��'2�%'�4�'(�

•� D�' � ���� �5��� Q %& − V(� #� 5 !1$� )$��'&��$� .$�� ���� �'� �'�2 %% � ��� �#'� $�

.�$&'%%$��'�&$2.�'%%-$*�

•� D�' ���N���5� ���Q %& − V(�#� 5 !1$��' !�� �$�.$������ �'��'�2 %% ���� �#'�$�

.�$&'%%$��'�&$2.�'%%-$*�

•� QD�' � ���� �5��V� L� QD�' � ��N���5� ��V� d� D�' � ����N����� Q.$#<�&� � !64��� �

.�$����� �.$������ �'��'�2 %% ��$��� +� 2 � %& − V*�

•� D�' � ��N�5� ��� Q �� − V(� #� �%)'�<�&� � �'� & !$�� )$��'&��$� .$�� ���� �'� �'�

2 %% *�

•� D�' �����5� ���Q �� − V(#� �%)'�<�&� ��'�& !$���'C'�# �$�.$������ �'��'�2 %% *�

•� QD�' � ��N�5� ��V� L� QD�' � ����5� ��V� d� D�' � ����N����� Q# = � �'� & !$�� !64���$�

 5%$�"��$�.$������ �'��'�2 %% ��$��� +� 2 � �� − V*�
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� �� 5�%& � .$�� �2�  �2'�#$� �$� �'���2'�#$� $�� �2�  �2'�#$� � � .$#<�&� � �$%�

2$#$�'%��'�&$25�%#-$���#'�� �#'2�%��$� !"$��'���"'�%$%�'%#��$%��'%# �A�' *�0%#'%�

'%#��$%� "<2��'�'�&$�#�$� K� �' !�� �'�'�'�+�#�& �2���� !3� %'C � .'! � ��2����,-$�� �

��%.$��5�!�� �'��'�.'#�;!'$��$�2'�& �$�$��2'%2$�.'!$� �2'�#$�� �&$# ,-$��'%#'�

�$� &'�A��$� 2���� !3�  !�2� �'� �$" %� !'�%�  25�'�# �%� 2 �%� �'%#��#�" %� 4� �#$�  $�

�2. &#$� 25�'�# !�& �% �$�.$��'%#'%�2$#$�'%*��%%�23� �#'�2$���72�& �$5#'"'�. .'!�

)��� 2'�# !�'2�'%#��$%�4�'�2'!1$� %%'2�$��'%'2.'�1$��'%# �2A4��� � #��2�& 3�

) �'��$� &$2� 4�'� '%#'%� '%#��$%� )$%%'2� )$& �$%� .���&�. !2'�#'� '2� %�#� ,R'%� �'�

�'%'2.'�1$�;#�2$�'�2$�'! +'2��'�2$�'!$%� #';��&$%� & � � "'��2 �%� &$����'�#'%�

&$2�$%���
^%��' �%*�

� �� #'�2$���72�& � �$� #'2.$� )���#$� �� �2 �  5$�� +'2� #';��& � �'� 2A4��� %�

#��2�& %� �' �%3� ) �'��$� &$2� 4�'� #'�2$���72�& 3� 2'&7��& � �$%� )!���$%� '�

#� �%)'�<�&� ��'�& !$��'%#'C 2�&$�'&# � %�� �2$�'! +'2��'��2 �2A4��� �#��2�& �

�' !*� 0%#'� #�.$� �'�  �A!�%'� .'�2�#'� �2� '�#'���2'�#$�  2.!$� �'� &$2$�  %�

���'"'�%�5�!�� �'%� ��#'�)'�'2� �$� �'%'2.'�1$� �'� .�$&'%%$%� #'�2$���72�&$%*� �#��
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.$�& %���& � %� #�A%� $� . �72'#�$�2 �%� ��)!�'�#'� � %� �A!�%'%� '� �  �')�&�<�&� � �'�

� ��$#3� 3� �# ��−=η �$�4�'�&$��'%.$��'� ��2�" !$��2��#$� &�2 ��$%�'�&$�#� �$%�

'2�2$#$�'%� �' �%3� �'"��$�K� �%<�&� ��'� ���'"'�%�5�!�� �'%3� �%%$� ) �� &$2�4�'�'%#'%�

" !$�'%� �-$� %'C 2� "�A"'�%� $��  #�� 2'%2$� �2.$%%6"'�%� �'� %'�'2� .� #�& �$%� '2�

%�#� ,R'%��' �%3�.$�%�%'2.�'�1A�.�'%'�, ��'����'"'�%�5�!�� �'%��$%�.�$&'%%$%��' �%*��

� �'+���$��1'�� Q�SS�V3� �2�2$�'!$� #';��&$�2 �%� �' !�%# � �� $� '��$�'"'�%6"'!3�

$��'�%'�&$�%��'� �4�'�$�2$#$��$.'� �'�#�'��$�%��'%'�" #;��$%��'�'�'�+� �#��2�& � �

��)'�'�#'%� #'2.'� #�� %�&$2$�2$%#� � �/�+�� ��*N*��'%% �)$�2 3� %� #� �%)'�<�&� %�

�'�& !$��%-$��' !�� � %�.$��#�$& �$�'%��'�& !$��'�#�'�$%��'%'�" #;��$%�'�$�2$#$�3�'� %�

���'"'�%�5�!�� �'%�%-$��'&$��'�#'%�� %��'%�%#<�&� %�#��2�& %��$%�#�$& �$�'%��'�& !$�*�

�� �#$�� ��� � ��&�$� � !+�2 %����'"'�%�5�!�� �'%� $�2$�'!$�'��$�'"'�%6"'!3�%'��$�

'%# %� ���'"'�%�5�!�� �'%� ��#'�� %� '� .'! � #� �%)'�<�&� � �'� & !$�� . � � $�  25�'�#'� '�

 ��� �  � !�% � $� &�&!$� �#�!�� ��$� &$�&'�#$%� � � #'�2$���72�& � �$� #'2.$� )���#$3�

2$%#� ��$�4�'� �2$�'! +'2��'��2�2$#$��4�'�$.'� �'�#�'��'%'�" #;��$%��'�'�'�+� �

#��2�& �.'�2�#'� ���&!�%-$��'�"A��$%�. �72'#�$%�����& #�"$%��'����'"'�%�5�!�� �'%*��

� ��2$#$��'��$�'"'�%6"'!�%��+����$�&$�&'�#$�4�'�. � � !& �, �� �')�&�<�&� ��'�

� ��$#3�$%�.�$&'%%$%��'�#� �%)'�<�&� ��'�& !$���'"'2�%'���' !�� �$%�&$2�A�' %�'H$��
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$��.'!$�0���3� & ��'# 2���2 �!�+'�� �.'�� ��'�.$#<�&� 3�2 %�$%�5'�')6&�$%�"<2�� �

)$�2 �� ���2����,-$�� �# = ��'�+'� ,-$��'�'�#�$.� *�
%#$�.�$.$�&�$� �$� �2'�#$��$�
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�'���2'�#$�#��2�&$�'�')�&�<�&� ��'�%'+��� �!'�3�$�4�'���2��#$�" !$�$%$��$�.$�#$��'�

"�%# � 25�'�# !*��$2$���#$� �#'��$�2'�#'�'%#'� #�.$��'�$#�2�� ,-$� #'2�%'��%�&'%%$�
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� ��.�'%'�#'�#� 5 !1$��' !�� �$�#'2�&$2$�$5C'#�"$�.���&�. !�$��'%'�"$!"�2'�#$�

�'� �2 � $#�2�� ,-$� '&$!;+�& � �$%� &�&!$%� �'�  ��. ��-$� �##$� '� ��'%'!� ���'"'�%6"'�%*�

0%% �$#�2�� ,-$�%'�A�5 %' � �� �)��,-$�'&$!;+�& �'��$�&$')�&�'�#'��'��'%'2.'�1$�

'&$!;+�&$3� %'��$� '%# %� &$2. � � %� &$2� �2 � $#�2�� ,-$� � � .$#<�&� � !64��� �

.�$�����$� .$�� & � � &�&!$*� � �  �A!�%'� %'�-$� ��&!�6� %� ���'"'�%�5�!�� �'%� ��'�'�#'%�  �

# = ��'� #� �%)'�<�&� ��'� & !$�� '�#�'� $%� �'%'�" #;��$%� �'�'�'�+� � #��2�& �'� $� &�&!$3�

���'"'�%�5�!�� �'%�$����� %�� �# = ��'�#� �%)'�<�&� ��'�& !$���$�&�&!$�. � �$� 25�'�#'�

'� ���'"'�%�5�!�� �'%� �'! &�$� � %�  $%� .�$&'%%$%� �'� &$2.�'%%-$� '� '=. �%-$� �-$�

�%$'�#�;.�& %*�
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� �%�$5C'#�"$%�'%.'&6)�&$%�. � �$��'%'�"$!"�2'�#$��'%# ���%%'�# ,-$�%-$(�

•� 0%#�� ��  � #'�2$���72�& � �$%� &�&!$%� 2$#$�'%� �##$� '� ��'%'!� ���'"'�%6"'�%� �$�

.$�#$��'�"�%# �# �#$�� �.��2'�� �!'��4� �#$�� �%'+��� �!'�%�� �#'�2$���72�& *�

•� �5#'��'=.�'%%R'%�$#�2�� � %�. � � �.$#<�&� �!64��� 3�')�&�<�&� �#��2�& �'�# = �

�'�+'� ,-$��'�'�#�$.� �. � �& � �&�&!$*�

•� �' !�� ���2 � �A!�%'�%$5�'�$�&$2.$�# 2'�#$�� �&��" ��'�.$#<�&� 3�')�&�<�&� �

#��2�& 3� )��,-$�'&$!;+�& �'�&$')�&�'�#'��'��'%'2.'�1$�'&$!;+�&$�. � �& � �

&�&!$*�

•� �!$# ��  %� �'! ,R'%� '�#�'�  � .$#<�&� � ;#�2 � '�  � .$#<�&� � 2A=�2 3� # = � �'�

+'� ,-$��'�'�#�$.� ��'"��$� �.$#<�&� �;#�2 �'� �# = ��'�+'� ,-$��'�'�#�$.� �

�'"��$� �.$#<�&� �2A=�2 *�

•� �5%'�" �� � ��)!�<�&� �� � � �-$��'� #'2.'� #�� %��$%� #�$& �$�'%��'�& !$��� �

.$#<�&� �!64��� 3�� �')�&�<�&� �#��2�& �'�� �# = ��'�+'� ,-$��'�'�#�$.� *��
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�$%� J!#�2$%�  �$%� 1A� �2� '%)$�,$� &�'%&'�#'� �$� 4�'� %'� �')'�'� K� �#�!�� ,-$�

&$�%&�'�#'��'�'�'�+� �'�.���&�. !2'�#'��$��%$�')�& ��� �'�'�+� ���%.$�6"'!3��'"��$�

.���&�. !2'�#'� K� '%& %%'�� '�  � .�'$&�. ,-$� &$2�  � �'+� � ,-$� �$%� �'&��%$%�

��%.$�6"'�%*� �%� 2$#$�'%� �'� &$25�%#-$� ��#'�� � #'2� %��$�  !"$� �'� '%#��$%� 4�'�

.$%%�5�!�# 2� $� �%$� � � '�'�+� � �'� )$�2 � ')�&�'�#'3� %'��$� 4�'� �'&'�#'2'�#'� '%#'%�

'%#��$%�  .$�# 2� . � � �2 � �#�!�� ,-$� �'%#'%� 2$#$�'%� �'� )$�2 � 2 �%� '&$!;+�& *�

�#� "�%� �'� �2 � �'"�%-$� 5�5!�$+�A)�& � )$� 2� $5%'�" �$%� '%#��$%� � %� A�' %� �'�

2$#$�'%��'�&$25�%#-$� ��#'�� 3� &�&!$%��##$�'���'%'!3� $��'�5$ �. �#'��$%� #� 5 !1$%�

) �'2��2 � �A!�%'�� ��'! ,-$��'�& !$�� ��&�$� �$�'�$�#� 5 !1$��'�% 6� 3�$��'�%-$�

 ��&�$� � %� ��"'�% %� " ��A"'�%�  $� '%#��$� 4�'� .$%%�5�!�# 2� �2 �  .�$=�2 ,-$� �$%�

2$�'!$%��' �%3��'"'�%'��'%# & �� %�$#�2�� ,R'%�'&$!;+�& %��' !�� � %�'2�&�&!$%��'�

.$#<�&� �&�C$�$5C'#�"$� !�2��'�5�%& ��$� �2'�#$�� �')�&�<�&� 3��� ��#�!�� ,-$��'��2 �

)��,-$�'&$!;+�& �. � � �A!�%'��'�#� 5 !1$�.�$�����$�'2��'! ,-$� $� 25�'�#'*��

����$��'��1!5$���Q�SOMV� � !�% � 2� �')�&�<�&� ��'��2�&�&!$��'�� ��$#�. � �

$%�& %$%�'2�4�'� �.$#<�&� ��'�% 6� ��� !�2�# � �.'! � ��,-$��'�& !$���$� )!���$��'�

#� 5 !1$� '� .'! � �'C'�,-$� �'� & !$�� �'%#'� )!���$*��� &�&!$� ��2$�'! �$� &$2��2 � )$�#'�

4�'�#'� . � �  ��,-$� �'� & !$�� �$� %�%#'2 � '� �2 � )$�#'� )�� � . � � �'C'�,-$� �'� & !$��

Q�'%'�" #;��$%� #��2�&$%V*�/$��"'��)�& �$�4�'�. � �$�&�&!$�$.'� ��&$2� �')�&�<�&� ��'�

� ��$#� '%% � #�$& ��'�& !$�� �'"'�� � $&$��'�� '2��2� #'2.$� ��)���#$3� $��'� %%�2��-$�

1 "'�� ���)'�'�, ��'� #'2.'� #�� �'�#�'�$� )!���$��'� #� 5 !1$�'� %� )$�#'%3�$&$��'��$�

 %%�2��2 �.�$��,-$��'� #� 5 !1$� )���# 3�.$��2�$�&�&!$�$.'� ��$�'2�"'!$&�� �'� #-$�

5 �= � 4�'�  � .$#<�&� � .�$����� � %'�� � .� #�& 2'�#'� ��! � 4� ��$� &$2. � �$�  $�

+� ��'�#'2.$��'�#�$& �#��2�& *��%%�23�. � ��2 �2$�'! +'2�#-$���' !�� � 3�)$� 2�

 ��&�$� � %�!�2�# ,R'%��')'�'�#'%�K���)'�'�, ��'�#'2.'� #�� �. � ��2 �2$�'! +'2�

2 �%� �' !6%#�& *� �$�� )�2� &1'+$��%'�  � '=.�'%%-$� 3�2 = �# ��−=η � $��'� �� � ��  �

#'2.'� #�� �'2�4�'�$�& !$�����'C'�# �$�. � � �)$�#'�K��2 �#'2.'� #�� � #� �'� �� ��� �

#'2.'� #�� � '2� 4�'� $� & !$�� ��  ��&�$� �$� . � �  � )$�#'� K� #'2.'� #�� � *�� � 0%# �

'=.�'%%-$�2$%#� �%'�2 �%� �'4� � �. � �%�#� ,R'%��' �%�4�'�$��'���2'�#$��$�&�&!$�

�'�� ��$#
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�$2�5 %'��'%#'%� �'%�!# �$%� 
5� �23�I!'��� '���#&1'!!� Q�SS�V� �' !�� � 2��2 �

&$2. � ,-$�'�#�'��2�&�&!$��'�� ��$#�'��2�&�&!$��� X#$��)'&1 �$3� 25$%�&$2�# = %�

)���# %� '� ��)���# %� �'� & . &�� �'� #��2�& � �$%� )!���$%� '=#'��$%*� /$� 2� $5#�� %�

'=.�'%%R'%� � !6#�& %� #� "�%��$�2�!#�.!�& �$���'�� +� �+'�. � �$�#� 5 !1$�2A=�2$�

'�$� �'���2'�#$��$� #� 5 !1$�2A=�2$*�� � � 25$%�$%�&�&!$%� )$� 2�&$�%��'� � %� %�

2'%2 %� #'2.'� #�� %� �'� '�#� � � � %� )$�#'� '� %�2��$��$� �'� & !$�� Q�'%'�" #;��$%�

#��2�&$%V3� 2'%2 %� # = %� �'� & . &�� �'� #��2�& 3� 2'%2 %� &$���#7�&� %� �$%�

#�$& �$�'%��'�& !$�*�0%# %�&$���,R'%�2$%#� � 2�4�'�$�&�&!$��� X#$��.$�'�.�$������

�2 �.$#<�&� �2 �$��4�'�$�&�&!$��'�� ��$#*�/$���'2$�%#� �$�4�'�. � �4� !4�'��&�&!$�

#'�2$���72�&$�2$�'! �$�&$2�&$���#7�&� %��$%� #�$& �$�'%��'�& !$��'� %�2'%2 %�

&$���,R'%� !�2�#'%�  � .$#<�&� � ;#�2 �  �2'�# �A�  � !�2�#'� �'� .$#<�&� � �$� &�&!$*� �%�

 �#$�'%� 2$%#� � 2� 4�'�  � ')�&�<�&� � �$� #� 5 !1$� 2A=�2$� .$�'� %'�� & !&�! � � .$��

3�2 = �# �� φη −= � � $��'� φ � �� �2� ) #$�� �'� " �� ,-$� �'� '�#�$.� � �$%� .�$&'%%$%� �'�

#� �%)'�<�&� %��'�& !$�*��

	2 �  " !� ,-$� �$� +� �� �'� ���'"'�%�5�!�� �'%� '=�%#'�#'� '2� �2 � .! �# � �'�

.$�#<�&� � $.'� ��$� '2� �'+�2'� '%# &�$�A��$� )$�� �' !�� � � .$�� �'C �� Q�SPPV*� �%�

���'"'�%�5�!�� �'%�&$�%��'� � %�%-$�$����� %��$%�#�$& �$�'%��'�& !$���'� !# �'�5 �= �

#'2.'� #�� � '� � � .'�� � �'� & !$�� 4�'� $&$��'� ���'# 2'�#'� �$� �'%'�" #;��$� �'�  !# �

#'2.'� #�� �. � �$� �'%'�" #;��$��'�5 �= � #'2.'� #�� *��� �#$�� ����& �4�'� !�2�� �

2 =�2�� ,-$�� �.$#<�&� ��'�% 6� ��'%&��# �.$������$��'��1!5$��� #� "�%�� ��'! ,-$�

;#�2 ��'�#'2.'� #�� %��$%�#�$& �$�'%��'�& !$�3�1A��2 ��'! ,-$�'�#�'� %���2'�%R'%�

�$%� #�$& �$�'%� �'� & !$�� �'�  !# � '� 5 �= � #'2.'� #�� 3� � � 4� !� )$�� &$�%#��6�$� �2�

+�A)�&$� . � � ��'�#�)�& ,-$� � � 2'!1$�� !$& !�� ,-$� �$%� #�$& �$�'%� � � .! �# *� /$��

2$%#� �$� 4�'�  � ')�&�<�&� � ��2A=�2$3� # �#$� �'� .��2'�� � !'�� 4� �#$� �'� %'+��� � !'�3�

4� ��$�$� ��"'%#�2'�#$��' !�� �$��$%�#�$& �$�'%��'�& !$������"����$��'�)$�2 �;#�2 �

'�#�'�  � &$���#7�&� � '=#'�� � '�  � �'%�%#<�&� � #��2�& � ��#'�� *� �!+��%� � �$%� �'�

')�&�<�&� ��'�.! �# %���%# ! � %�&$�"'�+'2�. � �$%�� �$%�.�'"�%#$%�� �#'$�� *�

� �'+����$� %�.'%4��% %�4�'�'�"$!"'2�$�#� 5 !1$�2A=�2$3�9��'�I� �+�Q�SS�V3�

 � !�% � 2� $� #� 5 !1$� ;#�2$� �'� �2� &�&!$� �� X#$�� ��&!����$� #� �%)'�<�&� %� �'� & !$��

�' !�� � %� '2� #'2.$� )���#$*� �� #� 5 !1$�  � !�% �  � ')�&�<�&� � #��2�& � �#�!�� ��$� $%�

&$�&'�#$%��'�.$#<�&� �2A=�2 ���&!����$�')'�#$%��'��2 �&$2.�'%%-$�'�'=. �%-$��-$�

�%'�#�;.�& %*� 0%# � &$2.�'%%-$� '� '=. �%-$� �-$� �%'�#�;.�& %� %-$� !'" � %� '2�

&$�%��'� ,-$� #� "�%�� %�')�&�<�&� %��$�&$2.�'%%$��'�� � #��5�� *��$2$��')'�<�&� �
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. � � &$2. � ,-$� �$%� �'%�!# �$%� �$� '%#��$� )$�� �#�!�� �$� $� &�&!$� �� X#$��

'��$�'"'�%6"'!3�$��'3�&$�)$�2'�'%.'� �$3� �.$#<�&� ��'�% 6� �'� �')�&�<�&� �#��2�& �

)$� 2� 2 �$�'%� 4� ��$� &$2. � � %�  $� &�&!$� &�C %� &$���,R'%� '� 2� '=. �%-$� '�

&$2.�'%%-$��%'�#�;.�& %*�

� B'��'� 3�� ��$" !�'��$%�!!$�Q���TV3�&$������ 2��2�'%#��$�#'�2$���72�&$��'�

#'2.$� )���#$� . � � �2� &�&!$� �� X#$�� ���'"'�%6"'!� &$2�  %� #'2.'� #�� %� �$%�

�'%'�" #;��$%�#��2�&$%�" ��A"'�%�'�&$2�# 2 �1$�)���#$*���&�&!$���2$�'! �$�&$2�.'�� �

�'� & !$�3� �'+'�'� �$�� �'� & !$�� '� &$2� ���'"'�%�5�!�� �'%� ��#'�� %� '� '=#'�� %*� ��

$#�2�� ,-$�#'2�$�$5C'#�"$��'� � !�% �� �.$#<�&� �2A=�2 ��$�&�&!$�'� �26��2 �# = ��'�

+'� ,-$��'�'�#�$.� *���'%#��$�2$%#�$��4�'�. � � �.$#<�&� �2A=�2 �$� �2'�#$�� �

& . &�� �'� �'� �'&��%$%� %'2.�'�  �2'�# �  � .$#<�&� � 2A=�2 3� .$��2�  � .$#<�&� �

!64��� �  $� ��"�%� �'�  �2'�# �� ��2����� �'"��$�  $�  �2'�#$� � %� .'�� %*� �$� 4�'� %'�

�')'�'� K� ��2����,-$� � � # = � �'� +'� ,-$� �'� '�#�$.� 3� 4� !4�'��  �2'�#$� � �

& . &�� �'��'��'&��%$%3� �2'�# � �# = ��'�+'� ,-$��'�'�#�$.� *��

� ��$5#'�,-$�� �.$#<�&� �2A=�2 �# 25�2�)$�� � !�% � �.$���1'��Q�SS�V3�$��'�

)$���#�!�� �$��2�2$�'!$��'�2A4��� �#��2�& ��'�� ��$#�&$2����'"'�%�5�!�� �'%*�0%# %�

���'"'�%�5�!�� �'%�%-$�&$�# 5�!�� � %�.'! �# = ��'�.'�� ��'�& !$��'�.'!$%�#�$& �$�'%�

�'� & !$�� &$2� $� )!���$� �'� #� 5 !1$*� �� �'%'2.'�1$� ;#�2$� � � 2A4��� � #��2�& � ��

 � !�% �$�'�&$2$�. �72'#�$��'� �A!�%'� )$� 2�'! 5$� � %� )��,R'%�. � � �.$#<�&� �

2A=�2 � '�  � ')�&�<�&� � 2A=�2 3�  !�2� �$� &A!&�!$� � � .$#<�&� � .�$����� � . � � '%# �

')�&�<�&� *�/$� 2��#�!�� � %�&��" %�$��'� �.$#<�&� ��'�% 6� �" �� �&$2� �')�&�<�&� 3�

.'�2�#���$� $5%'�" ��  %� �'+�R'%� �'� .$#<�&� � '� ')�&�<�&� � ;#�2 %� �$� &�&!$3� '�  %�

'=.�'%%R'%� $5#�� %� .$�'2� %'�� �% � %� . � � �2� &�&!$� �'� � ��$#� �'"'�%6"'!3�

'��$��'"'�%6"'!� '� ���'"'�%6"'!� &$2� ���'"'�%�5�!�� �'%� ��#'�� %� '� # = � �'� .'�� � �'�

& !$�*��

� �.!�& ��$� $%� &$�&'�#$%� �'� .$#<�&� � 2A=�2 � �$%� &�&!$%� 2$#$�'%3� � �! :�

Q����V3��' !��$���2 � �A!�%'�&$2. � #�" ��'��'%'2.'�1$�'�$#�2�� ,-$�&$2�5 %'�� �

.$#<�&� � 2A=�2 � '� � � 2A=�2 � ')�&�<�&� � #��2�& � . � � $%� &�&!$%� ��'%'!� '� �� !�

���'"'�%6"'�%3��#�!�� ��$�. �72'#�$%��'�.�$C'#$3��'! ,-$��'�&$�#'3�� �-$��'�.�'%%-$�'�
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6
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Otto, TQ/TF = 6
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�'� +'� ,-$� �'� '�#�$.� � ;#�2 � �$� &�&!$� ��'%'!�  �2'�# ��$� �'� )$�2 � 2��#$� 2 �%�

��%&�'# �'2��'! ,-$� $�&�&!$��##$3�. � �$%�2'%2$%�" !$�'%�� ��'! ,-$� *#� ��
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� � � $� &$2.$�# 2'�#$� � � .$#<�&� � !64��� � $#�2�� � � '2� )��,-$� � � )��,-$�

'&$!;+�& 3�  %� 04� ,R'%� �*�T� '� �*�P� )$��'&'2� ���'# 2'�#'� '%%'%� �'%�!# �$%3� �-$�

C�%#�)�& ��$� �.�'%'�, ��'��� +� 2 %��'�%$!�,-$*��

� � /�+�� � M*��� $5%'�" �%'� $� &$2.$�# 2'�#$� � � .$#<�&� � !64��� � $#�2�� � �

.'! �)��,-$�'&$!;+�& �� �%
 ��� �� �'2�)��,-$��$��J2'�$��'����� �'%��'�#� �%)'�<�&� �

�'� & !$�� �$%� �'%'�" #;��$%�  � 5 �= � #'2.'� #�� � #��� � '�  �  !# � #'2.'� #�� � ����

. � � $%� &�&!$%� �##$� '� ��'%'!� . � � ��"'�%$%� " !$�'%� � � �'! ,-$� *#� �� � �%�

&$2.$�# 2'�#$%� $5%'�" �$%� � %� /�+�� %� M*��3� M*�M� '� M*�T� .$�'2� %'�� $5#��$%�  �

. �#���� %�04� ,R'%��*�T�'��*�P*��

���'! ,-$�'�#�'� �.$#<�&� �!64��� �$#�2�� � �.'! �)��,-$�'&$!;+�& �� �%
 ��� ��

'2�)��,-$��$��J2'�$��'����� �'%��'� #� �%)'�<�&� ��'�& !$�� ��� �"�%# �� �/�+�� �

M*��� ����& � �2�  �2'�#$� &$�%��'�A"'!� �'� �%
 ��� �� � &$2� $�  �2'�#$� �$� ��� �  #��

" !$�'%�.�;=�2$%��'��3�%'��$�4�'� �. �#����'%%'%�" !$�'%3� %�&��" %�'%# 5�!�� 2�%'*�

0%#'� &$2.$�# 2'�#$� �� $5%'�" �$� . � � $%� &�&!$%� �##$� '� ��'%'!3�  !�2� �'� 4�'� �2�

 �2'�#$�� � �'! ,-$� #� �� � �2'�# �$%�" !$�'%��'� 3�%
 ��� �� �&$�)$�2'�$5%'�" �$�

� �/�+�� �M*��*�
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6

/�+�� �M*������$#<�&� �!64��� � ��2'�%�$� !� ( )�%
 ��� �� �'2�)��,-$��$��J2'�$��'�

���� �'%��'�#� �%)'�<�&� ��'�& !$����� �. � �$%�&�&!$%��##$�'���'%'!�. � ���)'�'�#'%�

" !$�'%�� ��'! ,-$� *#� ��

� � /�+�� � M*�M� $5%'�" �%'� $� &$2.$�# 2'�#$� � � .$#<�&� � !64��� � $#�2�� � �

.'! �)��,-$�'&$!;+�& �� �%
 ��� �� �'2�)��,-$��$��J2'�$��'����� �'%��'�#� �%)'�<�&� �

�'� & !$�� �$%� �'%'�" #;��$%�  � 5 �= � #'2.'� #�� � #��� � '�  �  !# � #'2.'� #�� � ����

. � �$%�&�&!$%��##$�'���'%'!�. � ���"'�%$%�" !$�'%�� ��'! ,-$� *%� �� �� ���'"��'�#'�4�'�

 � �'! ,-$� %� �� �� � �-$� '='�&'� ��)!�<�&� � �$%� " !$�'%� �'� 3�%
 ��� �� � $�� %'C 3� $�

&$2.$�# 2'�#$� �'� 3�%
 ��� �� � �-$� %'�  !#'� � . � � ��)'�'�#'%� " !$�'%� � � �'! ,-$�

%� �� �� �# �#$�. � �$�&�&!$���'%'!�4� �#$�. � �$�&�&!$��##$*�

� 0%#'�&$2.$�# 2'�#$�.$�'�%'��'=.!�& �$�.$���2 � �A!�%'�� %�04� ,R'%��*��3�

�*��� '� �*�N� Q.�$&'%%$� �'� 2 =�2�� ,-$� � � )��,-$� '&$!;+�& V*� �$� .�$&'%%$� �'�

2 =�2�� ,-$� � � )��,-$� '&$!;+�& 3� �'.�'%'�# �$� .$�� '%# %� '4� ,R'%3� $5%'�" �%'�

4�'�$%�#'�2$%�$��'� �" ��A"'!� ��� �%'�'�&$�#� �%-$� ��! �$%3�C�%#�)�& ��$� %%�2� ��-$�

�'.'��<�&� ��'� %� �� �� �'2� *�%
 ��� ��
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Otto, ĊI /Cv = 0

Diesel, ĊI /Ċv = 0

Otto, ĊI /Ċv = 0, 002

Diesel, ĊI /Ċv = 0, 002

Otto, ĊI /Ċv = 0, 02

Diesel,̇CI/Ċv = 0, 02

/�+�� �M*�M����$#<�&� �!64��� � ��2'�%�$� !� ( )�%
 ��� �� �'2�)��,-$��$��J2'�$��'�

���� �'%��'�#� �%)'�<�&� ��'�& !$����� �. � �$%�&�&!$%��##$�'���'%'!�. � ���)'�'�#'%�

" !$�'%�� ��'! ,-$� *%� �� ��

� � /�+�� � M*�T� $5%'�" �%'� $� &$2.$�# 2'�#$� � � .$#<�&� � !64��� � $#�2�� � �

.'! �)��,-$�'&$!;+�& �� �%
 ��� �� �'2�)��,-$��$��J2'�$��'����� �'%��'�#� �%)'�<�&� �

�'� & !$�� �$%� �'%'�" #;��$%�  � 5 �= � #'2.'� #�� � #��� � '�  �  !# � #'2.'� #�� � ����

. � �$%�&�&!$%��##$�'���'%'!�. � ���"'�%$%�" !$�'%��$�. �72'#�$� *� ��$# �%'�4�'�$�

 �2'�#$��$�. �72'#�$��'� ���'"'�%�5�!�� �'� � �& �% ��2 �'%# 5�!�� ,-$��$%�" !$�'%�

�'� �%
 ��� �� � . � � " !$�'%� 2 �%� 5 �=$%� �'� �%
 ��� �� 3� '�4� �#$� $�  �2'�#$� �$%�

" !$�'%��'���� �& �% ��2 �'%# 5�!�� ,-$��$%�" !$�'%��'� �%
 ��� �� �. � �" !$�'%��'�

��� �2 �$�'%�4�'��*�0%#'�&$2.$�# 2'�#$��'.'#'�%'�. � �$%�&�&!$%��##$�'���'%'!*�
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Otto, R = 1
Diesel, R = 1
Otto, R = 1, 1
Diesel, R = 1, 1
Otto, R = 1, 2
Diesel, R = 1, 2

/�+�� �M*�T����$#<�&� �!64��� � ��2'�%�$� !� ( )�%
 ��� �� �'2�)��,-$��$��J2'�$��'�

���� �'%��'�#� �%)'�<�&� ��'�& !$����� �. � �$%�&�&!$%��##$�'���'%'!�. � ���)'�'�#'%�

" !$�'%��'� *�

� �

��.�$&'��2'�#$��'�&$�%#��,-$�� %�/�+�� %�M*�P3�M*�S�'�M*����� .�'%'�# �$�

�$��� +� 2 �� �/�+�� �M*�O*���/�+�� �M*�P� .�'%'�# �$�&$2.$�# 2'�#$�� �')�&�<�&� �

#��2�& � $#�2�� � � .'! � )��,-$� '&$!;+�& � '2� )��,-$� �$� �J2'�$� �'� ���� �'%� �'�

#� �%)'�<�&� � �'� & !$�� �$%� �'%'�" #;��$%�  � 5 �= � #'2.'� #�� � #��� � '�  �  !# �

#'2.'� #�� � ���� � . � � $%� &�&!$%� �##$� '� ��'%'!� . � � ��"'�%$%� " !$�'%� � � �'! ,-$�

#� �� 3� %� �� �� �'� 3� ��'%.'&#�" 2'�#'*��
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/�+�� �M*�O����� +� 2 ��'�%$!�,-$�� �')�&�<�&� �#��2�& �$#�2�� � �.'! �)��,-$�

'&$!;+�& � 
η �. � �$%�&�&!$%��##$�'���'%'!*�

� � �/�+�� �M*�P3�$5%'�" �%'��2� !�+'��$� �2'�#$��'� 
η � #��.�;=�2$��'� ���

�+� !�  � M3� $&$��'��$� '�#-$� �2 � '%# 5�!�� ,-$� �$%� " !$�'%� � � ')�&�<�&� � #��2�& *� ��

'%# 5�!�� ,-$� �'%%'� " !$�� $&$��'� . � � #$� %�  %� �'! ,R'%� 3#� �� � %'��$� 4�'� $�

 �2'�#$��'%#'�. �72'#�$�& �% ��2� �2'�#$�&$�%��'�A"'!�� �')�&�<�&� �#��2�& ��$%�

&�&!$%*�

� �
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�3M�
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�3MP

�3T
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NUT

η E

Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6

/�+�� �M*�P�L�0)�&�<�&� �#��2�& �$#�2�� � �.'! �)��,-$�'&$!;+�& � 
η �'2�)��,-$��$�

�J2'�$��'����� �'%��'�#� �%)'�<�&� ��'�& !$����� �. � �$%�&�&!$%��##$�'���'%'!�

. � ���)'�'�#'%�" !$�'%�� ��'! ,-$� *#� ��

0%#'�&$2.$�# 2'�#$��'.'#'�%'�'2�. �#'%�� �/�+�� �M*�S3�.$�%�K�2'��� �4�'�

$%� " !$�'%� �'� %� �� �� �  �2'�# 23�  � '%# 5�!�� ,-$� �$%� " !$�'%� 
η � $&$��'2� . � �

" !$�'%�2 �%� !#$%��'� 3��� � !�2��'��2 ���%&�'# ���2����,-$��$�" !$��� �')�&�<�&� �

#��2�& *���2'%2$�&$2.$�# 2'�#$�� �/�+�� �M*�P���$5%'�" �$�� �/�+�� �M*��3�$��'�

$� �2'�#$��'�� �) ��&$2�4�'�$%�" !$�'%��'� 
η �'%# 5�!��'2�%'�'2�" !$�'%��'����

.�;=�2$%��'�N3� !�2��'�'%#'� �2'�#$�& �% �� ���2����,-$��$%�" !$�'%�� �')�&�<�&� �

#��2�& �$#�2�� � �.'! �)��,-$�'&$!;+�& *�
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�3M�

�3M�

�3MN

�3M�

�3MM

�3MT

�3MO

�3MP

NUT

η E

Otto, ĊI /Cv = 0

Diesel, ĊI /Ċv = 0

Otto, ĊI /Ċv = 0, 002

Diesel, ĊI /Ċv = 0, 002

Otto, ĊI /Ċv = 0, 02

Diesel,̇CI/Ċv = 0, 02

/�+�� �M*�S�L�0)�&�<�&� �#��2�& �$#�2�� � �.'! �)��,-$�'&$!;+�& � 
η �'2�)��,-$��$�

�J2'�$��'����� �'%��'�#� �%)'�<�&� ��'�& !$����� �. � �$%�&�&!$%��##$�'���'%'!�

. � ���)'�'�#'%�" !$�'%�� ��'! ,-$� *%� �� ��

� � N � M T O
�3M

�3M�

�3M�

�3MN

�3M�

�3MM

�3MT

�3MO

�3MP

�3MS

NUT

η E

Otto, R = 1
Diesel, R = 1
Otto, R = 1, 1
Diesel, R = 1, 1
Otto, R = 1, 2
Diesel, R = 1, 2

/�+�� �M*���L�0)�&�<�&� �#��2�& �$#�2�� � �.'! �)��,-$�'&$!;+�& � 
η �'2�)��,-$��$�

�J2'�$��'����� �'%��'�#� �%)'�<�&� ��'�& !$����� �. � �$%�&�&!$%��##$�'���'%'!�

. � ���)'�'�#'%�" !$�'%�� ��'! ,-$� *�
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/�+�� �M*������� +� 2 ��'�%$!�,-$�� �# = ��'�+'� ,-$��'�'�#�$.� �$#�2�� � �.'! �

)��,-$�'&$!;+�& � 
�� 3
� �. � �$%�&�&!$%��##$�'���'%'!*�

�%�+�A)�&$%�� �# = ��'�+'� ,-$��'�'�#�$.� �$5#��$%�.'! �$#�2�� ,-$�� �)��,-$�

'&$!;+�& � 
�� 3
� �'2�)��,-$��$��J2'�$��'����� �'%��'�#� �%)'�<�&� ��'�& !$�� #��� �'�

���� �%-$� .�'%'�# �$%�� �/�+�� %�M*��3�M*�N�'�M*���. � �$%�&�&!$%��##$�'���'%'!3�

$��'�%-$� .�'%'�# �$%���)'�'�#'%�" !$�'%�. � � %��'! ,R'%� #� �� �'� %� �� �� �'�. � �$�

. �72'#�$� 3� ��'%.'&#�" 2'�#'*�
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Ṡ
g
,E

/
Ċ
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6

/�+�� �M*���L�� = ��'�+'� ,-$��'�'�#�$.� � ��2'�%�$� !�$#�2�� � �.'! �)��,-$�

'&$!;+�& � ( )%
� �� ��
3 �'2�)��,-$��$��J2'�$��'����� �'%��'�#� �%)'�<�&� ��'�& !$��

��� �. � �$%�&�&!$%��##$�'���'%'!�. � ���)'�'�#'%�" !$�'%�� ��'! ,-$� *#� ��

0%#'%� +�A)�&$%�  .�'%'�# 2� &$2.$�# 2'�#$%� %'2'!1 �#'%3� $��'�  � # = � �'�

+'� ,-$��'�'�#�$.� �$#�2�� � �.'! �)��,-$�'&$!;+�& � %
� �� ��
3 �&�'%&'� #��'%# 5�!�� ��

%'� . � � " !$�'%� �'� ��� � .�;=�2$%� �'� �*� �$�'�%'� $5%'�" �� � � /�+�� � M*��� 4�'� $�

 �2'�#$� � � �'! ,-$� �'� #� �� � & �% � �2�  �2'�#$� '=.�'%%�"$� '2� *3 %
� �� �� � � �

2'%2 � )$�2 3� � � /�+�� � M*�N� $�  �2'�#$� � � �'! ,-$� %� �� �� � # 25�2�  �2'�# �

33 %
� �� �� �'�4� �#$�4�'�� �/�+�� �M*���$� �2'�#$��$�. �72'#�$��'����'"'�%�5�!�� �'�

� �& �% � .'� %��2 ���%&�'# ���2����,-$��'� *3 %
� �� ��

� b� ��$�%'�&$2. � �$�&�&!$��##$�'�$���'%'!3��$# �%'�4�'�'2�#$�$%�$%�+�A)�&$%�

 .�'%'�# �$%��'%# �%',-$3�$�&�&!$���'%'!�$#�2�� �$�.'! �)��,-$�'&$!;+�& � .�'%'�# �

�2 � 2 �$�� .$#<�&� � !64��� � .�$����� 3� ')�&�<�&� � #��2�& � '� # = � �'� +'� ,-$� �'�

'�#�$.� �4� ��$�&$2. � �$� $�&�&!$��##$*�
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Otto, ĊI /Cv = 0

Diesel, ĊI /Ċv = 0

Otto, ĊI /Ċv = 0, 002

Diesel, ĊI /Ċv = 0, 002

Otto, ĊI /Ċv = 0, 02

Diesel,̇CI/Ċv = 0, 02

/�+�� �M*�N�L�� = ��'�+'� ,-$��'�'�#�$.� � ��2'�%�$� !�$#�2�� � �.'! �)��,-$�

'&$!;+�& � ( )%
� �� ��
3 �'2�)��,-$��$��J2'�$��'����� �'%��'�#� �%)'�<�&� ��'�& !$��

��� �. � �$%�&�&!$%��##$�'���'%'!�. � ���)'�'�#'%�" !$�'%��'� %� �� �� *�

� � N � M T O
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�3�P

�3�

�3��

�3��

�3�T

�3�P

�3N

NUT

Ṡ
g
,E

/
Ċ

v

Otto, R = 1
Diesel, R = 1
Otto, R = 1, 1
Diesel, R = 1, 1
Otto, R = 1, 2
Diesel, R = 1, 2

/�+�� �M*���L�� = ��'�+'� ,-$��'�'�#�$.� � ��2'�%�$� !�$#�2�� � �.'! �)��,-$�

'&$!;+�& � ( )%
� �� ��
3 �'2�)��,-$��$��J2'�$��'����� �'%��'�#� �%)'�<�&� ��'�& !$��

��� �. � �$%�&�&!$%��##$�'���'%'!�. � ���)'�'�#'%�" !$�'%��'� *�



ON�
�

�

L7F7F
�
��G���
��
����



� � �  � $5#'�,-$� �$%� +�A)�&$%� � � .$#<�&� � !64��� � $#�2�� � � .'! � )��,-$�

'&$!;+�& 3� $%� &A!&�!$%� %-$� )'�#$%� ���'# 2'�#'� .'! %� 04� ,R'%� �*��� '� �*�T3� �-$�

C�%#�)�& ��$� �.�'%'�, ��'��� +� 2 %��'�%$!�,-$*��

� � /�+�� � M*�M� $5%'�" �%'� $� &$2.$�# 2'�#$� � � .$#<�&� � !64��� � $#�2�� � �

.'!$�0����'2� )��,-$� �$� �J2'�$� �'� ���� �'%� �'� #� �%)'�<�&� � �'� & !$�� #��� � '�

���� �. � �$%�&�&!$%��##$�'���'%'!��'%.'&#�" 2'�#'3�$��'�%-$� .�'%'�# �$%�" !$�'%�

��%#��#$%�� ��'! ,-$� *#� ��

�%�&$2.$�# 2'�#$%�� %�&��" %�.�'%'�#'%�� �/�+�� �M*�M�%-$�%'2'!1 �#'%�K%�

&��" %�.�'%'�#'%�� �/�+�� �M*��3�1 "'��$��2� �2'�#$�'=.�'%%�"$��$� �%
��� ��� ��

. � � 5 �=$%� " !$�'%� �'� 3��� � '�  � 2'��� � 4�'� $� ��� �  �2'�# 3� �%
��� ��� ��

'%# 5�!�� �%'*��'�)$�2 � �A!$+ � �/�+�� �M*���$5%'�" �%'�4�'�$� �2'�#$�� ��'! ,-$�

#� �� � �2'�# � �.$#<�&� �!64��� �$#�2�� � �.'!$�0���*�

�$2. � ��$� �.$#<�&� �!64��� �'&$!;+�& �'� �.$#<�&� �!64��� �$#�2�� � �.'!$�

3
��� �"'��)�& �%'�4�'�'2�5 �=$%�" !$�'%��'� 3��� � %�.$#<�&� %�!64��� %�$#�2�� � %�

 .�$=�2 2�%'*��$��23�K�2'��� �4�'�$���� � �2'�# �$%�" !$�'%��'�.$#<�&� �!64��� �

$#�2�� � %���%# �&� 2�%'*��%%�23� �.$#<�&� �!64��� �'&$!;+�& � �%
 ��� �� �%'�'%# 5�!�� �

'2�. # 2 �'%�2 �%�'!'" �$%��$�4�'� �.$#<�&� �!64��� �$#�2�� � �.'!$�0���*�
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6

/�+�� �M*�M����$#<�&� �!64��� � ��2'�%�$� !�$#�2�� � �.'!$�0��� ( )�%
��� ��� �� �'2�

)��,-$��$��J2'�$��'����� �'%��'�#� �%)'�<�&� ��'�& !$����� �. � �$%�&�&!$%��##$�'�

��'%'!�. � ���)'�'�#'%�" !$�'%�� ��'! ,-$� *#� ��

� � � /�+�� � M*�T� $5%'�" �%'� $� &$2.$�# 2'�#$� � � .$#<�&� � $#�2�� � � .'!$�

0����'2�)��,-$��$��J2'�$��'����� �'%��'�#� �%)'�<�&� ��'�& !$�� #��� �'� ����

. � �$%�&�&!$%��##$�'���'%'!��'%.'&#�" 2'�#'3�$��'�%-$� .�'%'�# �$%�#�<%�" !$�'%�� �

�'! ,-$��'�#'2.'� #�� � *#� �� ���)'�'�#'��$�&$2.$�# 2'�#$� .�'%'�# �$�.'! �/�+�� �

M*�M3� %�&��" %�� �/�+�� �M*�T� .�'%'�# 2��2 ��'.'��<�&� �� ��'! ,-$� 3%� �� �� � CA�

4�'� K�2'��� � 4�'� %'�  �2'�# �  � �'! ,-$� %� �� �� �  � .$#<�&� � !64��� � $#�2�� � � .'!$�


��� �# 25�2� �2'�# 3�'%# 5�!�� ��$�%'�'2�" !$�'%�& � �"'��2 �$�'%��'� *���
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Ċ

v
T

Q

Otto, ĊI /Cv = 0

Diesel, ĊI /Ċv = 0

Otto, ĊI /Ċv = 0, 002

Diesel, ĊI /Ċv = 0, 002

Otto, ĊI /Ċv = 0, 02

Diesel,̇CI/Ċv = 0, 02

/�+�� �M*�T����$#<�&� �!64��� � ��2'�%�$� !�$#�2�� � �.'!$�0��� ( )�%
��� ��� �� �'2�

)��,-$��$��J2'�$��'����� �'%��'�#� �%)'�<�&� ��'�& !$����� �. � �$%�&�&!$%��##$�'�

��'%'!�. � ���)'�'�#'%�" !$�'%�� ��'! ,-$� *%� �� ��
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Otto, R = 1
Diesel, R = 1
Otto, R = 1, 1
Diesel, R = 1, 1
Otto, R = 1, 2
Diesel, R = 1, 2

/�+�� �M*�O�L��$#<�&� �!64��� � ��2'�%�$� !�$#�2�� � �.'!$�0���� ( )�%
��� ��� �� �'2�

)��,-$��$��J2'�$��'����� �'%��'�#� �%)'�<�&� ��'�& !$����� �. � �$%�&�&!$%��##$�'�

��'%'!�. � ���)'�'�#'%�" !$�'%��'� *�
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�J2'�$� �'� ���� �'%� �'� #� �%)'�<�&� � �'� & !$�� #��� � '� ���� � ��  .�'%'�# �$� � �

/�+�� � M*�O� . � � $%� &�&!$%� �##$� '� ��'%'!� . � � ��)'�'�#'%� " !$�'%� �'� *� � �$2$�

 .�'%'�# �$�� �/�+�� �M*�M3� �/�+�� �M*�O�.$%%���$�2'%2$�&$2.$�# 2'�#$3�$��'�$�

 �2'�#$��$�. �72'#�$�� ���2����� 3�%
��� ��� �� �%'��$�4�'�$� �2'�#$��$���� � #��

" !$�'%�.�;=�2$%��'���& �% �$� �2'�#$��'� 3�%
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�� /�+�� � M*�S�  .�'%'�# � $� &$2.$�# 2'�#$� � � ')�&�<�&� � #��2�& � �'"��$� K�

.$#<�&� � $#�2�� � � .'!$� 
��� ( )
���η � '2� )��,-$� �$� �J2'�$� �'� ���� �'%� �'�

#� �%)'�<�&� ��'�& !$�� #��� �'� ���� �. � �$%�&�&!$%��##$�'���'%'!��'%.'&#�" 2'�#'3�

. � � ��)'�'�#'%� " !$�'%� � � �'! ,-$� *#� �� � �5%'�" �%'� 4�'� $�  �2'�#$� � � �'! ,-$�

#� �� �.�$"$& ��2� �2'�#$� �')�&�<�&� �#��2�& *��!�2���%%$3��$# �%'�4�'�$%�" !$�'%�

�'� 
���η � �2'�# 2�� .�� 2'�#'�. � �5 �=$%�" !$�'%��'� 3��� �'�K�2'��� �4�'�$%�

" !$�'%��'����� �2'�# 2�$&$��'��2 �'%# 5�!�� ,-$��$%�" !$�'%��'� *
���η
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NUT
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6

/�+�� �M*�S�L�0)�&�<�&� �#��2�& �$#�2�� � �.'!$�
��� 
���η �'2�)��,-$��$��J2'�$�

�'����� �'%��'�#� �%)'�<�&� ��'�& !$����� �. � �$%�&�&!$%��##$�'���'%'!�. � �

��)'�'�#'%�" !$�'%�� ��'! ,-$� *#� ��

� �'%�!# �$%�%�2�! �'%�K�/�+�� �M*�S�%-$� .�'%'�# �$%�� �/�+�� �M*N�3�$��'���

 .�'%'�# �$� $� &$2.$�# 2'�#$� � � ')�&�<�&� � #��2�& � �'"��$� K� .$#<�&� � $#�2�� � �

.'!$� 0���� ( )
���η � '2� )��,-$� �$� �J2'�$� �'� ���� �'%� �'� #� �%)'�<�&� � �'� & !$��

#��� �'� ���� �. � �$%�&�&!$%��##$�'���'%'!��'%.'&#�" 2'�#'3�. � ���)'�'�#'%�" !$�'%�

� � �'! ,-$� *%� �� �� � '��)�& �%'� 4�'� $�  �2'�#$� � � # = � �'� .'�� � �'� & !$�� ��2�����



OP�
�

�

&$�%��'� "'!2'�#'� �')�&�<�&� � #��2�& 3�$&$��'��$� ��� ��2� �2'�#$�� ���)'�'�, �

'�#�'� %�')�&�<�&� %�#��2�& %��$%��$�%�&�&!$%*��

� � N � M T O
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�3MT

�3MP
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�3TT
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�3O

NUT

η
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Otto, ĊI /Cv = 0, 0002

Diesel, ĊI /Ċv = 0, 0002

Otto, ĊI /Ċv = 0, 002

Diesel, ĊI /Ċv = 0, 002

Otto, ĊI /Ċv = 0, 02

Diesel,̇CI/Ċv = 0, 02

/�+�� �M*N��L�0)�&�<�&� �#��2�& �$#�2�� � �.'!$�0���� 
���η �'2�)��,-$��$��J2'�$�

�'����� �'%��'�#� �%)'�<�&� ��'�& !$����� �. � �$%�&�&!$%��##$�'���'%'!�. � �

��)'�'�#'%�" !$�'%�� ��'! ,-$� *%� �� ��

� �'�2 �'�� � �A!$+ �K�/�+�� �M*�S3� �/�+�� �M*N�� .�'%'�# �$�&$2.$�# 2'�#$�

� �')�&�<�&� � #��2�& ��'"��$�K�.$#<�&� �$#�2�� � �.'!$�0���� 
���η � '2� )��,-$��$�

�J2'�$��'����� �'%��'�#� �%)'�<�&� ��'�& !$�� #��� �'� ���� �. � �$%�&�&!$%��##$�'�

��'%'!��'%.'&#�" 2'�#'3�. � ���)'�'�#'%�" !$�'%��'� *� ��5%'�" �%'�4�'��2� �2'�#$�

�'%#'� . �72'#�$� & �% � �2 � ��2����,-$� � � ')�&�<�&� � #��2�& 3� &$2� %'�%� " !$�'%�

&�'%&'��$� '=.�'%%�" 2'�#'� . � � 5 �=$%� " !$�'%� �'� ��� � '� %'� '%# 5�!�� ��$� . � �

" !$�'%�2 �%�'!'" �$%��'� *���
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Otto, R = 1
Diesel, R = 1
Otto, R = 1, 1
Diesel, R = 1, 1
Otto, R = 1, 2
Diesel, R = 1, 2

/�+�� �M*N��L�0)�&�<�&� �#��2�& �$#�2�� � �.'!$�
��� 
���η �'2�)��,-$��$��J2'�$�

�'����� �'%��'�#� �%)'�<�&� ��'�& !$����� �. � �$%�&�&!$%��##$�'���'%'!�. � �

��)'�'�#'%�" !$�'%��$�. �72'#�$� *�

� �� �'! ,-$�'�#�'�  � # = � �'� +'� ,-$� �'� '�#�$.� � �'"��$� K� .$#<�&� � $#�2�� � �

.'!$� 
��� ( )
���*��� �'2�)��,-$��$��J2'�$��'����� �'%��'� #� �%)'�<�&� ��'�& !$��

��� �. � �$%���&!$%��##$�'���'%'!3�. � ���)'�'�#'%�" !$�'%��$�. �72'#�$� 3#� �� ���

 .�'%'�# � � � � /�+�� � M*NN*� � �2'%2 � )$�2 3�  � �'! ,-$� '�#�'� 
���*��� � =� ��� � ��

 .�'%'�# � �� %�/�+�� %�M*N��'�M*NM3�.$��2�. � ���)'�'�#'%�" !$�'%��'� %� �� �� �'� 3�

�'%.'&#�" 2'�#'*�

���'.�'%'�# ,-$�+�A)�& �� %�/�+�� %�M*NN3�M*N��'�M*NM�.$�'�%'��$5%'�" � ��$�

�� +� 2 � .�'%'�# �$�� �/�+�� �M*N�(�
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6
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Otto, ĊI /Cv = 0, 0002

Diesel, ĊI /Ċv = 0, 0002

Otto, ĊI /Ċv = 0, 002

Diesel, ĊI /Ċv = 0, 002

Otto, ĊI /Ċv = 0, 02

Diesel,̇CI/Ċv = 0, 02
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Otto, R = 1
Diesel, R = 1
Otto, R = 1, 1
Diesel, R = 1, 1
Otto, R = 1, 2
Diesel, R = 1, 2

/�+�� �M*NM�L�� = ��'�+'� ,-$��'�'�#�$.� � ��2'�%�$� !�$#�2�� � �.'!$�
���

( )%
���� �� ��
3 �'2�)��,-$��$��J2'�$��'����� �'%��'�#� �%)'�<�&� ��'�& !$����� �. � �

$%�&�&!$%��##$�'���'%'!�. � ���)'�'�#'%�" !$�'%��$�. �72'#�$� *�

� �

���/�+�� �M*NN�2$%#� �4�'�$� �2'�#$�� � �'! ,-$� #� �� �  �2'�# � � # = ��'�

+'� ,-$��'�'�#�$.� ��'"��$�K�.$#<�&� �$#�2�� � �.'!$�0���*��5%'�" �%'�� �/�+�� �

M*N��4�'� � �'��,-$�� � �'! ,-$� %� �� �� � �'����$�&�'%&�2'�#$�� � # = ��'�+'� ,-$��'�

'�#�$.� ��'"��$�K�.$#<�&� �$#�2�� � �.'!$�0���*��$��)�23�� �/�+�� �M*NM3��'%# & �%'�

$� �2'�#$��$�. �72'#�$��'����'"'�%�5�!�� �'�� 3�4�'�& �% �# �#$�$� �2'�#$�� �# = �

�'�+'� ,-$��'�'�#�$.� ��'"��$�K�.$#<�&� �$#�2�� � �.'!$�0����4� �#$�$� �2'�#$�

�$�&�'%&�2'�#$�� �# = ��'�+'� ,-$��'�'�#�$.� �. � �$%�2'%2$%�" !$�'%��'� *���

�$2$�$5%'�" �$�� �$#�2�� ,-$�� �)��,-$�'&$!;+�& 3�.$�'�%'�"'��)�& ��4�'�$�

&�&!$� ��'%'!� $#�2�� �$� .'!$� 0����  .�'%'�# � 2'!1$�'%� " !$�'%� 4�'� $� &�&!$� �##$�

$#�2�� �$3� $�� %'C 3�  � .$#<�&� � !64��� � .�$����� 3�  � ')�&�<�&� � #��2�& � '�  � # = � �'�

+'� ,-$� �'� '�#�$.� � �$� &�&!$� ��'%'!�  .�'%'�# 2� �6"'�%�2 �%� '!'" �$%� 4�'� $� &�&!$�

�##$*�

b� ��$� &$2. � �%'�  %� $#�2�� ,R'%� .'! � )��,-$� '&$!;+�& � '� .'!$� 0����

$5%'�" �%'�4�'�$%�" !$�'%��'�.$#<�&� � !64��� �$#�2�� � �.'! �)��,-$�'&$!;+�& �%-$�



PN�
�

�

2 �%�'!'" �$%�4�'�$%�" !$�'%��'�.$#<�&� �!64��� �$#�2�� � �.'!$�0���3�$�4�'�.$�'�

%'�� $5%'�" �$� .$�� �2 � &$2. � ,-$� '�#�'�  %� /�+�� %� M*��� '� M*�M3� /�+�� %� M*�M� '�

M*�T�'�/�+�� %�M*�T�'�M*�O*�

�$2. � ��$�%'� %�')�&�<�&� %�#��2�& %�$#�2�� � %3�"'��)�& �%'�4�'�$%�" !$�'%�

�'� ')�&�<�&� � #��2�& � $#�2�� � � .'!$� 0���� %-$� 2 �%� '!'" �$%� 4�'� $� " !$�'%� �'�

')�&�<�&� �#��2�& �$#�2�� � �.'! �)��,-$�'&$!;+�& *�b� ��$�%'� � !�% 2�. �72'#�$%�

&$2$� %� �� �� �'�� �"'��)�& �%'�4�'� ���)'�'�, �'�#�'� �$#�2�� ,-$�.'!$�0����'�.'! �

)��,-$�'&$!;+�& � �2'�# �&$�%��'� "'!2'�#'*�0%#'%��'%�!# �$%�)�& 2�'"��'�#'%�� %�

&$2. � ,R'%� '�#�'�  %� /�+�� %� M*�P� '� M*�S3� /�+�� %� M*�S� '� M*N�� '� /�+�� %� M*��� '�

M*N�*�

�$�� )�23� 4� ��$�  � !�% 2�%'�  %� # = %� �'� +'� ,-$� �'� '�#�$.� � $#�2�� � %�

.'! %� �� %� )��,R'%� $5C'#�"$%� "'��)�& �%'� 4�'� $%� �6"'�%� �'� # = � �'� +'� ,-$� �'�

'�#�$.� � %-$�&$�%��'� "'!2'�#'�2 �%�5 �=$%�. � � �$#�2�� ,-$�.'!$�0���3� %'��$�

4�'�'%%'� %.'&#$�.�'" !'&'�. � �#$�$%�$%�. �72'#�$%� � !�% �$%*�0%#'%��'%�!# �$%�

)�& 2�'"��'�#'%�� %�/�+�� %�M*���'�M*NN3�/�+�� %�M*�N�'�M*N��'�/�+�� %�M*���'�M*NM*�

�%� �'%�!# �$%� &�# �$%�  �#'��$�2'�#'� )�& 2� 2 �%� '"��'�#'%� 4� ��$�

&$2. � �$%�&$2��'%�!# �$%�$5#��$%�.$��$�#�$�#�.$��'�$#�2�� ,-$3�&$2$�.$��'='2.!$3�

 �$#�2�� ,-$�� �.$#<�&� �!64��� ��'�% 6� *�0%% �&$2. � ,-$�%'�A� .�'%'�# � ��$%�

#;.�&$%�%'+���#'%*�

L7H
�
��G���
���
����T����
��
��������	�



 L7H7D
�
��G���
��
����	�
��������
�
���P����
�GS���


��'! 5$� ,-$�� %�&��" %�� %�/�+�� %�M*NO3�M*NP�'�M*NS�.$�'�%'��$5%'�" � ��$�

�� +� 2 � .�'%'�# �$�� �/�+�� �M*NT(��



P��
�

�

�

����
�
 �

����
�

3�

3T3�
�
3M3M

3 �
�−±−

=�

�/

�

� �

�
��

3

3
�

�
� =

( )�3��3�

3M�3�
�
�3N

3
��

���
�/ ���

�����
�

+

−−−
=�

�

����
�� 6

6666
�

3N

3M3N
�
3�3�

3� �
�−±−

=

�

/�+�� �M*NT�L��� +� 2 ��'�%$!�,-$�� ��'! ,-$�'�#�'� �.$#<�&� �!64��� �$#�2�� � �

.'! �)��,-$�'&$!;+�& �'� �.$#<�&� �!64��� �2A=�2 *�
�

�%�/�+�� %�M*NO3�M*NP�'�M*NS� .�'%'�# 2�$�&$2.$�# 2'�#$�� ��'! ,-$�'�#�'� �

.$#<�&� � !64��� � $#�2�� � � .'! � )��,-$� '&$!;+�& � '�  � .$#<�&� � !64��� � 2A=�2 �

( )�!$
 �� �� � '2� )��,-$� �$� �J2'�$� �'� ���� �'%� �'� #� �%)'�<�&� � �'� & !$�� #��� � '�

���� �. � �$%�&�&!$%��##$�'���'%'!��'%.'&#�" 2'�#'3�. � ���)'�'�#'%�" !$�'%� 3#� ��

%� �� �� '� 3� ��'%.'&#�" 2'�#'*�

� �/�+�� �M*NO�$5%'�" �%'�4�'� � �'! ,-$�'�#�'� �.$#<�&� � !64��� �$#�2�� � �

.'! � )��,-$� '&$!;+�& � '�  � .$#<�&� � !64��� � 2A=�2 � �-$� %'�  !#'� � . � � ��)'�'�#'%�

" !$�'%��'� *��� ��$��23� �2'��� �4�'�%'� �2'�# � ��'! ,-$� #� �� � �2'�# �%'� �

�'! ,-$�'�#�'� %�.$#<�&� %�!64��� %*���#�$��'%�!# �$%�4�'�2'�'&'��'%# 4�'���4�'�$%�

&�&!$%��##$�'���'%'!� .�'%'�# 2�$%�2'%2$%�" !$�'%�. � � ��'! ,-$� *2 =��

��



PM�
�

�

� � N � M T O
�3P�

�3PN

�3P�

�3PM

�3PT

�3PO

�3PP

�3PS

�3S

�3S�

�3S�

NUT

Ẇ
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6
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Otto, ĊI /Cv = 0

Diesel, ĊI /Ċv = 0

Otto, ĊI /Ċv = 0, 002

Diesel, ĊI /Ċv = 0, 002

Otto, ĊI /Ċv = 0, 02

Diesel,̇CI/Ċv = 0, 02
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Otto, R = 1
Diesel, R = 1
Otto, R = 1, 1
Diesel, R = 1, 1
Otto, R = 1, 2
Diesel, R = 1, 2
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6
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�'%% ��'! ,-$�.�$"$& ��2 ���2����,-$�� ��'! ,-$�'�#�'� %�')�&�<�&� %�#��2�& %*�
%#$�

$&$��'�.$�%�$�&�'%&�2'�#$�� �')�&�<�&� �#��2�& �� �.$#<�&� �2A=�2 ���2 �%�'!'" �$�

4�'�$�&�'%&�2'�#$�� �')�&�<�&� �#��2�& �$#�2�� � �.'! �)��,-$�'&$!;+�& *�
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Otto, ĊI /Cv = 0

Diesel, ĊI /Ċv = 0

Otto, ĊI /Ċv = 0, 002

Diesel, ĊI /Ċv = 0, 002

Otto, ĊI /Ċv = 0, 02

Diesel,̇CI/Ċv = 0, 02

/�+�� �M*���L��'! ,-$�'�#�'� �')�&�<�&� �#��2�& �$#�2�� � �.'! �)��,-$�'&$!;+�& �'� �

')�&�<�&� �#��2�& �� �.$#<�&� �!64��� �2A=�2 � 2 =ηη
 �'2�)��,-$��$���� �. � �$%�

&�&!$%��##$�'���'%'!�. � ���)'�'�#'%�" !$�'%�� ��'! ,-$� *%� �� ��

��2'%2$�&$2.$�# 2'�#$���2$%#� �$�� �/�+�� �M*��3�.$�%�K�2'��� �4�'�$%�

" !$�'%��'� %� �� �� � �2'�# 23� �'%# 5�!�� ,-$��$%�" !$�'%�� ��'! ,-$� 2 =ηη
 �$&$��'�

. � � " !$�'%� 2 �%�  !#$%� �'� 3��� �  !�2� �'� �2 � ��%&�'# � ��2����,-$� � � �'! ,-$�

*2 =ηη
 ���&$2.$�# 2'�#$�� �/�+�� �M*�����$�$5%'�" �$��$�+�A)�&$�� �/�+�� �M*�N3�

$��'�$� �2'�#$��'�� �) ��&$2�4�'�$%�" !$�'%�� ��'! ,-$� 2 =ηη
 �'%# 5�!��'2�%'�'2�

" !$�'%��'���� �.�;=�2$%� �#�<%*��!�2���%%$3�'%#'� �2'�#$�& �% ��2� �2'�#$��$%�

" !$�'%�� ��'! ,-$��'�')�&�<�&� %�#��2�& %*��$�'�%'����'��'�#-$�4�'�$�. �72'#�$��

#'2��2�')'�#$�2��#$�2 �%��'+ #�"$�� �.$#<�&� � !64��� �2A=�2 ��$�4�'�� �.$#<�&� �

!64��� �'&$!;+�& *��
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Otto, R = 1
Diesel, R = 1
Otto, R = 1, 1
Diesel, R = 1, 1
Otto, R = 1, 2
Diesel, R = 1, 2

/�+�� �M*�N�L��'! ,-$�'�#�'� �')�&�<�&� �#��2�& �$#�2�� � �.'! �)��,-$�'&$!;+�& �'� �

')�&�<�&� �#��2�& �� �.$#<�&� �!64��� �2A=�2 � 2 =ηη
 �'2�)��,-$��$���� �. � �$%�

&�&!$%��##$�'���'%'!�. � ���)'�'�#'%�" !$�'%��$�. �72'#�$� *�

�%�/�+�� %�M*�M3�M*�T�'�M*�O� .�'%'�# 2�$�&$2.$�# 2'�#$�� ��'! ,-$�'�#�'� �

# = ��'�+'� ,-$��'�'�#�$.� �$#�2�� � �.'! �)��,-$�'&$!;+�& �'� �# = ��'�+'� ,-$��'�

'�#�$.� � � � .$#<�&� �2A=�2 � ( )�!$*�
*� �� �� � '2� )��,-$� �$� �J2'�$� �'� ���� �'%� �'�

#� �%)'�<�&� ��'�& !$�� #��� �'� ���� �. � �$%�&�&!$%��##$�'���'%'!3�. � ���)'�'�#'%�

" !$�'%��'� 3#� �� %� �� �� '� 3� ��'%.'&#�" 2'�#'*��

�� $5#'�,-$� � %� &��" %� � %� /�+�� %� M*�M�  � M*�O� .$�'� %'�� $5%'�" � � �$�

�� +� 2 � .�'%'�# �$�� �/�+�� �M*��(��
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/�+�� �M*���L��� +� 2 ��'�%$!�,-$�. � � ��'! ,-$�'�#�'� �# = ��'�+'� ,-$��'�

'�#�$.� �$#�2�� � �.'! �)��,-$�'&$!;+�& �'� �# = ��'�+'� ,-$��'�'�#�$.� �� �

.$#<�&� �!64��� �2A=�2 � 2 =33 �
� �� �� *�

�

� ��/�+�� �M*�M� .�'%'�# �$�&$2.$�# 2'�#$�� ��'! ,-$�'�#�'� �# = ��'�+'� ,-$�

�'� '�#�$.� � $#�2�� � � .'! � )��,-$� '&$!;+�& � '�  � # = � �'� +'� ,-$� �'� '�#�$.� � � �

.$#<�&� �2A=�2 *�0%# ��'! ,-$���2�����. � �5 �=$%�" !$�'%��'���� �'�K�2'��� �4�'�

'%#'%� " !$�'%� &�'%&'23� 1A� �2 � '%# 5�!�� ,-$� �'%# � �'! ,-$*� �!�2� ��%%$3� &$2� $�

 �2'�#$� �'� #� �� 3�  � �'! ,-$� '�#�'�  %� # = %� �'� +'� ,-$� �'� '�#�$.� � # 25�2�

 �2'�# *��
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6

/�+�� �M*�M�L��'! ,-$�'�#�'� �# = ��'�+'� ,-$��'�'�#�$.� �$#�2�� � �.'! �)��,-$�

'&$!;+�& �'� �# = ��'�+'� ,-$��'�'�#�$.� �� �.$#<�&� �!64��� �2A=�2 � 2 =33 �
� �� ��

'2�)��,-$��$���� �. � �$%�&�&!$%��##$�'���'%'!�. � ���)'�'�#'%�" !$�'%�� ��'! ,-$�

*#� ��

�$2.$�# 2'�#$� %�2�! �� �� 2$%#� �$� � � /�+�� � M*�T3� $��'� K�2'��� � 4�'� $%�

" !$�'%� �'� %� �� �� �  �2'�# 23�  � '%# 5�!�� ,-$� �$%� " !$�'%� � � �'! ,-$� 2 =33 �
� �� ��

$&$��'2�'2�" !$�'%�2 �%� !#$%��'� 3��� � !�2��$� �2'�#$�� ��'! ,-$�'�#�'�# = %��'�

+'� ,-$��'�'�#�$.� � *2 =33 �
� �� ��

�� !�% ��$� �/�+�� �M*�O�.$�'�%'�"'��)�& ���2�&$2.$�# 2'�#$�2 �%�.�;=�2$�

 $�+�A)�&$�� �/�+�� �M*�P3�$��'�$� �2'�#$��'�� �) ��&$2�4�'�$%�" !$�'%�� ��'! ,-$�

2 =33 �
� �� �� � '%# 5�!��'2�%'� '2� " !$�'%� �'� ��� � .�;=�2$%�  � &��&$*� �!�2� �'%#'�

 �2'�#$� & �% ��  � ��2����,-$� �$%� " !$�'%� � � �'! ,-$� � %� # = %� �'� +'� ,-$� �'�

'�#�$.� 3�.$�'�%'����'���$" 2'�#'�4�'�$�. �72'#�$�� �#'2��2�')'�#$�2 �%��'+ #�"$�

� �.$#<�&� �!64��� �2A=�2 ��$�4�'�� �.$#<�&� �!64��� �'&$!;+�& *��
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Otto, ĊI /Cv = 0

Diesel, ĊI /Ċv = 0

Otto, ĊI /Ċv = 0, 002

Diesel, ĊI /Ċv = 0, 002

Otto, ĊI /Ċv = 0, 02

Diesel,̇CI/Ċv = 0, 02

/�+�� �M*�T�L��'! ,-$�'�#�'� �# = ��'�+'� ,-$��'�'�#�$.� �$#�2�� � �.'! �)��,-$�

'&$!;+�& �'� �# = ��'�+'� ,-$��'�'�#�$.� �� �.$#<�&� �!64��� �2A=�2 � 2 =33 �
� �� ��

'2�)��,-$��$���� �. � �$%�&�&!$%��##$�'���'%'!�. � ���)'�'�#'%�" !$�'%�� ��'! ,-$�
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Ṡ
g
,E

/Ṡ
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Otto, R = 1
Diesel, R = 1
Otto, R = 1, 1
Diesel, R = 1, 1
Otto, R = 1, 2
Diesel, R = 1, 2

/�+�� �M*�O�L��'! ,-$�'�#�'� �# = ��'�+'� ,-$��'�'�#�$.� �$#�2�� � �.'! �)��,-$�

'&$!;+�& �'� �# = ��'�+'� ,-$��'�'�#�$.� �� �.$#<�&� �!64��� �2A=�2 � 2 =33 �
� �� ��

'2�)��,-$��$���� �. � �$%�&�&!$%��##$�'���'%'!�. � ���)'�'�#'%�" !$�'%��$�

. �72'#�$� *�
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� �%��� +� 2 %��'�%$!�,-$� .�'%'�# �$%��'%# �%',-$�%-$� .!�& �$%�# �#$�. � �
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/�+�� �M*�P�L��� +� 2 ��'�%$!�,-$�� ��'! ,-$�'�#�'� �.$#<�&� �!64��� �$#�2�� � �

.'!$�
��� �'� �.$#<�&� �!64��� �2A=�2 � 2 =��
���
�� *�

�%�/�+�� %�M*�S3�M*M��'�M*M�� .�'%'�# 2�$�&$2.$�# 2'�#$�� ��'! ,-$�'�#�'� �

.$#<�&� �!64��� �$#�2�� � �.'!$�
��� �'�.$#<�&� �!64��� �2A=�2 � ( )�!$
��� �� �� �'2�

)��,-$� �$� �J2'�$� �'� ���� �'%� �'� #� �%)'�<�&� � �'� & !$�� #��� � '� ���� � . � � $%�

&�&!$%� �##$� '� ��'%'!3� . � � ��)'�'�#'%� " !$�'%� �$� . �72'#�$� 3#� �� %� �� �� '� 3�

�'%.'&#�" 2'�#'*�
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$#�2�� � �.'!$�
��� �'� �.$#<�&� �!64��� �2A=�2 � *2 =��
���
�� �'��)�& �%'�4�'��2�

 �2'�#$��$%�" !$�'%��'���� � #��.�;=�2$%��'�&��&$�.�$"$& ��2 �4�'� � &'�#� � �

�$%� " !$�'%� � � �'! ,-$� *2 =��
���
�� � �!�2� ��%%$3� . � � " !$�'%� 2 �%� '!'" �$%� �'�

��� �1A��2 �'%# 5�!�� ,-$��$%�" !$�'%�� ��'! ,-$�'�#�'� %�.$#<�&� %�!64��� %*��
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6

/�+�� �M*�S�L��'! ,-$�'�#�'� �.$#<�&� �!64��� �$#�2�� � �.'!$�
��� �'� �.$#<�&� �

!64��� �2A=�2 � 2 =��
���
�� �'2�)��,-$��$���� �. � �$%�&�&!$%��##$�'���'%'!�. � �

��)'�'�#'%�" !$�'%�� ��'! ,-$� #� �� *�

� �/�+�� �M*M��$5%'�" �%'�4�'�$� �2'�#$��$%�" !$�'%��'���� �& �% 2��2 �

��2����,-$�� ��'! ,-$�'�#�'� %�.$#<�&� %� !64��� %3�2 %��'�)$�2 �2'�$%� &'�#� � �

4�'� � � /�+�� � M*�S3�  !�2� �'� '%# 5�!�� ��%'� . � � " !$�'%� 2 �%�  !#$%� �'� *���

�5%'�" �%'� 4�'� $�  �2'�#$� �$� . �72'#�$� %� �� �� �  �2'�# �  � �'! ,-$� '�#�'�  %�

.$#<�&� %� !64��� %*� 
%#$� $&$��'� .$�4�'� $� 0���� �-$�  .�'%'�# � .$�#$%� ;#�2$%� �'�

.$#<�&� �!64��� �4� ��$��-$�'=�%#'�# = ��'�.'�� ��'�& !$�*��'%# �)$�2 3�$� �2'�#$�

�'� %� �� �� �) ��&$2�4�'� �.$#<�&� �!64��� �$#�2�� � �.'!$�0���� �2'�#'�'�4� �#$� �

.$#<�&� �!64��� �2A=�2 ��-$��'.'��'��'%#'�. �72'#�$*�
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Otto, ĊI /Cv = 0

Diesel, ĊI /Ċv = 0

Otto, ĊI /Ċv = 0, 002

Diesel, ĊI /Ċv = 0, 002

Otto, ĊI /Ċv = 0, 02

Diesel,̇CI/Ċv = 0, 02

/�+�� �M*M��L��'! ,-$�'�#�'� �.$#<�&� �!64��� �$#�2�� � �.'!$�
��� �'� �.$#<�&� �

!64��� �2A=�2 � 2 =��
���
�� �'2�)��,-$��$���� �. � �$%�&�&!$%��##$�'���'%'!�. � �

��)'�'�#'%�" !$�'%�� ��'! ,-$� *%� �� ��

� �5%'�" �%'�� �/�+�� �M*M���2�&$2.$�# 2'�#$�%�2�! �� �/�+�� �M*�4� �#$� $�

 �2'�#$�� %����'"'�%�5�!�� �'%3�$��%'C 3�$� �2'�#$��$�. �72'#�$�� �& �% ��2�!�+'��$�

 �2'�#$� � � �'! ,-$� '�#�'�  %� .$#<�&� � !64��� %� � �2'%2 � )$�2 � 4�'� $� . �72'#�$�

*%� �� �� �b� �#$� $�&$2.$�# 2'�#$�� � �'! ,-$�'�#�'� %�.$#<�&� %� !64��� %3�.$�'�%'�

���'��4�'��2� �2'�#$��$���� ���2����� ��'! ,-$�'�#�'� %�.$#<�&� %�!64��� %3�'�'%# �

�'! ,-$���2����� #��%� �'%# 5�!�� ,-$�'2�" !$�'%�.�;=�2$%��'� *M=���
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Otto, R = 1
Diesel, R = 1
Otto, R = 1, 1
Diesel, R = 1, 1
Otto, R = 1, 2
Diesel, R = 1, 2

/�+�� �M*M��L��'! ,-$�'�#�'� �.$#<�&� �!64��� �$#�2�� � �.'!$�
��� �'� �.$#<�&� �

!64��� �2A=�2 � 2 =��
���
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6
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Otto, ĊI /Cv = 0, 0002

Diesel, ĊI /Ċv = 0, 0002

Otto, ĊI /Ċv = 0, 002

Diesel, ĊI /Ċv = 0, 002

Otto, ĊI /Ċv = 0, 02

Diesel,̇CI/Ċv = 0, 02
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Otto, R = 1
Diesel, R = 1
Otto, R = 1, 1
Diesel, R = 1, 1
Otto, R = 1, 2
Diesel, R = 1, 2
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/�+�� �M*MT�L��� +� 2 ��'�%$!�,-$�� ��'! ,-$�'�#�'� �# = ��'�+'� ,-$��'�'�#�$.� �

$#�2�� � �.'!$�0����'� �# = ��'�+'� ,-$��'�'�#�$.� �� �.$#<�&� �!64��� �2A=�2 �

2 =33 �
���� �� �� *�
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# = ��'�+'� ,-$��'�'�#�$.� �$#�2�� � �.'!$�0����'� �# = ��'�+'� ,-$��'�'�#�$.� �

� � .$#<�&� � 2A=�2 � 2 =33 �
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Otto, TQ/TF = 4
Diesel, TQ/TF = 4
Otto, TQ/TF = 5
Diesel, TQ/TF = 5
Otto, TQ/TF = 6
Diesel, TQ/TF = 6
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# = ��'�+'� ,-$��'�'�#�$.� �� �.$#<�&� �!64��� �2A=�2 � 2 =33 �
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0�#�'# �#$3�� �/�+�� �M*MP�$� �2'�#$��$%�" !$�'%�� ��'! ,-$� %� �� �� �) ��&$2�4�'� �
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 �2'�#$� �$%� " !$�'%� �'� *2 =33 �
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Otto, ĊI /Cv = 0, 0002

Diesel, ĊI /Ċv = 0, 0002

Otto, ĊI /Ċv = 0, 002

Diesel, ĊI /Ċv = 0, 002

Otto, ĊI /Ċv = 0, 02

Diesel,̇CI/Ċv = 0, 02
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Otto, R = 1
Diesel, R = 1
Otto, R = 1, 1
Diesel, R = 1, 1
Otto, R = 1, 2
Diesel, R = 1, 2
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