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In chemical processes, thermal reactors are described by nonlinear closed-loop 
dynamic models. Timely detection of simultaneous fouling phenomena in the heat transfer 
system is a concern of this art. In this work, a new incipient fault diagnosis approach is 
proposed for application in the closed-loop non-isothermal continuous stirred-tank reactor 
(CSTR) system that is subjected to simultaneous Gaussian and non-Gaussian noises. First, 
the state vector is estimated by applying the well-known particle filter estimator. Then, 
the primary residual signal is generated using the system measurements, and the fault 
vector estimation is obtained. After that, by an adaptive either fixed threshold design 
applied in the online monitoring devised with the proposed evaluation technique, while 
the fault detectability is improved, the false detection problem is restricted to the system 
permitted number. Bank on, preventive maintenance scheduling also incipient fault trend 
prediction have become possible using the Gauss-Newton identification method. Finally, 
in order to evaluate the proposed approach, the simultaneous fouling incipient fault 
diagnosis over the heat transfer unit built-in nonlinear closed-loop CSTR system is 
considered. Furthermore, the confusion matrix and associated evaluation indices are 
employed to assess the simulation results quantitatively. 
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1 Component Fault 
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3 Offset 
4 Unbiased Estimation 
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1 Exponentially Weighted Moving Average 
2 Gauss-Newton Method 
3 Computational Effort 
4 Innovation Filter 
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1 Importance Sampling 
2 Probability Density Function 
3 Cumulative Sum 
4 Uniform Distribution 
5 Cumulative Distribution Function 
6 Resampling 
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1 Moving Window 
2 Fixed Time Frame 
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0�< �F()20 (


� 
��	�L���.�1�  

)20(		 yîq�È� = î��ïðñ�ë� × uÏ�= IÖq�Ãß	ò×ç�⋯�Ãßj�I		  

 �O �� �/"  �\pq ��n � ��� 	O �? 
?(�8 �� 
��^�" ��
� �(��- uP�/ ��
�(��
 G� �/ �(�� � �� !
1 )FA � (

uP�/ t�E�" L( ���F1;:2 )FD
� � *�F �^� �� �Z�< ���� m !�	 D�NE�� �� Z	�� � ����4� �� ( .��1�  

 ���,"(� 	(1�2I1� L( 
3� �10< �C� �� � ����� �(��� ��
Öq  ��n � ��� 	O �? L(yîq t�E�" L( ���F1;: �� 	(� �� �

 ��� .*���� ��
�(��
 
���L�( `��� �uP�/�� |���,"(� 	(1�� �m��N" `��� �(1�<..	( ��� � *�F �^� �� ���F 

  

  

 

 

                                                      
1 False Alarm 
2 False Detection 
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 �Q-�����2 :��O�� �����% 
� �� � SG Z����� .
��� �������  

�(��
 �(�%" �F() ��
Ò�
����L�� ���L B���O �L�� B�� (1 )ÔÖØ��1�� ���L �" (�M�? ��(���2 )ÀóK ��1�� �(�%" L( (

�C" @��A u1�%�) ��� B��%" +�- L( @ô w�� � ���� � ��� �(<j�õö.G÷øù��� > Àú   ���& Z�< �(��� �(��
 ����� �(�A�� 5��


�
� � *�F ������ � ��1� uP�/ ����& �(��
 �D�1& B�( ��� �� ����F .�1�  

���,"(� 	(2 ) m !�	 �	1" Z�< @�C" @��A ��1�� �(�%" � �(��- �(�4� �5��ô�- � () � �(�Àú�/ (  .0{ ��
�(��
 L( ��!/

9�F �� .0!� ���
� uP�/ t�E�" G� �/ ��
���%� �.	( �(��
 B�I�( L( ��� ��Q	 ��
�O .0!� � ����� 
%�A �(�%" �� �


�E�" L�K� �(5�� � Z�< t�E�" .A� =�	( �� �CI�N� H� �� �(��- �� B�( B��%" �� (qI .��(� =13%� ���(� �uP�/ t�E�" t


��%��� �/ 
��(�� �� �.	( �/P ����� ..	( ����M �m !�	 uP�/ Z�< t�E�" �(�� ��n � ��� 	O �? 
�(��/ 9�< �<�� �



��� .��{ ��� 	O �? ���1�
� �(�A ���2 	( ��1� �Z�< 
%�A t�E�" ���%� �(1�<.���F  

4-2-2-  ( �
� ���������0 ������$0�K���� ���*� G�� �
-�M�  

L( k- B��E" �(�� ������ 
���L�( �?(� L( 
K���" Z�< �(��� 
%�A �(��
 ���& �
� �(��-�  G��<�Z ��"�K � 


+�- 
����� *�  .��{ �(�4� �� �:1" �� ��OY ��
� �(��- B��E" �Ê�  �Ê+  
����� G�� ��)2 �3��( �� �:1" �� ..	( L��� ��1� �(

 ����� G��'�	Öq � *�� ���n"3 
�
�� ����� Z�< B��E" 
*�8 L( .��/ ���2 	( Z�< G�� ��
� �(��- 
��	��� �(�� �O L( �(1"�Ñq  5��

 ��1���
5��1IO 
	1F��� � 
	1F � 
� �1^�� �� (qI .�����	���
� - � �
� �(��-�+���
 < �� *��Z ��"�K �� 
?7&( 9(�A( �


 Z�< �(��� B��E"�Ñq..	( ��q-�� u�� :( �  

) 
�L� 
���� o�C � B�'����EWMA�L� �� � ;�* H� �(1�%� ( 
I��'�	 �9�F �
 �� Z�< �(��� ����4� �� 
���� 

�

G��% �
� �r(�( �" �����
��%��� L( 
��� D���	1� 
I10A @��A ���? �" �/��3�( (� G��'�	 
��	��� � ��(� +
�/ (� 
*��N" ��
 ��q-


� Z�< G��'�	 �
K���" Z�< ��� X�� ��1� ���C� 
4��� � G1�%� ��* �� ��1^�� B�( �� .�L�	�Ñ=G�  ���(� D�1N�)21 � ;�* (


�:�1� 

)21(         �=G� = BûÇ − EC	�=G+ + E�Ñ=G�   

 �O �� �/�=G�  �	1" ��� � ;�* Z�< G��'�	EWMA 
�� ���� E ∈ �0,1� 
� � ;�* �L� �� w1��� �1 /�* �� .����

 ���(� =�	()21 
 A� �(E  ��(� �� �/ D���	1� �� ;�* 
:��� G��'�	 ���/ @�� �2& .�	 ��]22[ +
�/ ��( .E +�(5*( �� �K�� �


� � ;�* B�( �� ����� G��'�	 ���'
� �� ����" �1�]23[���L �� 
K���" Z�< �3��( �� �:1" �� ��CI�N� H� ��K�( �(�� �(qI . ��


 ����4� ���(� 
NE�� ���� ����0/03 ≤ E ≤ 0/07 
�
��%��� ��1�� � ;�* B�M ��(1" L�K� ����" �� (� G��'�	 ��� ���� ��


 u�E �( 
%�A ���%� .����� ���'
�E " ���%� � 
��	��� ���� 
�(�'�
 �5��..	( Z�< �(��� L( �%� 
��	��� L�K� ���L �
��^�  

                                                      
1 Last Reset Event 
2 Current Sampling Time 
3 Manipulated 
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 ���(� =�	( ��)21=1F 
����� 
��	��� ]�� L( ���2 	( �� �(-) B"1��GNM �� ��� }���" (]17[ �Ê�  �Ê+ �� .	�

+�- �<1�K� H� (� �( ��1^�� B�( �(�� .��O �
(1� �� *� L( 
����  `*( ��ì ���(� �� `���� �/ .	( L��� ��1� )22
� ���� ( �1�

]17[�  

)22(       ü = ��q,= , �q,=��, ⋯ , �q,=�è�		   

 ���(� `���� ��������- v��" H� ��I�4� B�( �� �/)23:.	( ��� � *�F �^� �� �(��� B�( ����4� �0	�C� �(�� �(  

)23(    	�� = BûÇ − EC	��G� + E�Ñ�, �� = È, È + 1… . , È + ì�  

+�- �(�� 
����  `*( ��ì �.	( 
K���" D�1N� Z�< ��� �3��( �� �:1" �� � �(1�%��H (��� 
� ���L �� Z�< �(��� �� *� L( �(1"

��(� �(1�%� �t�E�" ���L �" ��� �� 6��� 
�(� �(
�C�� ]L(�� ]�� �� kQ	 .�1�� ���2 	( Z�< � �qF �� *� L( ]L�( �� ��
1  �


���L�( ]��2  �� �� ��O �� ��7< .�1�� B��%" �
K���" Z�< �� *� 
��	��� �(�� 
�1'I( �Z�< t�E�" L( k- 9�F �
 �� ��O

 ���(� �� Z�< G�� B *�F �^�)2�(� D�1N� B��E" ���� �( ��)24
� �0	�C� (�1� ]17[: 

)24(       �q,� = Yq %1 − ®GËj�ˎUB�GËÌ�ˎUC' − �Õq,�   

 ����� ����4� ���O�� � 
�(�'�
 L( k-Êv�  �Êv+ �D�1N� Z�< G��'�	 B��E"�Ðq,� = YqB1 − ®GËwjˎ�B�GËwÌˎ�CC 
� �0	�C� .�1�

 m !�	 ����J�- 
 %�& m !�	 H� �� 
K���" Z�< �� *� 
��	��� � t�E�" _�
 �� ���(�( ���4;? � !�  
 %�& 
�����

CSTR ��0� x�� � � 
*�%�
� �r(�( �81��� �L�	 .�1�  

٣- *�N� ���P�" CSTR  
��0� �(�� 
 %�& 
����� m !�	 ��I�4� B�( �� ��� �r(�( 
K���" Z�< t�E�" ]�� �L�	CSTR �� �/  ��� !F �18

(��� L�(���
 �E��{(
 ]���
�  �������-O�* �� D��^����  �� �
(1� }���" ��(�( �� �.	( ��� ���2 	(]24[ B�( 
;/ ���� .
 �� m !�	 @3�1 ..	( ��� ��(� ���� 

 

 T?$1.  P�"�� �2J ��B$CSTR-Separator  

                                                      
1 Curve Fitting 
2 Evaluation Technique 
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/ �1����
 �� � @3�1 ���� .	( ��� ��(�� m !�	 B�(  �� @����5�
 �1 /O��(�1  ��H  �1 /O�����/(�:2  ..	(

���
� +�/(�3 9�� \  ��X�� �:���4 ��;  ��+; ��� �� K�;  �K+; (��� I1"�� � ��1� G1NC��L� ý� ��(� �5�
 �1 /O��(� 

�
 �1��  .	( B3���H 0��: G1NC�
 u1;���� À 5�� (���K �1� �� �1 /O� �
 .�H 
"�(�? +�1- (���  ���F G�4 �( /�� L(

� ���2 	( �5E�
�J�
 .�1��BI� �� ��@  �� ���
� +�/(� .��A( ���L ��1� ��"1/ �1 /O�
 �����/(�:�d ��/(�
  X� �K�O ��

��
�
� ]24� .[L�� ��E���
  L( ��� �1 /O� �� �� ����/(�:+E� !4"�m �
 .�1��H +E�  �(1�%� G1NC�����: X�� �� �Å  �

���'�  ������: X�� �� I�( �� �������B  �1 /O����(��FL�� � ��� 0��: G1NC�
  ��X�� �:��� �c  L(O�*��� 
� h��� �1�]24 ,

25.[  � D�NE��� Da��%������3 �� m !�	 B�( 
]24[  � ��� b��%"n ���
�� O�*���  �����4� �
� �(��- �� 5��  G��:1 �r(�(  ���

.	(.  

 �(
#1. P�"�� �����O�� ����F�CSTR ]24 ,26[ 


	�ر ����� �
	�ر ����� �
	�ر ����� �
	�ر ������ 

þ� 1/0 ��  � 1000  
��

��
 �� -0/114  ��,	  4/9×106  

�


�
 

þ� 0/5 ��  
 8/314  
�


����.� �� 10/8  ��,	  1/9×106  
�


�
 

þ� 1.0 �� �� 4/2  
�


����
 ��� 1/5 ��  ��,	  1/3×106  

�


�
 

�� 3/5 �� 2/77×106  	G� ��� 1/0 �� ��,��� 2/9×105 
�


�
 

��  1/0 �� 2/60×106  	G� ��� 1/5 �� ��,���  5/8×106 
�


�
 

�� 0/5 �� 5×104  
�


����
 ���,	 0/331 ��,��� 1/0×105 

�


�
 

��  0/833 �� 6×104  
�


����
 ���,	 0/565 ��,���  2/0×106 

�


�
 

�� 0/107 ��� 1000 
�

���
  �,	  510 K ��,��� 2/9×105 

�


�
 

�! 0/06 ��� 1500 
�

���
 ���,	 0/389 ��,���  5/8×106 

�


�
 

���" 1 ��� 2500 
�

���
 ���,	 0/509 #�",��� 10/8  

��

�
 

���" 0 $%� -6/0×104 
�


����
  �,	  500 K  #� 50/4  

��

�
 

���" 1 $%� -7/0×104 
�


����
 ���,	 0/147 #�",	 5/04  

��

�
 

���" 0  �" 300 K ���,	 0/636  #�" 5/04  
��

�
 

&�,� 0/16  �" 300 K  �,	  505 K #�",��� 0/504 
��

�
 

  

 

  

�B��J�
 °= 1� �(����5 O�*��� �� k��"�� k����(1/ Î'  D�1& �� �/ .	( ���(� �� `���� 
	1F���)25( L1"�v .	( ���:  

)25(      °(�~	Ò�0ˎ2'+� + $*−2'+ ˎ2'+-				  

                                                      
1 Stirred-Tank 
2 Flash Tank Separator 
3 Reactant 
4 Molar Flow Rate 
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�O �� �/ Ò�0, 2'+�  � 
	1F v�L1" ���(��k�� 2'+ .	(  �$*−2'+ ˎ2'+-  L( .�(1�3� v�L1" H�−2'  �"+2'  ..	(1��5 

�L(��(F��� �� 
	1F ��'���B �2& k����(1/ k��"�� � Î� �(�4� � ��� � *�F �^� ��  ��(�� �O2*ûc ..	( ��(�� G� �/����/ �


(��� � G� �/��(5 �:��� �+; �
 G�0� �� "�(�?
  ���(� D�1N� Z�"�" ��)26 � ()27 (��� � *�F �^� ����(:  

)26(    ¾c:
>??
@?
?A��,=�� = ��; + ��,=							�+;,=�� = −X���,= + X+�+,=�� = ��,= + �+;,=					�Å,=�� = YÅ�+,=														�c,=�� = YÂ�+,=															��,=�� = Y��+,=															

																												  

)27(¾d:
>??
@?
?AÎ�,=�� = +'�\'�BK�,�+ − K�,=+CÛJBK�,�+ − K�,=+CJ,						|∆Î�| ≤ +'�
Î+,=�� = +'+\'+�K+,�+ − K+,=+�ÛJ�K+,�+ − K+,=+�J,						|∆Î+| ≤ +'+	
Îc,=�� = +'c\'c�Kc,�+ − Kc,=+�ÛJ�Kc,�+ − Kc,=+�J,						|∆Îc| ≤ +'c	

																		  

 �� ��7<�O�- ����  u1	� ��"�(�? G�0�
1  �(1�< ��
K���" Z�<  ��*� ��� (��� F1;:��� u1	� .���4� B *�F �^� �� L(2 

 �(1�< ���H �M�Z L1" v��" �.��{�v Z�<  �(1�< ���H � v��"����
 	 .I�? L(�m !� �J�O ����� ] ��27 ,28 � [��K���F ��� �

� *�F �^� �� ..	( ��� 
K���" u1�< �+E� B�( �� ���2�  �(1�< ���H � G���M�
 ��� � *�F �^� ��:��(  

)28(                       ��ˎ= = [0ˎ																																																															0 ≤ È ≤ 85003.6B1 − ®G;/;���=G-¦;;�C + °�,=( ,								8500 < È																  

)29(           	�+ˎ= = [ 0ˎ																																																																			0 ≤ È ≤ 95001.5B1 − ®G;/;;.�=G.¦;;�C + °+,=( ,												9500 < È															  

)30(         ¾¦: [¿�K�,=� = −K�/��K�,=�¿�K+,=� = −K�/+�K+,=�												  

4- ����p S$������ ��P�" CSTR  

 m !�	CSTR  +E� �� ��� }���"3 �� h���� ����4� �� `���� � G��:2 9�� L( ���2 	( ����0� Z; � �(5*( � ��� �L�	

..	( ��� �r(�( ��(�( �� ��;&�? x�� �  

                                                      
1 Heat Exchanger Fouling Phenomena 
2 Fouling Resistance 
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 �(
#2. ��S$ ���������0 ����F����� 


	�ر ��ر���� �
	�ر ��ر����� 

0	����1���!	� 25 ��,� 5 

2�
� 1.5×10-5 3�,� 6 

2*
� 1.2×10-5 �þ�,� 0.8 

���,� 2 4 0.04 

25
� 1.5×10-5 T 25 s 

���
� +�/(� 
��: �!/) m !�	 ���/ ��(�� 
	��� �1^�� �� �(� �( �� m !�	 .I�? �(��� �(�1 /O� ���� � �


  
@3� 2  � @3�3 ..	( ��� ��(� +����  
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 T?$2 ..
��� K�J�( ���# �"J ��� B�� �J%� �� �� ��  

  

 T?$3. 1� 2J �#�� Z��� �� ��� �J%� ���� ��� B� 

 �� �/ �1����
 @3�2 
� ��
��� ��1�(���� �- .I�?��(� �4"�c�0 L( k- .�qF  .<�	 �� �m !�	 ��3;�< L( @&�?

�
� �1� �.<�	 
	 .�qF L( k-  ��� B��%" 
I� �/ _(�
(����'
  � �������  �
�1 /O� 5��^�" w�4� ���m�  G� �/ ���

..	( ��( I� ���@ 
��%��� ��
���	1F
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