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��e�ib�e pipe� �re o��e� u�ed i� o����ore oi� ��d ��� produ��io� ����e�� �o �r���por� ��e 

�e�� ��uid� �ro� ��e �e�bed �o �ur���e ���i�i�ie�� ��e�e ��e�ib�e pipe� �re e�po�ed �o 

�u��ip�e e��er��� �o�d� �i�e �e� �urre�� dr��� �or�e� ��eddi�� i�du�ed �or�e�� ���e� ��d 

�e�bed i��er���io� �o�e��er �i�� �or�e� due �o ��e i��er��� ��o� �u�� �� �r��i���io��� �o�d� 

��d ��o� �o�e��u� ��ri��io�� ��o�� o��er��

�� �e�� ��uid� �re o��e� �o�pri�ed o� � �i��ure o� di��ere�� ��uid ��d �o�id p���e� ����� oi�� 

���er ��d ���d�� di�er�e ��o� p���er�� ��� �ri�e� � ��o� p���er� i� ���r���eri�ed b� 

�eo�e�ri��� �o��i�ur��io�� o� ��e p���e� i� � �e��io� o� pipe� ��d depe�d� o� oper��io��� 

���o� r��e�� ��d �eo�e�ri��� ��ri�b�e� �pipe di��e�er ��d i���i���io��� �� �e�� �� p���i��� 

proper�ie� o� ��e p���e� ���� �� �ori�o���� pipe�� ��e ��o� p���er�� ��� bee� �����i�ied �� 

��r��i�ied ��o�� i��er�i��e�� ��o�� ���u��r ��o� ��d di�per�e bubb�e ��o�� �� �er�i��� pipe� 

��e ��r��i�ied re�i�e di��ppe�r� ��d ��e ��ur� ��o� �ppe�r�� �i�ure ��� ��d �i�ure ���

��o� ��e �o�� �o��o� ��o� p���er� de�i�i�io�� �or �ori�o���� ��d up��rd �er�i��� ����

�i�uid ��o� i� pipe��
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��r��i�ied���oo�� ��r��i�ied�����

��o����ed��ubb�e ��u�

���u��r ��������u��r

�i�per�ed� bubb�e

Figur������������i�ui������������r���i����ri��������������r���ri��������i����

����������r�������

�ubb�e ��u� ��ur� ���u��r �i�per�ed�

�ubb�e

Figur������������i�ui������ �����r���i����r�i�����������r���r�i�����i����

����������r�������
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Ver� lo�� slu�s �a� �or� i� risers i� ��a� is o��e� �alle� se�ere slu��i��� ��e� a riser is

e��ose� �o se�ere slu��i��� ��e �e�si�� o� ��e i��er�al �lui� u��er�oes lar�e �aria�io�s 

si��e ��e ��ole riser �a� �e �ille� �i�� li�ui� ��i�� �lo�s ou� a� re�ular i��er�als� ��e 

�i��ere�� s�a�es o� ��e se�ere slu��i�� ���le i� a la�� �a�e riser are s�o�� i� �i�ure ����

�a� ���

��� ���

Figur� 1.�. ����ri��i�� �� ����r� ��uggi�g i� � ����i��� ri��r. ��� ��ug ��r���i��� ��� ��ug 

�r��u��i��� ��� �u���� �����r��i��� ��� ��� ��� �����u�.

��e ��a��e i� ��e i��er�al �e�si��� as �ell as ��e �lui���all �or�es �uri�� ��e �iole�� 

�lo�ou�� �a� �a�e a� e��e�� o� ��e riser �eo�e�ri� �o��i�ura�io�� �� ��e sa�e �i�e� a 

��a��e i� �eo�e�r� �a� �a�e a� i��or�a�� e��e�� o� ��e slu��i�� ��e�o�e�o� ����

�i��e �le�i�le risers i� su�sea s�s�e�s �a� e��i�i� �lo� i��u�e� �o�e�e��s� s�ru��ural 

a�al�sis o� �le�i�le �i�es s�oul� ��e� also i��ol�e ���a�i� si�ula�io�s o� ��e �ou�le� 

s�s�e�� � ��o��a� �ou�le� �lui����ru��ure ���era��io� ����� a�al�sis is i� so�e �ases 

�ee�e� �or �ra�i�� �o�i�a�e� �lo�s� ��ere ��e �as �o��ressi�ili�� �a� �i�e u�s�a�le li�ui� 

�lo�s� ��e e�a��le is a �uo�a��l� �loa�i�� �i�e� � sa� i� ��e �i�e �a� a��u�ula�e li�ui� 

a�� lea� �o �ur��er si��i�� o� ��e �i�e �i�� a su�se�ue�� �lo��ou� a�� rise o� ��e �i�e 

a�ai��
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��o��er s�e�ial �ase o� �ou�le� �lo���le�i�le riser ���a�i�s is ��e �a�o��o �lo�ou� �ase� 

���er ��e e��losio� a�� su�se�ue�� si��i�� o� ��e �ee��a�er �ori�o� �rilli�� ri� i� ����� 

a se��io� o� ��e �olla�se� riser �ar�iall� res�i�� o� ��e sea�e� s�o�e� re�ular �o�e�e��s� 

��is �o�e�e�� �as a��ri�u�e� �o �aria�io�s i� ��e �o��e�� �e�si�� i��u�e� �� slu� �lo� ���� 

���er �ra�sie�� o�era�io�s su�� as �i��i��� e��ursio� o� ���ra�e �lu�s� �ra�sie�� slu�s a�� 

�a�er �a��er �a� also si��i�i�a�� s�ru��ural i��a���

��e �lo��s�ru��ure �ou�li�� is also i��or�a�� �or ri�i� �i�e s�s�e�s� ��ere �i�� �re�ue��� 

slu� �lo� �a� i��u�e �i�ra�io�s� �lu� i��u�e� �or�es �ro�u�e a �o��i�uous e��i�a�io� 

��i�� �a� lea� �o �a�i�ue a�� �i�e �ailure�

��ere are �o��er�ial si�ula�ors �or s�a�i� a�� ���a�i� s�ru��ural a�al�sis o� �le�i�le 

risers� ������� �r�a�le� a�� �le��o� are e�a��les o� su�� so���are� �os� o� ��ese 

�a��a�es usuall� i��lu�e ��e i��er�al slu� �lo� as si��li�ie� slu� u�i�s� i�s�ea� o� 

resol�i�� ��e �lui� ���a�i� e�ua�io�s� �e�eral �ur�ose �i�i�e �le�e�� �e��o� ����� 

a�al�sis �ools� �or e�a��le� ������ a�� ����� �e��a�i�al �a�e also �ee� use� �or ��e 

a�al�sis o� risers a�� �i�eli�es�

��ere are also �o��er�ial si�ula�ors �or ���a�i� �ul�i��ase �lo�s i� �i�es su�� as 

���� a�� �e�a�lo�� ��ere a�al�sis o� o�era�io�al �ra�sie��s ��ro�u��io� ��a��es� 

�i��i��� s�u��i� a�� res�ar�s� a�� assess�e�� o� �lo� i�s�a�ili�ies �i�� �ro�a�a�i�� li�ui� 

slu�s are �a�e o� �i�e� �eo�e�ries� �e�eral��ur�ose �o��u�a�io�al �lui� ���a�i�s 

����� so���are li�e a ��������� or ����� �lue�� �i��� also �e use� �o sol�e ��is 

�i�� o� �ro�le�s� �i�� ��e �ra��a�� o� �i�� �o��u�a�io�al �os��

� �re�ious s�u�� �e�o�s�ra�e� a �ou�li�� �e��ee� ��o se�ara�e� �ro�ra�s i� a �ase 

i��ol�i�� a �le�i�le riser �o��e�i�� slu� �lo� ���� �urre��l� ��ere is �o�e�er �o s�a���

alo�e �o��er�ial so���are �a�a�le o� si�ula�i�� ��o��a� i��era��io� i� �le�i�le �i�es a�� 

risers�

��e �rese�� resear�� ai�e� �o �e�elo� a�� �es� a �o��u�a�io�al �ool �a�a�le o� sol�i�� ��e 

�ou�le� ���a�i�s o� �le�i�le �i�es �o��e�i�� �ul�i��ase �lo�s� ��e resul�i�� 

�o��u�a�io�al �ool s�oul� �e a�le �o �o�si�er �eo�e�r� �aria�io�s �uri�� ��e solu�io� o� 

��e i��er�al �lo� ���a�i�s� a as �ell as �re�i��i�� ��e ���a�i�al �e�a�ior o� ��e �le�i�le 

s�ru��ure �ue �o ��e i��er�al �lo��
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��� �ackgro�nd�

��is se��io� �ro�i�es a li�era�ure sur�e� o� so�e s�u�ies o� ��o���ase �as�li�ui� �lo� 

i��era��io� �i�� �le�i�le �i�es� as �ell as so�e s�u�ies i��ol�i�� s�ill �i�es�

����� ��eore��ca�����d�e��

�o�e��e a�� �e��i�re� ��� �rese��e� a �o�i�ie� �lui�elas�i� i�s�a�ili�� e�ua�io� 

�o�si�eri�� ��o ��ase �lo�� ��e �o�i�ie� e�ua�io� �as �ase� o� ��e e�ua�io� �or 

�a��ile�er �u�es su��e��e� �o i��er�al si��le���ase �lo� o� ���� ��ree �o�els �or i��er�al 

�lo� �ere s�u�ie�� �o�o�e�eous �o�el� Chisholm’s�mod�l� a�� a �e�l� �e�elo�e� �o�el 

�or �er�i�al �o���ar� �lo�� ��e �o�els �ere �o��are� �i�� e��eri�e��al �a�a o� a 

�er�i�al �a��ile�er �i�e �o��e�i�� air��a�er �lo�� ��e �i�e�sio�less �ri�i�al �elo�i�� a�� 

�i�e�sio�less �ri�i�al �re�ue��� �ere �ell re�ro�u�e� �� ��e �e� �o�el �e�elo�e� �� ��e 

au��ors�

�� a�� �u ��� �ro�ose� a �o�el �or a�al��i�� ��e ���a�i� �e�a�ior o� riser �i�ra�io�

su��e��e� �o si�ul�a�eous i��er�al �as�li�ui� ��o���ase �lo� a�� e��er�al �ari�e �urre��� 

��e� �al�ula�e� ��e i��er�al �lo� �aria�les usi�� ��e �er�i�al slu� �lo� �o�el �rese��e� �� 

���� a�� o��ai�e� ��a� ��e a��li�u�e o� �i�ra�io�s i��rease �i�� ��e su�er�i�ial �elo�i�ies o� 

li�ui� a�� �as�

����� ���er��en�a�����d�e��

�as ��� �er�or�e� a series o� e��eri�e��s o� a s�eel ��s�a�e� riser �o��e�i�� si��le ��ase 

a�� ��o���ase air��a�er �lo�� �or�es o� �e��s �ere �easure� �uri�� �i��ere�� s�a�es o� 

��e se�ere slu��i�� ���le� �e o�ser�e� ��a� ��e resul�a�� ���a�i� �or�es o� �e��s �ere 

�o�i�a�e� �� ���ros�a�i� �or�es �uri�� ��e �uil��u� a�� �ro�u��io� s�a�es� a�� rela�i�el� 

lar�er a�� �lu��ua�i�� �or�es �uri�� �u��le �e�e�ra�io�s a�� �as �lo��o���

�o�e��e a�� �e��i�re� ��� also �arrie� ou� a� e��eri�e��al s�u�� o� ��e �lui�elas�i� 

i�s�a�ili�� o� �er�i�al �a��ile�er �u�es �ra�s�or�i�� air��a�er �lo�� �u�es o� �i��ere�� 

�ro�er�ies a�� le����s �ere �es�e�� ��e� o�ser�e� u�s�a�io�ar� i�s�a�ili�ies �o�es ��ere 

�o�es �ere �o�i�� alo�� ��e �u�e�

�or�alo� e� al� ���� s�u�ie� ��e i��lue��e o� ��o ��ase �as�li�ui� i��er�al �lo� o� a �le�i�le 

�a�e�ar� riser ��rou�� a series o� e��eri�e��al �es�s o� a s�ale� riser s�s�e�� ��e riser �as 
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surrou��e� �� s�a��a�� air so �o i��or�a�� e��er�al ���ro���a�i� �or�es �ere i��lu�e�� 

��e �as a�� li�ui� �lo� �ere a��us�e� �o re�ro�u�e slu�� ��ur� a�� a��ular �lo� �a��er�s� 

��e� o�ser�e� ��a� ��e �o�e�e�� o� ��e riser i��reases ��ile i��reasi�� ��e �as �lo� ra�e 

�ro� slu� �lo� �o ��ur��a��ular �ra�si�io�� a�� re�u�es o� �ull� a��ular �lo�� ��e� 

�o��lu�e ��a� ��e i��er�al �lo� �la�s a role o� ��e s�ru��ural ���a�i� o� sle��er �a�e�ar� 

risers�

�a �il�a a�� �or�alo ���� �er�or�e� a� e��lora�or� e��eri�e��al s�u�� o� a s�all s�ale 

�a�e�ar� riser �ra�s�or�i�� air��a�er slu� �lo�� ��e� �o��are� ��e �is�la�e�e�� o� a �oi�� 

o� ��e riser ��e� ��e �i�e �as surrou��e� �� s�ill air or �a�er ��osi�i�e �uo�a��� ��e� 

e������ ��e� o�ser�e� ��a� ��e a��li�u�e o� �i�e �is�la�e�e��s i��u�e� �� slu� �lo� 

i��reases as ��e air �lo� ra�e is i��rease��

��a ���� �esi��e� a�� ra� s�all�s�ale e��eri�e��s �o�sis�i�� o� a su��er�e� �le�i�le �i�e 

i� �a�e�ar� a�� ��riser �o��i�ura�io�� ��e �lo� �a��er o� s�u�� �as air��a�er se�ere 

slu��i��� �e re�or�e� �o�si�era�le �is�la�e�e�� o� ��e �i�e �or �i��ere�� s�a�es o� ��e 

se�ere slu��i�� ���le�

����� ���er�ca�����d�e��

��e �irs� �u�eri�al a��e���s o� i��lu�i�� ��e i��lue��e o� slu� �lo� i� �i�es �o�elle� ��e

i��er�al �lo� as user�i��ose� �e�si�� �ro�iles �ro�a�a�i�� alo�� ��e �i�e a� �er�ai� 

�elo�i�ies� ��ose s�u�ies i��lu�e ��e �ollo�i���

�a�el a�� �e�e� ���� i��ro�u�e� a se� o� e�ua�io�s �o �es�ri�e ��e �e�a�ior o� �le�i�le 

risers �i�� ar�i�rar� �eo�e�r� e��ose� �o i��er�al a�� e��er�al ���ros�a�i� �ressure� �or�es 

i��u�e� �� i��er�al slu� �lo� a�� e��er�al ���ro���a�i� �or�es� ��e �e�si�� o� ��e 

i��er�al �lo� �as �o�elle� as a si�usoi�al �u���io�� ��e� a��lie� a solu�io� �e���i�ue 

�ase� o� li�eari�e� �re�ue�����o�ai� a�al�sis� ��ree�e�� �as o��ai�e� �e��ee� �o�el 

�re�i��io�s a�� e��eri�e��s o� a �ase s�u�� �o�sis�i�� o� a �a�e�ar� riser su��or�e� �� 

�o�� e��s� ��e� s�o�e� ��a� ��e e��e��s o� ���a�i� e��i�a�io� �ue �o �o�e��u� ��a��e 

are i��or�a�� i� ��e ���a�i� res�o�se o� �le�i�le risers �e�ause i� �a� e��ose ��e riser �o 

lar�e �e�sio� �lu��ua�io�s� ��i�� i��ro�u�es a� a��i�io�al sour�e o� ���li� �a�i�ue loa�s a� 

��e �re�ue��� o� ��e slu�s� ��e� also s�o�e� ��a� ��e slu� i��u�e� ���a�i� e��i�a�io� �a�
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also �ro�u�e a ���a�i� ��a��e o� ��e �eo�e�ri� s�i���ess o� ��e riser �ue �o e��e��i�e 

s�ress �aria�io�s�

�e�e� a�� �a�el ���� s�o�e� �i�e �o�ai� si�ula�io� resul�s o� a ��� � lo�� la���s riser 

u��er �a�es� �essel �o�io�s a�� slu� �lo� �or�es� ��e� s�o�e� ��a� �i��l� �o�li�ear 

loa�i�� a�� riser res�o�se �i��� �e �ro�u�e� �� ��e �o��i�e� e��e��s o� �a�es� �essel 

�o�io�s a�� slu� �lo�� e�e� �or lo� �a��i�u�e o� �a�e a�� �essel i��u�e� �o�io�s�

�ossa a�� �ollio ���� e��lo�e� ��e lu��e� �ass �e���i�ue �o sol�e a �le�i�le �i�e u��er 

�o�s�a�� a�� �aria�le slu� �a�ele���� a�� �erio�� ��e� �o�ele� ��e slu� �a�ele���� a�� 

�erio� as a �u���io� o� lo�al riser i��li�a�io��

�e�a� e� al� ���� s�u�ie� ��e e��e��s o� slu� �lo� o� a �i�eli�e res�i�� o� a slee�er� ��e 

a�al�sis �as �arrie� ou� �� usi�� ��e ������ so���are� ��ere ��e slu� i��u�e� loa�s 

�ere i��lu�e� as �o�i�� �oi�� �or�es� ��e� �o��are� si�ula�io� resul�s �o�si�eri�� ��e 

�o��i�a�io� o� slu� �ei��� a�� �e��ri�u�al �or�e� a�� ��e� o�l� slu� �ei���� ��e� 

�o��lu�e� ��a� ��e �e��ri�u�al �or�e �as li��le e��e�� ��e� ��e ra�io �e��ee� �a�i�u� 

�e��ri�u�al �or�e a�� slu� �ei��� �as less ��a� ����

�u��erse�� e� al� ���� �e�elo�e� a �e��o�olo�� �o �e�er�i�e ��e re��a�� �a�i�ue li�e o� 

�le�i�le risers u��er �essel �o�io�� �o��i�uous a�� re�ular slu� �lo� a�� e��er�al irre�ular 

�a�e loa�i��� �� a �es� �ase re�ar�i�� a la���s riser� ��e� �e�o�s�ra�e� ��a� ��e slu��i�� 

�a� re�u�e ��e riser �a�i�ue li�e a��ro�i�a�el� �o ���� ��e slu��i�� �ara�e�ers use� i� ��e 

a�al�sis �ere sele��e� ��rou�� a� i�era�i�e �ro�ess ai�i�� a� re�ro�u�i�� riser os�illa�io�s 

o�ser�e� �ro� �i��ere�� ��V i�s�e��io�s�

�or�alo a�� �oroo�a ���� s�u�ie� ��e e��e�� o� slu� �lo� o� a s�eel �a�e�ar� riser a�� a 

s�eel la�� �a�e riser� ��e� �arrie� ou� a series o� si�ula�io�s usi�� �i��ere�� �alues o� slu� 

�re�ue��� a�� s�o�e� i�s i��a�� o� ��e riser �is�la�e�e�� a�� �e��i�� s�resses� ��e� 

�o��lu�e� ��a� lar�e os�illa�io�s �a� �e �e�era�e� ��e� ��e slu� �re�ue��� is �lose �o o�e 

o� ��e �a�ural �re�ue��ies o� ��e riser�

�� i��eres�i�� s�u�� ��ere ��e �lui� ���a�i� is sol�e� o� a �o�i�� �o�ai� �as �u�lis�e� 

�� �al�i�ar ���� �e �arrie� ou� a series o� si�ula�io�s i��ol�i�� a� os�illa�i�� riser

�o��e�i�� i��er�al ��o���ase �lo�� �si�� �i�eo �oo�a�e �ro� �ee��a�er �ori�o� riser 

i�s�e��io�s a��er ��e a��i�e�� �oo� �la�e i� ����� �er�i�al �o�io� o� a riser se��io� �as 

i�e��i�ie� a�� ��ara��eri�e�� as �ell as slu� �re�ue��� a� ��e riser e�� �lu�e� ��e o�ser�e� 

�is�la�e�e�� �as i��ose� as a �o�i�� �o�ai� i� �e�a�lo�� a�� �i��ere�� �lo�ra�es �ere 
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s�u�ie� �i�� ��e ai� o� re�ro�u�i�� ��e o�ser�e� slu� �re�ue���� �ase� o� ��is a�al�sis� 

�e �as a�le �o es�i�a�e ��e �lo� ra�e ��rou�� ��e riser�

���er s�u�ies sol�e� �o�� ��e i��er�al �lui� �lo� a�� s�ru��ural ���a�i�s� �or�es �ue �o ��e 

i��er�al �lo� are a��lie� �o ��e s�ru��ure �u� ��e i��lue��e o� ��e s�ru��ural �is�la�e�e�� o� 

��e �lui� ���a�i� �as �e�le��e�� �� is �or�� �e��io�i��� 

�air� e� al� ���� �rese��e� a �o��i�e� ������� a�al�sis o� a su�sea �ul�i��la�ar ri�i� 

�u��er s�s�e� �o��e�i�� ��o���ase oil��as �lo�� ��e �lo� �as sol�e� usi�� a �����

���� a�� ������ �as use� �or �al�ula�i�� ��e s�ru��ural res�o�se� ��e �ressure �iel� 

o� ��e �i�e �all �as e��or�e� �ro� ��e ��� so���are a�� i��ose� o� ��e i��er�al �all o� 

��e s�ru��ural �o�ai��

�o��a�a a�� �e�o� ���� also �rese��e� ������� si�ula�io�s resul�s o� a �u��er u��er 

slu� loa�s� �u� i� ��is �ase� ��e �or�es �ere a��lie� o�l� o� �lo���ur�i�� ele�e��s�

�ia�� e� al� ���� s�u�ie� ��e i��lue��e o� �errai� i��u�e� slu��i�� o� ��e ���a�i� �e�a�ior 

o� a �i�eli�e�riser s�s�e�� ��e ��ara��eris�i�s o� ��e �ul�i��ase �lo� �ere �re�i��e� �� 

usi�� ����� a�� ��e ���a�i� res�o�se �as �al�ula�e� usi�� ���� �ra�i�� a�� 

�o�e��u� �or�es �ue �o ��e i��er�al �lo� �ere �al�ula�e� a�� i��ose� i� ��e s�ru��ural 

�o�el�

��uo�a� e� al� ���� s�u�ie� ��e i��lue��e o� �ressure �lu��ua�io�s resul�i�� �ro� se�ere 

slu��i�� i� ��e �ase o� a s�eel riser� ��e� o��ai�e� �ressure �i�e series �ro� ���� 

si�ula�io�s a�� i��ose� ��ose �ressures i� ��e i��er�al �all o� ��e riser �ase se��io� usi�� 

������� ��ress a�� ���a�i� res�o�se �as �is�usse� �or ��ree �i��ere�� �ass �lo� ra�es�

��er ��e �as� �al���e�a�e� a� i��reasi�� �u��er o� resear��ers �a�e �o�use� ��eir a��e��io� 

o� �o�elli�� ��� i� �i�es i� a ��o��a� �a��er� �o�e o� ��e� are �e��io�e� i� ��e 

�ollo�i���

��i�a� e� al� ���� �er�or�e� �ou�le� �� ������� si�ula�io�s o� a s�eel �u��er se��io� 

usi�� ��������� a�� ������� ��e �ressure �iel� o��ai�e� �ro� ��e �lui� si�ula�io� 

�as �a��e� a�� i��or�e� i��o ��e s�ru��ural si�ula�or� ��e �lui� �o�ai� �as u��a�e� 

�ollo�i�� ��e �re�i��e� �is�la�e�e��s� ��e� �o��lu�e� ��a� ��e i�s�a�ili�� o� slu� �lo� �a� 

i��u�e si��i�i�a�� le�els o� �i�ra�io� a�� re�u�e ��e �a�i�ue li�e o� ��e �u��er�

�r�e�a� e� al� ��� s�u�ie� ��e i��lue��e o� ��e slu� �lo� o� a la�� �a�e riser ���a�i�s �� 

e���a��i�� i��or�a�io� �e��ee� ��o �re�iousl� i��e�e��e�� �o��u�er �ro�ra�s� ��e 

�ou�li�� �as �a�e usi�� ��e �i�� �e�el �r��i�e��ure s�a��ar� �o �ra�s�er ��e �eo�e�ri� 
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�o��i�ura�io� �ro� ��e s�ru��ural ���a�i� sol�er �o ��e �� �ul�i��ase sol�er� ��ile �ass 

a�� �elo�i�� o� ea�� ��ase �ere �ra�s�erre� i� ��e re�erse �ire��io�� so ��e �ro�ra�s 

�ro�i�e ��o��a� �ee��a�� ���a�i�all��

�r�e�a� e� al� ���� �arrie� ou� a s�u�� si�ilar �o ��� �u� i� ��is �ase a �o��li�eal �i�i�e 

ele�e�� �or�ula�io� �as e��lo�e�� ��e� si�ula�e� ��e ���a�i� res�o�se o� a �a�e�ar� 

riser u��er ��e e��e��s o� i��er�al ���ro���a�i� slu� �lo� a�� e��er�al re�ular �a�es� ��e 

resul�s s�o�e� ��e i��lue��e o� ��e e��er�al �lo� o� ��e �e�era�io� o� ���ro���a�i� slu�s 

�e�ause o� ��e ��a��e i� �eo�e�r� o� ��e riser� a�� ��e a��li�i�a�io� o� ��e ���a�i� 

res�o�se �ue �o ��e i��era��io� �e��ee� ��e e��er�al a�� i��er�al �or�es�

�ia ���� �er�or�e� �ou�le� �� ������� si�ula�io�s o� a �i�eli�e s�a�� a �u��ers a�� a 

riser usi�� �o��er�ial so���are� ��e ��� �ro�e�ure �as i��le�e��e� �� user �e�i�e� 

su�rou�i�es a�� �uil��i� �u���io�s i� �o�� si�ula�ors� ��e slu� �or�a�io� a�� �e�a� i� 

�i�ra�i�� �i�es �oul� �e i�e��i�ie�� a�� ��e �i�ra�io� i�sel� �as �e�era�e� �� ��e sa�e 

�ul�i��ase �lo� ��e�o�e�o��

�l��a�� e� al� ���� �ou�le� ����� �e��a�i�al a�� ����� �lue�� �or si�ula�i�� a� � 

s�a�e� �u��er� ��e� ra� o�e��a� a�� ��o��a� �ou�le� ��� si�ula�io�s o��ai�i�� ��a� 

��o��a� �ou�le� a�al�sis is re�uire� �o a��ura�el� �re�i�� �i�e �e�or�a�io�s �uri�� 

s�ar�u� �o��i�io�s� �u� u��e�essar� �uri�� s�ea�� o�era�io� �o��i�io�s�

�u� e� al� ���� also s�u�ie� ��e i��lue��e o� �as li�ui� �lo� i� a su�sea � �u��er �� �ea�s 

o� �� ������� si�ula�io�s usi�� ����� �e��a�i�al a�� ����� ��� so���are� 

Vor�e� i��u�e� �i�ra�io�s �ere also �o�si�ere� i� ��a� s�u��� ��e� o�ser�e� ��a� slu� �lo� 

i��u�e� �i���a��li�u�e a�� lo���re�ue��� �i�ra�io�s� a�� ��a� ��e i��er�al �ro�u��io� 

�lui�s a�� e��er�al sea�a�er �o��ri�u�io� �o a��e� �ass a�� �a��i�� e��e��s �a� 

si��i�i�a��l� s�i�� ��e �a�ural �re�ue��ies o� ��e �u��er�

��� ��e������r�c��re�

��e �rese�� ��esis is �ase� o� a �olle��io� o� �a�ers� �� a��i�io�� �o��le�e��ar� ��a��ers 

are i��lu�e� i� or�er �o s�o� a� e��e��e� �es�ri��io� o� ��e e��eri�e��al se��u�� 

�ro�essi�� o� resul�s� a�� �o su��ari�e �o��lusio�s� �� a��e��i� s�o�i�� a �ali�a�io� 

s�u�� o� ��e sele��e� s�ru��ural �o�el is also i��lu�e��



��

����� �a�er������

��e �rese�� �or� �as �ee� �rese��e� o� � �i��ere�� s�ie��is� �u�li�a�io�s i��lu�i�� �o�� 

�o��ere��e �a�ers a�� �our�al ar�i�les� �a�� �a�er �o��ai� a �i��ere�� �ase o� s�u�� ��a�

i��lu�e� ��e �o�el a�� �uali�a�i�el� or�a�� �ua��i�a�i�el� �o��ariso� o� ��e �u�eri�al 

�re�i��io� a�� ��e e��eri�e��al �a�a �e�era�e� o� ��e s�all s�ale se��u� �esi��e� o� ��is 

�or��

��is se��io� su��ari�es ��e resear�� �a�ers �ro�u�e� �uri�� ��is resear�� �or�� �our 

�a�ers �ere �rese��e� i� �a�io�al a�� i��er�a�io�al �o��ere��es� a�� ��o �a�us�ri��s �ere 

su��i��e� �o i��er�a�io�al �our�als� � �i��ere�� �es� �ase is s�u�ie� i� e�er� �a�er� a�� 

e��eri�e��al resul�s �ere use� �or �o��ari�� �uali�a�i�el� or �ua��i�a�i�el� ��e �u�eri�al 

�re�i��io�s o� ��e �ou�le� �o�el� ��e �a�ers are �rese��e� i� ��ro�olo�i�al or�er�

� �a�er �� �� Vieiro� �� �� �e�e�a a�� �� �� ���al� �u��i����� F��� i� F���i��� 

�i���� ��u���� �����i� �i�u���i��� ��� ����� ����� ����ri����� �� 

��r��� ���� ������i�i��� �i���� �a�io�al �o��ere��e o� �o��u�a�io�al 

���h��i�s�������’������o�dh�im������� �a� �����

� �es� �ase �o�sis�i�� o� a �le�i�le �ose lai� o� a s�oo�� sur�a�e �as �rese��e�� � 

si��li�ie� soil �o��a�� �o�el �as i��le�e��e�� res�rai�e� �o�e�e�� i� ��e �er�i�al 

�ire��io� a�� �oulo�� �ri��io� o� ��e �ori�o��al �la�e� ��e ��ara��eris�i� os�illa�or� 

�o�e�e�� o� ��e �i�e �ue �o i��er�al slu� �lo� �as re�ro�u�e� �� ��e si�ula�or� 

�i��ere��es �e��ee� e��eri�e��s a�� si�ula�io� resul�s �ere o�ser�e�� �ai�l� �ue �o ��e 

�i�e�soil �ri��io� �o�el i��le�e��e� i� ��e si�ula�or� ���er�e��io�s o� ��e �ose use� i� 

��e e��eri�e�� i��rease� ��e �i��i�ul�� i� �re�i��i�� ��e �lu��eri�� �erio� o� ��e �ose�

� �a�er �� �� Vieiro� �� �� ��a� �� �� ���al� ������� F�ui����ru��ur� ����r���i�� 

i� � F���i��� �i�� ������i�g �����i�ui� ��ug F���� ��� �rasil ����� �io �e 

�a�eiro� �� � �� ���o�er �����

��e �is�la�e�e�� a�� i��er�al �lo� �e�a�ior o� a �le�i�le �i�e i� a �a�er �a�� �ere 

s�u�ie�� �orriso� e�ua�io�s �ere use� �or �o�eli�� ��e i��lue��e o� ��e surrou��i�� �lui� 

o� ��e �o�io� o� ��e �i�e� ��o �ose �o��i�ura�io�s �ere �o�si�ere�� ��e �irs� allo�e� ��e 

�ose �o �loa� a�� si�� �e�e��i�� o� ��e �e�si�� o� ��e �o��e�e� �i��ure� a�� ��e se�o�� 

�as res�ri��e� i� a �a�e�ar��li�e s�a�e� ��e �or�er �es�ri�e� a s�ro��l� �ou�le� rela�io� 
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�e��ee� ��e �lo�i�� �lui� a�� ��e �i�e s�ru��ure� ��ere lar�e �is�la�e�e��s o� ��e �i�e 

�ere a �o�se�ue��e o� a��u�ula�io� a�� �lo� ou� o� li�ui��

� �a�er �� �� Vieiro� �� �� �e�e�a a�� �� �� ���al� ����ri������ ��� �u��ri��� 

�i�u���i�� �� ��u���� ����r� ��uggi�g ��� ��ru��ur�� �����i� �� � 

�u���rg�� F���i��� �i��� ���er�a�io�al �o��ere��e o� ���a��es i� �u�sea 

���i�eeri��� ��ru��ures � ��s�e�s� ����� ����� �las�o�� ��� �u�e �����

�� a� e��er� re�or� �rese��e� �uri�� ��e �a�o��o oil s�ill �rial ���� so�e e�i�e��e o� 

�ou�le� �lui� a�� s�ru��ure �erio�i� �e�a�ior �as use� �o es�i�a�e ��e �lo� ra�e �uri�� 

so�e �i�e �erio�� �ase� o� ��is �ase� a s�all s�ale e��eri�e��al se� u� �as �uil� a�� 

�es�e�� �i�ula�io�s resul�s o� ��e e��eri�e��al se� u� s�o�s a �airl� �oo� a�ree�e�� �o ��e 

�a�a lo��e� �uri�� ��e e��eri�e��� �i�ula�io�s o� a si��li�ie� lar�e s�ale �ase �ere also 

�arrie� ou�� ��ere i� �as o�ser�e� ��a� ��e �erio�i� �o�io� o� ��e riser �as a �o�se�ue��e 

o� li�ui� a��u�ula�io� a�� ��e li�ui� a��u�ula�io� ���le �as a �o�se�ue��e o� ��e riser 

�o�io��

� �a�er �� �� Vieiro a�� �� �� ���al� ����ri������ ��� �u��ri��� ��u�� �� � 

����i��� �����i�g �i�� ������i�g �u��i����� ����� �u��i��e� �o ��e �our�al o� 

�lui�s a�� ��ru��ures�

��e ar�i�le �i�es a �e�aile� �es�ri��io� o� ��e �ou�le� �e��o�� �s i� �a�er �� a �loa�i�� 

�i�e �as s�u�ie�� ��e e��eri�e��al se� u� �as i��ro�e� a�� �ua��i�a�i�e �easure�e��s 

�ere use� �o �ali�a�e ��e �o�el �re�i��io�s� ��e resul�s s�o�e� a s�ro�� se�si�i�i�� �o ��e 

�i�e �ia�e�er a�� �all ��i���ess� ��ere a �e� �e���s o� �illi�e�er �a� ��a��e ��e 

�e�a�ior o� ��e �ou�le� ��e�o�e�a�

� �a�er �� �� Vieiro� �� ���iiar��i�o�� �� ���i�� �� �� �arse� a�� �� �� ���al�

������� ��u���� ��ui����ru��ur� i���r���i�� �� � ����i��� ri��r ������i�g ��ug 

����� �a�us�ri�� su��i��e� �o �ul�i��ase ��ie��e a�� �e���olo���

��e �e�elo�e� ��o��a� �ou�le� �e��o� �as use� �o es�i�a�e ��e ���a�i� loa�s o� 

�le�i�le risers� ��all s�ale e��eri�e��s o� a la�� �a�e riser �ere use� as �es� �ases� �esul�s 

s�o� si��i�i�a�� �is�la�e�e�� o� ��e sa� �e��� ��e i��lue��e o� ��ese �is�la�e�e��s �as 

�e�li�i�le o� ��e i��er�al �lo� ���a�i� as o�e��a� a�� ��o��a� �ou�le� si�ula�io�s 

�re�i��e� �ra��i�all� ��e sa�e resul�s�
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� �a�er �� �� Vieiro� �� �a�� a�� �� �� ���al� �u��i����� ���� i� ����i��� �i���� 

�i�u���i��� ��� ����� ����� ����ri������ ���� �or�� ��eri�a� �o��ere��e o� 

�ul�i��ase �e���olo��� �a���� �a�a�a� ��� � ��� �u�e �����

� �es� �ase �o�sis�i�� o� a �i� �lus�i�� a li�ui� �ille� �le�i�le �loa�i�� �ose �i�� a��a��e� 

�uo�a��� �o�ules �as s�u�ie�� �ressuri�e� air �as use� �o �us� ��e �i�� �ressure� �i� 

�is�la�e�e�� a�� �ose �o��i�ura�io� �ere �o��are� �i�� s�all s�ale e��eri�e��s� ��ree 

u�s�rea� �ressure �alues �ere �es�e�� ��e �ose �is�la�e�e��s �ere �ell re�ro�u�e� �or 

lo� a�� �e�iu� air �ressure� ��e �ose �elo�i�� �as o�er�re�i��e� o� ��e �ase i��ol�i�� 

��e �i��es� air �ressure� �ossi�l� �ue �o ��e si��li�ie� �o�el o� ��e ���ro���a�i� �or�es 

o� ��e �uo�a��� �o�ules�
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��a��er�� �

���er�ca���ode��

��� ���g���o��and���e����e���r�c��re��n�erac��on�

�o�si�er a se��io� o� a �le�i�le �i�eli�e �o��e�i�� �ul�i��ase �lo� as s�o�� i� �i�ure 

����a�� �ue �o ��e �ul�i���si� �a�ure o� ��is �ro�le�� i� �i��� �e �i�i�e� i� ��o �i��ere�� 

�o�ai�s� ��e �irs� o�e i��ol�i�� ��e �i�e s�ru��ure ��i�ure ������� a�� ��e se�o�� o�e 

�o��er�i�� ��e �lui� ���a�i�s ��i�ure �������� �� ��e �e�a�ior o� o�e o� ��e ��e�o�e�o� 

�oes �o� a��e�� ��e o��er� �o�� �ro�le�s �a� �e s�u�ie� i��e�e��e��l�� ���er�ise i� is 

�e�essar� �o i��ro�u�e a �ou�li�� �o�el �e��ee� ��e��

≈ �

�a� ��� ���

Figur� �.1. ��� �������i� �� � ����i��� �i�� ������i�g g����i�ui� ���� ��� ��ru��ur�� 

�i��r��i���i�� ��� F�ui� ����i� �i��r��i���i��

��is ��a��er �rese��s a �o�el �or �o�si�eri�� �ou�le� e��e�� ��ere a lu��e� �ass 

s�ru��ural �o�el a�� a slu� �ra��i�� �ul�i��ase �lo� �o�el e���a��e i��or�a�io� �� 

�ea�s o� e��li�i� �o�ai���e�o��osi�io� ����� � �ore �e�aile� �es�ri��io� o� ��e �o�el is 

�i�e� i� �a�er ��

��� ��o���ode��

� �� ���ri� slu� �a��uri�� a�� �ra��i�� s��e�e is e��lo�e� as ���a�i� �ul�i��ase 

sol�er �or i��er�al �lo�� ��e �lui� �o�ai� is �is�re�i�e� i� �u��le a�� slu� se��io�s as 

s�o�� i� �i�ure ���� �ass� �o�e��u� a�� e�er�� �o�ser�a�io� e�ua�io�s are sol�e� o� 

ea�� se��io�� ��e �o�ai� �is�re�i�a�io� re�ai�s �o�s�a�� ��e� ��ere are �o� slu� se��io�s� 

�� ��ere are slu�s �rese��� ��e �es� is u��a�e� �ollo�i�� ��e �is�la�e�e�� o� ea�� o�e o� 



��

��e�� ��is �a�� ��e �u�eri�al �i��usio� is re�u�e�� �es� �a�a�e�e�� is re�uire� i� or�er 

�o �rea�e� �es�ro�� s�li� or �er�e ele�e��s alo�� ��e �o�ai�� �i�ui� ��ase is �o�elle� as 

i��o��ressi�le a�� ��e �as ��ase as real �as�

Figur� �.�. ���i� �i��r��i���i�� �� ��ui� ����i�.

��� ��r�c��ra���ode��

� �o�el �ase� o� lu��e� �ass �or�ula�io� is sele��e� �or sol�i�� ��e s�ru��ural ���a�i�s� 

�� ��is �o�el� ��e �i�eli�e is �i�i�e� i��o �is�re�e ele�e��s ��i�es� �i�� a �o�e o� ea�� 

e��re�e� �or �a�a �a�a�e�e�� reaso�s� ��o �o�es are use� o� ea�� ele�e��� �o�se�u�i�e 

�i�es are �o��e��e� �� �ou�li�� ��eir �o�es� i�e� �o�es �o�e �o�e��er�

��e ��o �o�es o� a �e�eri� �i�e �� are �e�o�e� �� ��,� a�� ��,2 ��ere su��i��e�es � a�� � 

re�rese�� u�s�rea� �o�e ��o�ar�s �i�e i�le�� a�� �o��s�rea� �o�e ��o�ar�s ou�le��

res�e��i�el� as s�o�� i� �i�ure ����

Figur� �.�. �������i�� ����i�g ���� ����� �� ���� �������. ��u���� ����� ��,� ��� ��+�,�

�r�� ������u�i�� �������� ����� ����r���� ��r i��u��r��i�� �ur����.

� �e�eral �air o� �ou�le� �o�es �a�e ��e �or��(��,2, ��+�,�)� ��e ���a�i� e�uili�riu� 

e�ua�io�s are �rea�e� �or �ou�le� �o�es as �ollo�s�

(��,2 � ��+�,�)��
�
�,� � ���,2 � ���+�,� ���� ��

��ere ��,2 � ��+�,� is ��e �ass o� ��e �ou�le a�� ���,2 � ���+�,� i��lu�es all rele�a��

e��er�al a�� i��er�al �or�es�



��

��� �o����ng�

�i��e ��e �lui� �es� is i��e�e��e�� o� ��e s�ru��ural �es�� a �ou�li�� s�e� is re�uire� �or 

�a��i�� �aria�les �ro� o�e �o�ai� i��o ��e o��er� �i�ure ��� s�o�s a� e�a��le ��ere a 

slu� se��io� e��e��s a�ross ��o s�ru��ural ele�e��s�

Figur� �.�. ������� ���r� ��ui� ��� ��ru��ur�� �i��r��i���i�� �� ��� �����

��e �ass is �is�ri�u�e� a��or�i�� �o ��e le���� o� ��e se��io� o�erla��i�� ��e �i�e� �� �ase 

o� �ia�e�er ��a��e� a rela�io� �ase� o� �olu�es is re�uire��

�� �e�eral� ��e �ass � o� a ��ase � i� �i�e �� is �i�e� ���

�
�

� � �
� ��� �

�

�

�

���

���� ��

��ere ��� is ��e le���� o� �lui� se��io� � �i��i� ��e �i�e �� � is ��e �ross�se��io�al i�si�e 

area o� a �i�e a�� � is ��e �olu�e o� �lui� se��io� �� ���er �aria�les li�e �ressure �� 

�olu�e �ra��io�
�

� ��ase �elo�i��
�

or �all �e��e� �eri�e�er
�

are �al�ula�e� usi��

�ei���e� a�era�e�

� �
�

��� ��
� � ���

�

���

���� ��

��ere � re�rese��s ��e �aria�le �o �e �a��e� i� �lui� se��io� �� a�� � is ��e sa�e 

�ro�er�� �a��e� o� s�ru��ural ele�e�� ��

�ue �o ��e �i��ere�� �i�e s�ales o� ��e s�ru��ural a�� �lui� �o�els� �i�e �is�re�i�a�io� �a� 

�i��er �or ��e ��o ��e�o�e�a� �er�ai� �i�e i�s�a��s �or �ee��a�� �a�e �o �e se�� �� �as 

s�a�lis�e� ��a� ��e �ou�li�� �as �oi�� �o �e �arrie� a� ou� e�er� �lui� �i�e s�e�� a�� ��e 

s�ru��ural �i�e s�e� �as se� i� or�er �o rea�� ��ose sa�e i�s�a��s as s�o�� i� �i�ure ����



��

Figur� �.�. ������� �� ��ui� ��� ��ru��ur�� �i�� �i��r��i���i��

��e i��or�a�io� �ra�s�erre� �uri�� ��e �ou�li�� s�a�e �o�sis�s o� �i�e i��li�a�io�s � ��

�ro� ��e s�ru��ural sol�er �o ��e �lui� sol�er� ��ile �olu�e �ra��io� � ��� �elo�i�� � ��� 

�ass � ��� �all �e��e� �eri�e�er � ��� a�� �ass �lo� ra�e � � �� o� ea�� ��ase � is 

�ra�s�erre� i� ��e o��osi�e �ire��io� as s�o�� i� �i�ure ����

Figur� �.�. ���� ������g� �uri�g ��� �i�u���i��

�i�ure ��� �rese��s a si��li�ie� �lo���ar� �or ��e �ou�le� si�ula�io�s� ��e �a�a e���a��e 

a�� �o�ai� �ra�sla�io� is s�o�e� as a �i�ire��io�al arro� a� ��e �o��o� le�� �or�er� �ore 

�e�ails a�ou� ��e �o�el a�� i��le�e��a�io� are �rese��e� i� �a�er ��



��

Figu���������i���i�i�� ��g��i����������ui�����u��u�����u������i�u���i��
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Chapter�3 �

Exper��e�ta���et�p�

��i� ��ap�er �����e� �� �e��ri�i�� ��e e��ip�e�� ��e� ��ri�� ��e e�peri�e��a� ��r� a� 

�e�� a� �e��ri�i�� ��e e�peri�e��a� pr��e��re� a�� a�a���i� �� ��e e�peri�e��a� re������

3�� E���p�e�t�

3���� ��������p�

��e �i�i����p i� a ��� ����ai�i�� a p��p� ���pre���r� �epara��r� pre���re �e���r a�� ����

�e�er�� �� �a� �e�i��e� �� �e a p�r�a��e �a��ra��r� �apa��e �� pr����i�� ��a�� ��a�e 

e�peri�e��� �� ��� p�a�e air��a�er ����� �� �a� �ee� �p�ra�e� a���� ��e �ear� ������i�� 

��e �ee�� �� �e�era� �a��er pr��e��� ���� ��� ���� �i���re� �� ��e �i�i����p are ����� i� 

�i��re ��� a�� �i��re ���� �i��re ��� ����� a �ia�ra� �� ��e pipi�� a�� i���r��e��a�i�� i� 

��e �i�i����p a�� i�� ����e��i��� �� ��e �e�� �e��i���



��

Figur�������Fr��� �i�����������i�i�����

Figur������������i�����������i�i������



��

Figur������ �������i������������i�������������i�������i�i������

� �i�� �� ��e pre�e�� ���p��e��� �� ��e �i�i����p i� ����ai�e� i� �a��e ����

�������������i���������������������i�i������

�a�er p��p �������� ��� ����� ���

�ir ���pre���r ���� ��� �� ���

�a�er ���� �e�er �e����i� ������

�ir �a�� ���� �e�er � ����r���er �a�����rea� �����������

�re���re �ra�����er �r��� ��� ����

�a�a a���i�i�i�� �e�i�e �a�i��a� i���r��e��� ��������

��e air ����ra�e ��pp�ie� �� ��e ���pre���r i� ��e �i�i����p �a� ��� ��a�� ��r ���e �� ��e 

e�peri�e���� ���� a� � �ar air ��pp�� �i�e �a� ��e� i���ea� ��r e�peri�e��� i� paper� �� � 

a�� �� � pre���re re���a��r �a� ��e� �� re���e ��e i��e� pre���re �� � �ar�

3.1.2 Flexi�le����e���������e����ie��

��e�i��e ���e� �� �i��ere�� �ia�e�er� �ere ��e� a� �e�� �e��i��� ��r ���i����r����re 

i��era��i�� e�peri�e���� ��e ��ara��eri��i�� �� ����e ���e� are pre�e��e� i� �a��e ����



��

�a�l� ���� ���������� �� �l����l� �����

�os� � �os� � �os� �

�x��r�a� ��a����r ���� � �� ����

����r�a� ��a����r ���� � �� ��

�a�� �������ss ���� ��� � ���

����ar �ass ���s��� ������ ����� ����� �����

��as��� �o����s ���a� ���� ��� ���

��� a���s��� �a��s ��r� s�� �o so�� �o���s a�o�� ��� �os� �� or��r �o ���ro�� ��s������� �or 

�ra����� ��r�os�s�

��o�a��� a�� �a��as� ��r� ������ �or o��a����� s�r�s�r �o�����ra��o�s� ��� ��o�a��� 

s����o�s ��r� �a�� o� ���x���� �o���������� �oa� �or ���� �so�a��o� a�����a��o�s� ����� 

�a��as� �as �������� �� a��a����� a s�a����ss s���� ��a�� �o ��� �os��

�or �x��r�����s ���o����� ������� o��ra��o�s� rubber�water�balloons�were�used�as�“p��s���

��� �a��oo�s ��r� ������ ���� a��rox��a���� � ��� o� �a��r �or r������ ������� 

�x��r�����s �� �os� ��

3.1.3 �a�e���an�s�

��r�� �a��r �a��s ��r� �s�� ��r��� �����r��� �x��r�����s� ��� �����s�o�s o� ��os� �a��s

ar� ����� �� �a��� ���� ���� �a�� � �as a ��ass �a�� �or ��s�a� a���ss as s�o�� �� ����r� 

���� ����r�a��r �a��ras ��r� �s�� �� �a�� � a�� �a�� ��

�a�l� ���� ���������� �� ��� �a��� �a���

�a�� � �a�� � �a�� �

������ ��� �� ���� �

���� ��� ��� ���� ���

����� ��� ��� ��� ���



��

������ ���� ������� �� �a�� ��

�a�� � a�� �a�� � ��r� �s�� ��r��� ��� �x��r�����a� �a��a���s �or �a��r � a�� �a��r � 

r�s���������� �a�� � �as �s�� �or �a��rs �� � a�� ��

3.1.� �i�e���a�e�as�

��r�� ����o �a��ras ��r� ����o��� �� ���s r�s�ar��� o��� o�� o� ���� �as �s�� �� a �����

�x��r�����a� �a��a���� ��� �a��ras ��r� s�� �o ��� r�so����o� a�� �ra�� ra�� �a���s �� 

�a��� ��� ��r��� ����o r��or�����

�a�l� ���� ����l a�� ��������a���� �� ���l���� ����� �a���a��

�a��ra � �a��ra � �a��ra �

�o��� �o�ro ��ro� ��a�� �a�o� ������ �o�� ����������

��so����o� ����x���� ����x���� ����x����

�ra�� ra�� �� �� ���

�a��ra � �as �s�� �or ����r�a��r r��or���� ��a��r � a�� �a��r �� a�� �a��ra � �or 

������� �x��r�����s ��a��r ��� �a��ra � �as �s�� �� ��� r�s� o� ��� �x��r�����s� ��� 

r��or��� ����os ��r� �ro��ss�� �s��� ��� a��or���� �� s����o� ������



��

3.1.� ��a��sens��s�

�� or��r �o r��or� �o� ���s�o� ������a��o�s �� ��� �a�� �a�� r�s�r �as�� a ����a����������

�������������� �oa� s��sor �as ��s�a����� ��� s��sor �as �a�a��� o� ��as�r��� �� �o �� 

�� ��� s���a� �or� ��� �oa� ���� �as �o�����o��� �s��� a ��a��s ��s�r�����s �������� 

a�� ���� s��� �o ��� �a�a a����s���o� ������ �� ��� ������oo��

3.� �a�a�a���isi�i�n�an��ana��sis����e��e�i�en�a���es���s�

�ab����� a�� ������� ��r� �s�� �or �a�a a����s���o� a�� �ro��ss��� r�s���������� 

� s�or� ��s�r����o� o� ��� �ro�ra�s �s ����� �� ��� �o��o�����

3.�.1 �a�a�a���isi�i�n�s����a�e�

� �a����� �ro�ra� �as ����ra��� �or s������ a�� r�������� �a�a �ro� ��� �a�a 

a����s���o� ������ a�� �a��ra �� ��� �ro�ra� s�o�s �ra����a��� r�a����s �ro� s��sors as 

���� as �r�����s ��a��s �ro� ��� ����o �a��ra� �o����� a�� ����o r��or���� ��r� a�so 

�oss���� ��ro��� ���s a�����a��o�� ����r� ��� s�o�s a s�r��� �a���r� o� ��� �a�a a����s���o� 

so���ar��

������ ���� ������ �a����� �� �a�a a���������� �����a���



��

3.�.� �i�e������essin��

�� or��r �o �x�ra�� ��� �oor���a��s o� ��� �o���s o� ����r�s� a�o�� ��� �os�� a ������

s�r��� �as� o� ��� �o�� o� ���� �as �r������ ��� �o�� �a��s �s� o� �������s ��a�� 

�ro�ess�n���oolbo�� �or ��a�� �a�����a��o� a�� a�a��s�s� ��� �as�� s���s �or �ro��ss��� 

�a�� �ra�� �� a ����o ���� ar��

� �r�a�� ��� ��a�� ���� ��� r�� �a��r o� ��� or����a� ��� �ra���

� �o���r� ��� or����a� ��� �ra�� ���o �ra�s�a���

� ����ra�� ��� �ra�s�a�� ��a�� �or� ��� r�� �a��r ��a���

� ����� a ��� ����a� �����r�

� �o���r� ���o ���ar� ��a���

� �a����a�� ��� �oor���a��s ��� ��x��s� o� ��� ����ro�� �or �a�� �o������� 

�o��o����s�

����r �as�s s��� as r��o���� r�������� �ar�s o� ��� �a��r s�r�a�� a�� r��o��r��� �ar�s 

������ �a�� ��a�s ��r� a�so ��r�or���� ����r a ����o ���� �as �o������� �ro��ss��� ��� 

��x�� �oor���a��� ��r� �o���r��� ���o ����rs �a���� ���o a��o��� r��ra���o� ��� �o ��� �a�� 

��ass �a�� a�� �a��r�

������ ���� ����� ���������� �l����a���
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Fi�ur����� ������i�������r����i���r������������uri�������i������r�����i����r����ur����r�

��������������ri��r������������������i����� �������������i����r��r���r���� �r��������i��

Fi�ur����������������������i���r��r����������i�u��i���i����� ��� ��r���



��

�����ri�i��� ��� i���� ������������r

�����r������� ������������r��i�u���r��������
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Chapter�4 �

Conclus�ons�an���urther��or��

4�� Conclus�ons�

��i� re�ear�� �o�u�ed o� ��ud�i�� ��e ��uid���ru��ure i��era��io� o� ��e�i��e �i�e� 

�o��e�i�� �u��i��a�e ��o�� ��i� �a� a��ie�ed �� i��or�ora�i�� a ��ru��ura� d��a�i� 

�ode� i��o a� e�i��e�� �u��i��a�e ��o� d��a�i� �o���are� �� e���i�i� do�ai��

de�o��o�i�io� �e��od �a� e���o�ed �o �o��e ��e ����e�� ��e re�u��i�� �o��u�er �ro�ra� 

�a� a��e o� �redi��i�� ��e i��er�a� �u��i��a�e ��o� d��a�i� a�d �i�e di���a�e�e��� 

i���udi�� �ou��ed e��e����

�i��ere�� �e�� �a�e� i��o��i�� di�er�e de�ree� o� ��uid���ru��ure �ou��i�� �ere ��udied� 

i���udi�� �arde� �o�e i���a�i�i��� a ��oa�i�� �o�e a�d a �a�� �a�e ri�er� ��� ��e �a�e� �ere 

��udied �o�� e��eri�e��a��� a�d �u�eri�a���� ��e di���a�e�e�� o� �er�ai� �oi��� a�o�� ��e 

��e�i��e do�ai� a�d u���rea� �re��ure �ere u�ed a� �ai� �ara�e�er� �or �o��ari�� 

�i�u�a�io� re�u��� a�d e��eri�e��a� �ea�ure�e���� ��e� ��ou�� a�� ��e ��udied �e�� �a�e� 

�ere �a�ed o� ��a�� ��a�e a�d �o� �re��ure �e�u��� �a�ua��e i��or�a�io� �a� o��ai�ed�

��e ��u��eri�� o��er�ed duri�� ��e �arde� �o�e e��eri�e��� �a� re�rodu�ed �i�� ��e 

�ode�� �� i��ro�ed �i�e��oi� �ode� i� re�uired i� order �o o��ai� a �e��er �redi��io� o� ��e 

�i�e d��a�i���

��ro��er ��uid���ru��ure �ou��i�� �a� o��er�ed i� ��e �a�e� ��ere ��e i��e� a�d ou��e� o� a 

��e�i��e �u��er�ed �e�� �e��io� �ere a� ��e �a�e �e�e� ���oa�i�� �i�e a�d �u��er�ed �e�d 

�i�e�� � �ea�er �ou��i�� �a� o��er�ed i� ��e �a�� �a�e ri�er �a�e� ��ere ��o��a� 

�ou��ed �i�u�a�io�� �ere u��e�e��ar�� a� ��e ��o� �a��er� �a� �o� �o��idera��� i���ue��ed 

�� ��e �o�e�e��� o� ��e �uo�a��� �e��io��

�e��i�e ��e �i���i�i�� o� ��e �e�e��ed ��ru��ura� �ode�� �air�� �e�� �redi��io�� �ere 

o��ai�ed i� �er�� o� �o�� ��ru��ura� �e�a�ior a�d i��er�a� ��o� ��ara��eri��i���



��

4�� �u��est�ons��or��urther��or��

�re�iou� re�ear��e� �a�e ��o�� �u�eri�a��� ��a� ��e ��u� ��o� e��e��� �i��� a���i�� ��e 

d��a�i� re��o��e o� a ri�er �u��e��ed �o �e��e� �o�io� a�d �a�e�� � �a�ida�io� ��ud� o� a 

��e�i��e ri�er u�der ��e�e �o�di�io�� i� �u��e��ed�

���er �e�� �a�e� i��o��i�� di���a�e�e�� o� ��oa�i�� �rodu��io� u�i��� �a�e� or �o�a� �i�e 

ru��ure �a� �ro�ide i��ere��i�� i��or�a�io� a�ou� ��e �ou��ed ��e�o�e�a� �a�ida�io� 

a�ai��� �ar�e ��a�e a�d �i�� �re��ure �a�e� i� a��o �e�e��ar��

��e �i�u�a�io� �i�e �i��� �e �o��idera��� redu�ed �� u�i�� a� i���i�i� �i�e i��e�ra�io� 

�e��od i� ��e ��ru��ura� d��a�i� �o��er� �� ��i� �a�e� ��e re�ear��er ��ou�d �eri�� ��a� 

�redi��io�� o� ��e �ou��ed ����i�� are �o� �ar� �� �ar�er ��ru��ura� �i�e ��e���

�ro� ��e ��oa�i�� �o�e �a�e� i� �a� o��er�ed ��a� ��a�� di��ere��e� de�ia�io�� i� ��e �i�e 

dia�e�er �a� �a�e i��or�a�� e��e��� o� ��e �ou��ed d��a�i�� �o��ideri�� de�or�a�io�� 

o� ��e �i�e �a�� �ro�� �e��io� due �o �re��ure di��ere��e or o�a�i�a�io� due �o �e�di�� �a� 

i��ro�e ��e �ua�i�� o� ��e re�u����

�� de��ri�ed i� ��e �i�era�ure re�ie�� i��rea�i�� a��e��io� �a� �ee� �o�u�ed o� ��e 

i���ue��e o� ��u� ��o� i� �u��ea �u��er�� ��e ��ru��ura� �ode� �i�� �eed �o�e 

i��ro�e�e��� i� order �o a��ura�e�� de��ri�e ��e d��a�i�� o� �i�e �e�d� i� ��i� �i�d o� 

��ru��ure��



��

�e�erences�

��� �� ��o�a�� Mechanis�ic� M��e�in�� ��� �as��i��i�� �����hase� ����� in� �i�es� 
�o�ie�� o� �e�ro�eu� ���i�eer�� �����

��� �� �oro� a�d �� �air�ur��� ��rodu��io� ri�er de�i��� ���e�ra�ed a��roa�� �o ��o�� 
�e��a�i�a� i��ue��� ���sh��e�Ma�a�ine���o�� ��� �����

��� �� �a�di�ar� ��ua��i�i�a�io� o� ��o� ra�e duri�� ��u� ��o��� �����
��� �� �r�e�a� �� �i�era� �� �� ��da�� a�d �� �� �ar�e�� ��� ��e ���a�i� �e��o��e 

o� ��e�i��e �i�er� �au�ed �� ���er�a� ��u� ��o��� �re�e��ed a� ��e ���� 
���er�a�io�a� �o��ere��e o� ��ea�� �����ore a�d �r��i� ���i�eeri��� �io de 
�a�eiro� �ra�i�� �����

��� �� �o�e��e a�d �� �� �e��i�re�� ���uide�a��i� i���a�i�i�� o� ��e�i��e �u�e� �u��e��ed 
�o ��o���a�e i��er�a� ��o��� ����na�� ��� ���i�s� an�� ����c���es�� �o�� ��� ��� ����
���� �����

��� �� �� �aidou��i�� ���i������c���e��n�e�ac�i�ns����en�e������c���es�an����ia������
�o�� �� �o�do�� ��ade�i� �re��� �����

��� �� �� a�d �� �u� ��i�ra�io� �e�a�ior o� �ari�e �i�er� �o��e�i�� �a���i�uid 
��o���a�e ��o��� �����

��� �� �ai�e�� ���a�i�i�� o� �e�ere ��u��i���� �n�e�na�i�na������na�����M���i�hase�������
�o�� ��� ��� �������� �����

��� �� �� �� �a�� ���e ��ara��eri��i�� a�d �or�e� due �o ��u�� i� a� ��� ��a�ed �i�er�� 
��� ��e�i�� ���oo� o� ���i�eeri��� �ra��ie�d ��i�er�i��� �����

���� �� �� �orda�o� �� �� �oroo�a� �� �� �� �a�a��a��e� �� �� �� �a��� a�d �� �ra��i��� 
���i��i�� ��e�o�e�o� �au�ed �� ��e ���er�a� ��o� �o�e��u� o� ��e �a�e�ar� 
�i�er� o� �����ore �e�ro�eu� �ie�d��� �re�e��ed a� ��e ���� ���� ���� 
���er�a�io�a� �o��ere��e o� �����ore �e��a�i�� a�d �r��i� ���i�eeri��� ���ori�� 
�or�u�a�� �����

���� �� �a �i��a a�d �� �� �orda�o� ����eri�e��a� �e� u� �o ��ud� ��e o��i��a�io� 
i�du�ed �� ��o���a�e ��o� i� ��a�� ��a�e �ode�� o� �rodu��io� ri�er� �or o����ore 
�e�ro�eu� �ie�d��� �re�e��ed a� ��e ���d ���er�a�io�a� �o��re�� o� �e��a�i�a� 
���i�eeri�� ������ ������ �i�eir�o �re�o� ��� �ra�i�� �����

���� �� �� ��a� ���a�� ��a�e e��eri�e��� o� �e�ere ��u��i�� i� ��e�i��e ri�er��� 
�e�ar��e�� o� ��er�� a�d �ro�e�� �e���o�o��� �or�e�ia� ��i�er�i�� o� ��ie��e 
a�d �e���o�o��� �����

���� �� �� �a�e� a�d �� �� �e�ed� ����er�a� ��o��i�du�ed �e�a�iour o� ��e�i��e ri�er��� 
�n�inee�in������c���es���o�� ��� ��� �������� �����

���� �� �� �e�ed a�d �� �� �a�e�� ��o��idera�io�� �� �e�i�� �� ��e�i��e �i�er 
����e���� �re�e��ed a� ��e ��e �e�o�d ���er�a�io�a� �����ore a�d �o�ar 
���i�eeri�� �o��ere��e� �a� �ra��i��o� �a�i�or�ia� ���� �����

���� �� �o��a a�d �� �o��io� ���e�i��e �i�e �e�a�iour i��e��i�a�io� u�i�� ��o �ode�� 
o� i��er�a� ��u� ��o� re�i�e�� �re�e��ed a� ��e ��e ��� ���er�a�io�a� ����o�iu� o� 
��uid �o��ro�� �ea�ure�e�� a�d �i�ua�i�a�io� �������� ����� �a��a�a��ee� 
��orida� �����

���� �� �� �eda� �� �� �or�e�� a�d �� �� �u��a�� ���ara��eri�a�io� o� ��u� ��o� 
�o�di�io�� i� �i�e�i�e� �or �a�i�ue ��a���i��� ��� �������� �����



��

���� �� �u�der�e�� �� �o��o�� �� ��der�e�� a�d �� �aa�o��e�� ��e��odo�o�� �or 
�e�er�i�i�� �e��a�� �a�i�ue �i�e o� ��e�i��e �i�er� �u��e��ed �o ��u��i�� a�d 
�rre�u�ar �a�e��� �re�e��ed a� ��e ���� ���er�a�io�a� �o��ere��e o� ��ea�� 
�����ore a�d �r��i� ���i�eeri��� �io de �a�eiro� �ra�i�� �����

���� �� �� �orda�o a�d �� �� �oroo�a� ���u� ��o� i�du�ed o��i��a�io�� o� �u��ea 
�e�ro�eu� �i�e�i�e��� ����na������e����e����cience�an���n�inee�in����o�� ���� ��� 
�������� �����

���� �� �air� �� ��au�e�� �� ��oo�e�� �� ���a�er� a�d �� �u�e�� ���o� ��du�ed �or�e� 
o� �u��i���a�ar �i�id �u��er ����e���� ��� �������� �����

���� �� �� �o��a�a a�d �� �� �e�o�� ���o����du�ed �i�ra�io�� o� �u��ea �u��er� due 
�o ���er�a� �u��i���a�e ��o��� ��� �������� �����

���� �� �� �� �ia�� �� �o��a�e�� �� �arra� �� �a�a�o�a� a�d �� ��ua�e� ����e�� o� �a��
�i�uid ��o ��a�e ��o� i� ��e ��ru��ura� �e�a�ior o� �i�e�i�e� � �re�e��ed a� ��e 
��� ���er�a�io�a� �o��ere��e o� �u��i��a�e ��o� ���� ����� �e�u� �orea� �����

���� �� �� �� ��uo�a� �� �i� �� �ua�� a�d �� �ao� ��e�ere ��u��i�� i� dee��a�er 
ri�er�� � �ou��ed �u�eri�a� �e���i�ue �or de�i�� o��i�i�a�io��� �cean�
�n�inee�in����o�� ���� ��� �������� �����

���� �� ��i�a� �� �a��a�i� �� �u�e�� �� ���ur�� �� �a�i�o� a�d �� ��i��� ��e�ai�ed ��� 
��a���i� �e��odo�o�� �or �u��ea �i�i�� �o��o�e����� �re�e��ed a� ��e ���� 
���� ���� ���er�a�io�a� �o��ere��e o� ��ea�� �����ore a�d �r��i� ���i�eeri��� 
�io de �a�eiro� �ra�i�� �����

���� �� �r�e�a� �� �i�era� a�d �� �� �ar�e�� ���e�i��e �i�er �e��o��e ��du�ed �� 
�o��i�ed ��u� ��o� a�d �a�e �oad��� �re�e��ed a� ��e ���� ���� ���d 
���er�a�io�a� �o��ere��e o� ��ea�� �����ore a�d �r��i� ���i�eeri��� �a��e�� 
�ra��e� �����

���� �� �ia� ���u� ��o� ��du�ed �i�ra�io� i� a �i�e�i�e ��a�� a �u��er a�d a �i�er 
�e��io��� �re�e��ed a� ��e �����ore �e���o�o�� �o��ere��e� �ou��o�� �e�a�� 
���� �����

���� �� �� ����a�� �� �� �er��� a�d �� �oa�� ���uid���ru��ure ���era��io� �ode�i�� o� 
a �u��ea �u��er �i�e�� �re�e��ed a� ��e ���� ���� ��rd ���er�a�io�a� 
�o��ere��e o� ��ea�� �����ore a�d �r��i� ���i�eeri��� �a� �ra��i��o� �a�i�or�ia� 
���� �����

���� �� �u� �� �ia��� �� �� �a��a�o��ui�� �� �a�ard�a�a�� a�d ����� �er��� ���o��
��du�ed �i�ra�io� i� �u��ea �u��er �u��e�� �o �o����rea� ��u� a�d ��ea� 
�urre���� ����na�� ��� ���sh��e�Mechanics� an�� ��c�ic� �n�inee�in��� �o�� ���� ��� 
����������������� �����

���� �� �� ��i�a�ur��i� �� �eu��� a�d �� ����� ���uid���ru��ure ���era��io���� i� 
�an������ ��� ���i����na�ics� �� �o���o�� �d�� �e�o�d �di�io� ed �o�a �a�o�� 
��� �re��� ����� ��� �����������

���� �� �� �e�eda� ���ru��ure���u� ��o� �ou��i��� ��a�� ��a�e ���eri�e��� �i�� 
�u��er�ed ��e�i��e �i�e��� �a��er ��e�i�� �e�ar��e�� o� ��er�� a�d �ro�e�� 
���i�eeri��� ����� �����

���� �� ���iiar�di�o�� ���a�� ��a�e ���eri�e��� �i�� �a���i�uid ��u� ��o� i� 
��oa�i�� �i�e��� �a��er ��e�i�� �e�ar��e�� o� ��er�� a�d �ro�e�� ���i�eeri��� 
����� �����

���� �� �� �ar�e�� ���e�i��e ri�er a�a���i� � �o��ari�o� o� re�u��� �ro� �o��u�er 
�ro�ra���� Ma�ine�����c���es���o�� �� ��� �������� �����



��

�pen������ �

�al��at�on�stu���o��structural���na��c��o�el�

��i� a��e�di� �re�e��� a �a�ida�io� ��ud� o� ��e ��ru��ura� d��a�i� �ode�� ��e �e�e��ed 

�e�� �a�e� �ere �a�e� �ro� ��e �e�����o�� �e����ar� �e�� �re�e��ed �� �ar�e� ����� �� 

�o��i��� o� a ��e�i��e �a�� �a�e ri�er u�der di��ere�� ��a�i� a�d d��a�i� ��drod��a�i� 

�oad� a�d �e��e� �o�io�� �e�u��� �ro� �� di��ere�� �o���are are re�or�ed o� ���� a� �e�� a� 

��a�i��i�a� da�a i� �er� o� �ea� da�a a�d ��a�dard de�ia�io��� �ea� �a�ue� o� ���� are u�ed 

�ere a� re�ere��e�

��e ri�er �a� di��re�i�ed i��o ��� e�e�e��� �ro� � �o �� �e�er� �o��� �e�ai�� o� ��e 

��ru��ura� �e�� are ��o�� o� �i�ure ���� ��e �i�e i��e�ra�io� �a� do�e u�i�� ��e e���i�i� 

�u�er��or�ard �e��od� ��e �i�e ��e� �a� �e� �o ����� � �or a�� ��e �i�u�a�io���

Fig�����������������������������i��

�tat�c�anal�s�s�

��ree o� ��e �our �a�e� �o��ideri�� ��a�i� �or�e� o� ���� �ere �i�u�a�ed�



��

Case�1���Still�wate��

�� arbi�rar� i�i�ial ����i�i�� �a� �i��� a�� ��� ���a�i� ���a�i��� ��r� i����ra��� ���r 

�i�� ���il �� �i��i�i�a�� �aria�i��� ��r� �b��r���� ��� ��a�i� ������r� i� �r������� i� 

�i��r� ���� ��i� ��a�i� ������r� �a� �i��� a� i�i�ial ����i�i�� ��r all ��� ����r �i��la��� 

�a��� i� �r��r �� r����� �i��la�i�� �i��� �abl� ��� ����ar�� ��� �b�ai��� r���l�� a�� ��� 

r���r��� �� ��� b�����ar� ������

�a�l� ���� ����l�� ����a����� ��� ���ll �a��� ����la����

��� ����i�� ������ ���

����i��

��� ���al �a�i���

� � � ��r�a��r�

���� ���� ��� ��� ��� �����

��i� ����� ����� ���� ����� ����� ����� ������

�ar��� ���� ����� ���� ����� ����� ����� ������

Case�����Stati��i���la�e�����e�t�

� ������ �i��la�i��� ��� �i�� �����a�� ��rr��� ��l��i�� �a� �arri�� ���� ����l�� ar� 

����� �� �abl� ��� a�� �i��r� ���� �� i� �b��r��� ��a� ��� b����� ��� ����i�� �i���r� �r�� 

��� r���r���� �al��� b�� i� i� ��ill i��i�� r���r��� ��� ��a��ar� ���ia�i���



��

�a�l� ���� ����l�� ����a����� ��� ��a��� ����la�� �������

��� 

����i��

������ ��� 

����i��

��� ���al �a�i���

� � � ��r�a��r�

���� ���� ��� ��� ��� �����

��i� ����� ����� ��� ����� ����� ����� �������

�ar��� ���� ����� ���� ����� ����� ����� �������

������ ���� ��a��� ��������a���� ��� ���ll �a��� a�� ����la�� �������

Case�����Stati����t�����la�e�����e�t�

�� ��i� �a��� a �����a�� ��rr��� ��l��i�� �� � ��� i� ��� � �ir���i�� �a� ���� ��� ���r�i�a��� 

�� ��� l��al �i�i��� a�� l��al �a�i��� a� ��ll a� ����i�� �� ����� ��i��� ��r� ����i��� 

����l�� ar� �r������� i� �abl� ��� a�� �abl� ���� ��� ��a�i� ������r� �� ��� ri��r i� 

�l����� i� �i��r� ����



��

�a�l� ���� ����l�� ����a����� ��� ��a��� ��������la�� �������� l��al �������

� ��� � ��� � ��� ����i�� ����

��i� ����� ������ ����� ����� �����

�ar��� ���� ����� ���� ����� �����

�a�l� ���� ����l�� ����a����� ��� ��a��� ��������la�� �������� l��al �a�����

� ��� � ��� � ��� ����i�� ����

��i� ����� ����� ����� ���� �����

�ar��� ���� ����� ����� ���� �����

������ ���� ��a��� ��������a���� ��������la�� �������

��� �al��� �al��la��� ��r ��i� �a�� ��r� �airl� �l��� �� ��� r���r���� �al����

���a�i��a�al�sis�

�ll ��� ���a�i� �a��� �r������� �� ���� ��r� r��r������ ��r�� ��� r���l�� ��r� a� 

��ll����



��

Case������e�ular�wa�e�an��in-plane��urren��

���a�i� �or�es ��e �o �a�es �ere i�����e� i� ��e �o�a� �or�e� ��e sea s�r�a�e �as 

�o�e�e� as s�oo�� a�� �ori�o��a�� so ��e ��o�a��� �or�e �as �o�s�a�� o�er �i�e �or a�� 

�oi�� i� s�a�e� �a��e ��� s�o�s ��e �a�i��� a�� �i�i��� ���a�i� �o� �e�sio� a�� ��e 

�i��ere��e �e��ee� ��e��

�a�l� �.�. ���a��� ��� ������� ��� �a�� a�� ����la�� �������

�a� ���� �i� ���� �� ����

��is s���� ����� ����� ���

�arse� ���� ����� ����� ����

��e �a�i��� �o� �e�sio� �as ���eres�i�a�e�� ��is �a� �e a �o�se��e��e o� �e��e��i�� 

��e �or�a� �ra� �or�e� �i��re ��� �is��a�s so�e riser �eo�e�ries ��ri�� ��e si���a�io��

������ �.�. ����� �������� ��� ��������� ����� ��a�� ��



��

Case�������p�en�����i�n��re�ular�wa�es�an��in-plane��urren��

�� ��is �ase� a� e��i��i� �esse� �o�io� �as se� a�o�� �i�� ��e sa�e �a�es a�� ��rre�� o� ��e 

�re�io�s �ase� ��e ���a�i� �o� �e�sio� is �is��a�e� i� �a��e ���� �e��er res���s �ere 

o��ai�e� i� ��is �ase ��a� i� ��e �re�io�s o�e� �i��re ��� s�o�s ��e riser �eo�e�r� �or 

�i��ere�� �i�es�

�a�l� �.�. ���a��� ��� ������� ��� �a��� ����la�� �������

a�� �����l ������

�a� ���� �i� ���� �� ����

��is s���� ����� ����� �����

�arse� ���� ����� ����� �����

������ �.�. ����� �������� ��� ��������� ����� ��a�� ��



��

�aper���-��ul�ip�ase��l�w�in��le�i�le�pipes�-�C�uple��
��na�i���i�ula�i�ns�an����all���ale�e�peri�en�s��n�
�ar�en���se��ns�a�ili���





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

���� �����������

������� �. ������� ��� �. ������ ��� ��� �. �����

�e�ar��e�� o� ��er�� a�� �ro�ess ���i�eeri��
�or�e�ia� ��i�ersi�� o� ��ie��e a�� �e���o�o�� ������

�o����r� �e�es � ��� ������� �ro���ei�� �or�a�
e��ai�� �oa��i���ieiro��e�i�a�������o� ���������e���e��

��� ������ ���i��s�r����re i��era��io�� ��o���ase ��o�� ��e�i��e �i�es� �ar�e� �ose i�s�a�i�i��

�����a��. ��e �ar�e� �ose i�s�a�i�i�� is a ��ara��eris�i� ��e�o�e�o� o� ���i�e�as�i� i�s�a�i�i�� 
o� ��e�i��e �i�es �o��e�i�� ���i�s� �� �o�sis�s i� �i�e �����eri�� ��e �o i��er�a� ��o� i����e� 
�or�es o� ��e �i�e �a��� �� or�er �o s���� ��is ��e�o�e�o�� so�e s�a�� s�a�e e��eri�e��s o� 
�a�er a�� air��a�er ��o���ase ��o� ��ro��� a� o�e� e��e� ��e�i��e �i�e �ere �arrie� o��� ��e 
e��eri�e��s are �o��are� �i�� ���eri�a� si���a�io�s �si�� a �o���e� ��o� a�� s�r����re 
�o�e�� ��e �o�e� so��es �o�� ����i��ase ��o� a�� s�r����re ���a�i�s i� ��e �i�e �o�ai�� 
��e ���a�i�s o� a� o�e� e��e� �i�e is re�ro���e� i� ��e si���a�io�s�

� ������������

��e�i��e �i�es are o��e� �se� i� o��s�ore oi� a�� �as �ro����io� s�s�e�s �o �ra�s�or� ��e 
�e�� ���i�s �ro� ��e sea�e� �o s�r�a�e �a�i�i�ies� ��ese ��e�i��e �i�es are e��ose� �o ����i��e 
e��er�a� �oa�s �i�e sea ��rre�� �ra�� �or�e� s�e��i�� i����e� �or�es� �a�es a�� sea�e� 
i��era��io� as �e�� as i��er�a� ���i� �oa�s� ���er �er�ai� �o��i�io�s� ��e �ro���e� �as a�� 
�i��i� �a� e��i�i� i��er�i��e�� �i��i� a�� �as ��o� �s��� ��o��� �o�e��ia��� �a�si�� �ar�e 
�aria�io� i� �i�e �e�sio� a�� �ar�e �o�io� ��e �o ��e i��er�a� ��o� ���a�i�s ����

��o��a� ���i��s�r����re i��era��io� si���a�io�s o� ��e�i��e risers �a�e �ee� �e�o�s�ra�e� 
�� �r�e�a ������ ��� ��� re�or�i�� i��or�a�� e��e��s o� s��� ��o� o� ��e s�r����ra� ���a�i� ��� 
�i��o�� �o��ariso�s �i�� e��eri�e��a� or ���� s�a�e �ie�� �a�a�

��e �o ��e �a�� o� ���� s�a�e �eas�re�e��s o� ��e i��a�� o� i��er�a� ����i��ase ��o� i� 
�i�e�i�e�riser s�s�e�s� a s�a�� s�a�e e��eri�e�� �as �ee� �esi��e� i� ��e ���� ����i��ase 
��o� �a�ora�or�� ��e e��eri�e�� i��o��es ���i�e�as�i� i�s�a�i�i�ies as ��e o�e o�ser�e� i� a 
�ar�e� or �ire �ose ��i�� is �e�� �ree o�er a s�oo�� s�r�a�e�



�oa��i� �� �ieiro� ��r �� �e�e�a ��� ��e �� ���a�

� ��������� �����

�� ��is se��io� ��e �ai� �ea��res o� ��e i��er�a� ���i� ��o� si���a�or as �e�� as ��e �asi� 
e��a�io�s o� ��e s�r����ra� ���a�i� �o�e� are �rese��e�� �i�a���� ��e �o���i�� �ro�e��re o� 
��e ��o �o�e�s is �es�ri�e��

�.� �l��� ���a����

��e i��er�a� ��o� is so��e� �si�� a o�e��i�e�sio�a� ��o����i� �o�e� �ase� o� a s��� 
�ra��i�� �o�e� �or���a�io� ���� � ���a�i� �es� �es�ri�es ��e �����es a�� s���s re�io�s a�� 
ea�� o� ��ese re�io�s �a� �a�e a s���ri� �se��io�s� as s�o�� i� �i��re ��

�

������ ���Mesh�elements�in�the�sl���t����in��s�heme�

��e s��� ��i�s are so��e� as i��o��ressi��e ���i� a�� ��e �as ��i�s as �o��ressi��e �si�� 
��e ��o ���i� �o�e� ���� i�e� �ass� �o�e���� a�� e�er�� e��a�io�s are so��e� �or ea�� ��ase� 
��e �ass e��a�io�s �i�e ��e ��ase �ra��io�s� � s�a�e e��a�io� is re��ire� �or ��e �as re�io�� 
��e �i��i� s��� �or�a�io� �a� �e �a���re� �ire���� �ro� ��e ��o����i� �o�e� o� a s�a�io�ar� 
�ri�� a�� ��e s���s a�� �����es are �ra��e� ��erea��er �i�� a �o�i�� �ri��

��e �e�era� �ass �o�ser�a�io� e��a�io� �or a ���i� ��ase � is e��resse� ���

�����

��
+

���������

�Λ
= Ψ� ����

��ere � is ��e �o���e �ra��io�� � is ��e �e�si��� � is ��e a�era�e �ross�se��io�a� �e�o�i��� Ψ is 
��e �ass �ra�s�er �er�s� � is ��e �i�e a�� Λ is ��e �i�e �o��i���i�a� a�is �oor�i�a�e� ��e 
�o�e���� e��a�io� �or a ��ase � is �i�e� ���

���������

��
+

��������
2�

�Λ
= −��

��

�Λ
− ������� � ������ − ��

����

��ere � is ��e �ress�re �ie��� ������� is ��e �ri��io� �or�e �e��ee� ��ase � a�� ��e �i�e �a��� 

������ is ��e �ri��io� �or�e �e��ee� ��ase � a�� i�s i��er��ase �i�� a�o��er ��ase� a�� � is ��e 
�ra�i�� �or�e� i�����i�� a �er� �o �a�e i��o a��o��� a �e�e� �ra�ie�� �or�e� �e�ai�s a�o�� 
e��e�sio� o� ��ese �o�ser�a�io� e��a�io�s �o ��e s��� �ra��i�� �ra�e�or� �a� �e �o��� i� ����

�.� ��������al ���a����

��e �o�e� �rese��e� �ere is �ase� o� ��e ����e� �ass �e��o� s�o�� �� ��a�i�i ��� a�� 
e��e��e� �o �o�si�er s�r����ra� �a��i�� a�� i��er�a� ��o� �or�es� ��e �i�e�i�e is �i�i�e� i��o



�oa��i� �� �ieiro� ��r �� �e�e�a ��� ��e �� ���a�

a� ar�i�rar� ����er o� e�e�e��s� �o��e��e� i� se��e��e �� ��eir �o�es� ��e �ass o� ea�� 
e�e�e�� a�� ��e ���i�s �o��ai�e� i� i� are ����e� e��a��� o� ��e ��o �o�es a� ��i�� i� is 
�o��e��e� �o� ��e �o�e �osi�io� ��� �e�o�i�� ��� a�� a��e�era�io� ���re�a�i�e �o a s�a�io�ar� 
�oor�i�a�e s�s�e� are �e�i�e� �i�� ��ree �i�e�sio�a� �e��ors as �o��o�s�

��� = �

��

��

��

� ��� = ���� ��� = ���� ���

��ere s��s�ri���� re�rese��s ��e �o�e ����er� ��e �i�e s�r����ra� �ro�er�ies �s�i���ess a�� 
�a��i��� are �o�e�e� as �ass�ess s�ri��s a�� �a��ers as s�o�� o� �i��re ��

������ �� ���e�a�i� re�rese��a�io� o� ��e �e��a�i�a� s�s�e�

��e ���a�i� e��i�i�ri�� e��a�io� �or ea�� �o�e is as �o��o�s�

����� = ��� ����

�ere� �� re�rese��s ��e ����e� �ass o� �o�e �� ��� i�����es re�rese��a�i�e �or�es� i� ��is 
�ase� i��er�a� s�r����re �or�es �s�i���ess a�� �a��i���� �ra�i��� soi� �ri��io�� i��er�a� ���i� 
�ri��io� a�� �e��ri���a� �or�es ��e �o ���i� �o�e���� �aria�io�� �i��e ���i� a�� s�r����ra� 
�es�es are �o� �e�essari�� e��a�� i� is re��ire� �o �o��er� so�e o� ��e �a����a�e� ���i� �ie��s
���ase �e�o�i�ies� �o���e �ra��io� a�� �ress�re� �ro� ��e ���i� se��io�s i��o ��e s�r����ra� 
e�e�e��s �ase� o� o�er�a��i�� �e���� �ra��io� a�� �o���e �ra��io� o� ���i� se��io�s�

��e �o��ri���io� o� i��er�a� ��o� �o �a��i�� ��� is �o� i�����e� i� ��is �o�e�� ��ere is �o 
�a���ar� rea��io� �or�e ��e �o e�e��e� ���i� as e���ai�e� �� ���� �i�e i��e�ra�io� o� ���a�io�
� is �er�or�e� �� �e��ar� �e�a �e��o� ����

�.� �l������������� ����l���

��e ���i��s�r����re �o���i�� is �o�e as �o��o�s� 
� ��e ���i� e��a�io�s are so��e� a�� ��e ���i� �es� is ���a�e�� ��� ���i� �ara�e�ers 

are ���a�e� o� ea�� ���i� �e���
� �a����a�e ���i� �ie��s o� ea�� s�r����ra� e�e�e���
� ��e ���i���a�� �ri��io� �or�e is o��ai�e� �ro� ��e ���i� ���a�i�s so��er a�� ��e 

�e��ri���a� �or�e o� ��e �i�e �a�� is �a����a�e� as ��e �aria�io� o� ��e �o�e���� 
a�ross �o�es �or ea�� ���i� ��ase�

� ��e �o�a� �or�e ��� is ���a�e� a�� ��e s�r����ra� e��a�io�s are so��e�� ��e s�s�e� 
�eo�e�r� is ���a�e� a��or�i�� �o ��e �a����a�e� �is��a�e�e��s�

� �o�e o�e �i�e s�e� �or�ar� a�� re�ea� ��e �a����a�io� s�e�s a�o�e ���i� �i�a� �i�e 
is rea��e��



�oa��i� �� �ieiro� ��r �� �e�e�a ��� ��e �� ���a�

� ���� ����

�� or�er �o �a�i�a�e ��e �o���e� ���i��s�r����re i��era��io� �o�e�� a s�a���s�a�e e��eri�e�� 
�as se�e��e�� ��e �es� �o�sis�e� o� a ��e�i��e �ose �ai� o� a s�oo�� �ori�o��a� s�r�a�e 
�o��e�i�� air��a�er ��o�� �e�ai�s a�o�� ��e e��eri�e��a� se��� a�� si���a�io� �o��i��ra�io� 
are �i�e� i� ��e �o��o�i�� se��io�s�

�.� ����������al �����

��e e��eri�e��s �a�e �ee� �arrie� o�� �si�� a si�i�o� �ose o� � �� i��er�a� �ia�e�er a�� 
� �� e��er�a� �ia�e�er� �ir a�� �a�er �ere s����ie� �si�� a� air �o��ressor a�� �e��ri���a� 
����.�The�two�flui�����e��i�e��i��������et�i������fitti��. ��e e�� o� ��e �ose �as ��a��e� 
a�� ��e o��er o�e �as �ree �o �o�e� ��e �ose �as �ai� o�er a s�oo�� a�r��i� s�ee� �o�ere� 
�i�� a soa���a�er �i���re i� or�er �o re���e �ri��io�� �i��re � s�o�s a s��e�a�i� �ia�ra� o� 
��e e��eri�e��a� a��ara��s �se� �or ��e e��eri�e���

������ �� ���eri�e��a� asse����

��e air a�� �a�er �ass ��o� ra�es �ere se� �o ���� ��s a�� ����� ��s res�e��i�e�� ��i��i�
a�� �as s��er�i�ia� �e�o�i�ies o� ���� ��s a�� ���� ��s�� �����eri�� �as o��ai�e� ���er ��ese 
�o��i�io�s� ��e �o�e�e�� o� ��e �ose �as re�or�e� �� �si�� a �i�i�a� �a�era� ��ree �ra�es 
are s�o�� i� �i��re �� � �ra��i�� a��ori�� �as a���ie� �o ��e �i�eo i� or�er �o o��ai� ��e 
�osi�io� o� �i�e �res�a��ise� �oi��s o� ��e �ose ��i��re ��� ��e �is��a�e�e�� o� ��ose �i�e 
�oi��s o�er ��e �ori�o��a� ��a�e �i�� ori�i� o� ��e ��a��e� �oi�� are ��o��e� o� �i��re ��
�ro� �i�eo a�a��sis i� �as a�so �ossi��e �o o��ai� a s��� �re��e��� o� a��ro�i�a�e�� ��� s���s 
�er se�o���
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� � �
������ �� �e�e��e� �ra�es e��ra��e� �ro� e��eri�e�� �i�eo

������ �� �is�ri���io� o� �ra��e� �oi��s a�o�� ��e �ose

������ �� �ra�e��ories o� �ra��e� �oi��s ��ri�� ��e e��eri�e�� o�er �� se�

�.� ����la���� �����

��e �ose �as �o�e�e� as �� s�r����ra� se��io�s o� ��� ea��� ��e �e��i�� s�i���ess a�� 
�a��i�� �oe��i�ie�� �ere es�i�a�e� �� ��e �e��o� �es�ri�e� i� ��e a��e��i�� ��e �ai� 
�ara�e�er se� �o ��e ���i� a�� s�r����ra� so��ers are �rese��e� i� �a��e �� �a��e � a�� �a��e ��
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�a�l� 1� ��ui� �i�u�a�io� �ai� �ara�e�er�

Water�mass�flow�rate�(g/s)� 16.52�

Air�mass�flow�rate�(g/s)� �.2��

��tlet��ress�re�(��a)� 1�1�

�ol����for�sl�g�i�itiatio��(�)� �.���

Air���ffer�ta����ol�me�(�m�)� 6���

�ose���ter�al��iameter�(mm)� 6�

�o�g��ess�(mm)� 1e�2�

�a�l� �� ��ui� �o��er ��a�ia� a�� �e��ora� �e��e� 

�i�im�m�sl�g�le�gt��(mm)� 6�

�i�im�m�����le�le�gt��(mm)� 1��

�a�im�m�����le�le�gt��(mm)� 5��

�a�l� �� ��ru��ura� �i�u�a�or �ai� �ara�e�er�

�ass��er���it�le�gt��(g/m)� ���

�e��i�g�stiff�ess�(��m2)� �e���

A�ial�stiff�ess�(�)� 5���

�a�im�m�time�ste��(s)� 1e���

�leme�t�le�gt��(mm)� 2��

�i�eti��fri�tio���oeffi�ie�t�(�)� �.��

�ue �o ��e �i�i�a�io�� o� ��e ��ui� ���a�i� �o�e� �o re�ro�u�e �ur�a�e �e��io� e��e��� o� 
��a�� �ia�e�er �i�e�� ��e ��u� i�i�ia�io� �o��u� ��iqui� �o�u�e �ra��io�� �a� �e� �o ���� i� 
or�er �o ��i�u�a�e ��e ��u� �e�era�io�� ��i� �o��i�ura�io� �ro�u�e� arou�� � ��u�� �er �e�o���
��e �iqui� �o��u� �i�e �erie� a� ��e ou��e� �e��ee� �� a�� �� �e�o��� i� ��o��e� o� �i�ure ��

������ �� �i�u�a�e� �o��u� �i�e �erie� a� ou��e�
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� ������� ��� ����������

��e �i�u�a�io� re�u��� re�ro�u�e� ��e ��u��eri�� �e�a�ior o��er�e� o� ��e e��eri�e��� �i� 
re�re�e��a�i�e �i�e ��a�e� �uri�� a �a�e ��u��er ����e are ��o�� i� �i�ure �� ��e �ra�e��orie� 
o� �i�e �oi��� �ear�� ��e o�e� �ra��e� i� ��e e��eri�e�� are �re�e��e� o� �i�ure �� ��e 
�a�i�u� �e��e��io� �ro� ��e ��rai��� �o��i�ura�io� �a� o�er��re�i��e� i� ����

� �

� �

� �

������ �� �e�e��e� �ra�e� e��ra��e� �ro� �i�u�a�io� re�u���� �ar� ��ue area� re�re�e�� �iqui���i��e� �o�u�e

��e �erio� o� ��u��eri�� �a� a��o �o��are� a�� i� ��i� �a�e� i� �a� u��er��re�i��e� �� 
���� �i�ure �� ��o�� e��eri�e��a� a�� �i�u�a�e� �i�e �erie� �orre��o��i�� �o ��e �ar��e��
�ra��e� �oi�� �ro� ��e ��a��e� �oi���

�a� ���

��� ���

�e� ���
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������ �� �ra�e��orie� o� �ra��e� �oi��� �ro� ��e �i�u�a�io� o�er �� �e�

������ 1�� �ra�er�a� �i���a�e�e�� o� �oi��� � a�� �� o�er �� �

The�wider�“8”�sha�e�des�ri�ed�����he��ra�e���r�����a���s��a����he��ra��ed���i��s�i�di�a�e�a�
�ar�er �o�e �ur�a�ure o� ��e �i�u�a�e� re�u���� ��i� �a� i��i�a�e a �ro�� e��i�a�io� o� 
�e��i�� �a��i�� �� �e��e��i�� ��e i��er�a� ��o� i��u�e� �a��i���

����ou�� a qua��i�a�i�e a�a���i� o� ��e �re�i��e� �i���a�e�e�� �a� �e i��ro�e�� ��e 
�re�e��e� �o�e� �e�o���ra�e� i��or�a�� �e�ai�� o� ��e ���a�i�� o� ��e ��ui����ru��ure 
i��era��io��

�� i� �or�� �o �o�e ��a� �o�e o� ��e �ara�e�er� i��ro�u�e� i� ��e �i�u�a�io� �i�e �ri��io� 
�oe��i�ie�� a�� ��u� i�i�ia�io� �o��u� �ere e��i�a�e� �ue �o �a�� o� i��or�a�io� o� ��e 
e��eri�e�� �o��i�io���

� �����������

� ���eri�e�� a�� �i�u�a�io�� o� a ��ui����ru��ure i��era��io� �a�e �ere �arrie� ou� o� a 
�ori�o��a� �a��i�e�er �i�e �o��e�i�� air��a�er ��u� ��o��
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� ��e i���e�e��e� ��ui����ru��ure i��era��io� �o�e� re�ro�u�e� qua�i�a�i�e�� ��e 
����i�� o� a ��e�i��e �i�e �o��e�i�� �a���iqui� ��o��

� �i��ere��e� i� a���i�u�e a�� o��i��a�io� �erio� �a� �e a �o��eque��e o� �o� 
i���u�i�� ��o���a�e i��er�a� ��ui� i��u�e� �a��i��� ��e re�u��� �i�� a��o �e 
�e�e��e�� o� ��u� i�i�ia�io� �o�e�� �or ��a�� �ia�e�er �i�e�� a� �e�� a� ��e �ri��io� 
�e��ee� �i�e a�� �ur�a�e�

��������������

�ro�e�� � re�ear�� �u��e� �� V���� � a �a�i� re�ear�� �ro�ra� a�� �o��a�ora�i�e �ar��er��i� 
�e��ee� ��e �or�e�ia� ��a�e�� o� ��ie��e a�� �e��er� a�� ��a�oi��

����������

��� �� �� �e�e� a�� M� �� �a�e�� ��o��i�era�io�� i� �e�i�� o� ��e�i��e �i�er ����e���� 
�re�e��e� a� ��e �ro�ee�i��� o� ��e �e�o�� ������ ���er�a�io�a� �����ore a�� �o�ar 
���i�eeri�� �o��ere��e� �a� �ra��i��o� ���� �����

��� �� �r�e�a� �� �i�era� �� J� ���a�� a�� �� M� �ar�e�� ��� ��e ���a�i� �e��o��e o� 
��e�i��e �i�er� �au�e� �� ���er�a� ��u� ��o��� �re�e��e� a� ��e ��M� ���� ���� 
���er�a�io�a� �o��ere��e o� ��ea�� �����ore a�� �r��i� ���i�eeri��� �io �e Ja�eiro� 
�ra�i�� ����� �a�er �u��er �M������������

��� �� �r�e�a� �� �i�era� a�� �� M� �ar�e�� ���e�i��e �i�er �e��o��e ���u�e� �� 
�o��i�e� ��u� ��o� a�� �a�e �oa���� �re�e��e� a� ��e ��M� ���� ���� 
���er�a�io�a� �o��ere��e o� ��ea�� �����ore a�� �r��i� ���i�eeri��� �a��e�� �ra��e� 
����� �a�er �u��er �M������������

��� �� J� ���a�� ����a�i� Mo�e�� i� Mu��i��a�e ��o��� �ne��������e�����o�� ��� ��� �����
����� �����

��� �� �� ��e����� ��a�ra��ia� ��ree���a�e ��u� �ra��i�� �e��o���� ����� �o��ora� ��e�i�� 
�e�ar��e�� o� ��er�� a�� �ro�e�� ���i�eeri��� �or�e�ia� ��i�er�i�� o� ��ie��e a�� 
�e���o�o�� ������� �ro���ei�� �����

��� �� ��a�i�i� �� �i���e a�� ���i�ie�� ���ori��� �or ��e ��a�i� a�� ���a�i� ��a���i� o� 
��e�i��e Mari�e �i�er��� ������e�������������e����o�� ��� ��� �������� �����

��� �� �ra�e��e� �� �o��� M� J� �e��i�re�� a�� �� �� Murei��i� ��a��i�� o� �u�e� �ue �o 
i��er�a� ��o���a�e ��o��� ����n��������������n����������e����o�� ��� ��� �������� �����

��� �� Vera� �i�era� ��� �u�e�� ��� ��a���ar� �ea��io� �or�e o� a �ire �o�e� M��� or 
�ea�i����� ���e��e��n���������� ���� �����

��� �� ��ou��� �e��ie�� J�� ��n������ ��� ��������e�� ��ir� e��� �o��u�er� � ��ru��ure�� 
����� �����

��������
��e �o�e �e��i�� ��i���e�� a�� �a��i�� �oe��i�ie�� �ere e��i�a�e� a� �o��o��� ��e �o�e 

�a� i���a��e� a� a �er�i�a��� �a��i�� �a��i�e�er� ��e �ree e�� �a� �i���a�e� a�� re�ea�e� �o 
�ri��er �e��u�u� o��i��a�io��� ��e �re�iou��� �e��io�e� �i�eo re�or�i�� a�� �ro�e��i�� 
�e���i� �a� e���o�e� �o �ra�� ��e �ree e�� o� ��e �o�e �uri�� ��e e��eri�e��� ��e� ��e �erio�
o� o��i��a�io� a�� �o�ari���i� �e�re�e�� o� a���i�u�e �ere �a��u�a�e�� ��e �a�e e��eri�e�� 
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�a� �i�u�a�e� i� ��e ��ru��ura� ���a�i� �o���are �e��ri�e� o� �e��io� ���� �i��ere�� �a�ue� o� 
�e��i�� ��i���e�� a�� �a��i�� �oe��i�ie�� �ere �e��e� u��i� o��ai�i�� re�u��� �air�� ��o�e �o ��e 
e��eri�e��� �i�ure �� �re�e��� ��e a���i�u�e �er ����e �ea�ure� �ro� ��e e��eri�e�� a�� ��e 
�i�u�a�io� re�u��� �i�� a �e��i�� ��i���e�� o� ����� � ���

������ 11� �a�i�ra�io� o� �e��i�� ��i���e��� Mea�ure� a�� �i�u�a�e�
a���i�u�e o� o��i��a�io� o� a �a��i�� �i�e



��

Paper�2�-�Two-Way�Fl���-��r����re����era���o�����a�
Fle���le�P�pe��o��ey�����a�-��������l���Flow�
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Paper�3�-�Experimental�an����meri�al��im�lati�n����
���ple�����-P�a�e��l���an���tr��t�ral���nami�����a�
��llap�e���lexi�le�Pipe��n�t�e��ea�e��





 

EXPERIMENT����N��N�MERI�����IM���TI�N�������P�E�� T���
P���E� ����� �N�� �TR��T�R��� ��N�MI�� ��� �� �����P�E��
��EXI��E�PIPE��N�T�E��E��E��
 

���������� �������������& ������N����� Nor������ �����r���� o� ������� ��� �����o�o��� Nor��� 
 

���TR��T�
 

A computationa� �c��m� �o� coup��� �imu�ation� o� int��na� mu�tip�a�� ��o� an� �t�uctu�a� 
��namic i� p����nt��� ��� coup��� mo��� con�i�t� o� a �� t�o�p�a�� ��o� �imu�ato� an� a �� 
�t�uctu�a� ��namic �imu�ato� �a��� on �ump�� ma�� �o�mu�ation� ��� ��o� �imu�ato� ��atu��� 
��u� captu�in� an� t�ac�in� �unction� in ��ic� a �tationa�� ��i� i� app�i�� unti� a ��u� i� c��at��� 
t��n t�� ��i� i� ��namica��� up�at�� in o���� to t�ac� t�� ��u��� ��� mo�in� ��i� i� int���ac�� 
�it� a �i��� ��i� �o� t�� �t�uctu�a� ��namic mo���� A�ia� an� ��n�in� �o�c�� a�� ca�cu�at�� 
inc�u�in� int��na� ��ui�� ��i��t� ��iction an� c�nt�i�u�a� �o�c�� an� ot��� �o�c�� �i�� pip���oi� 
contact an� ��t��na� ��a�� 
��� �c��m� i� ��mon�t�at�� on a t�o��a� coup�in� ca��� a �u�m����� ����i��� pip� t�at �a� 
�ot� �n�� �i��� an� it� mi���� ��ction i� ���� to �uo� an� �in� ��p�n�in� on t�� int��na� ��o� 
��n�it�� 
�n o���� to �a�i�at� t�� coup��� �o����� �ma�� �ca�� ��p��im�nt� ���� ca��i�� out� ��� 
��p��im�nta� ��tup con�i�t�� o� a ��� m �on� an� ��� cm int��na� �iam�t�� t�an�pa��nt �i�icon 
�o�� �u�m����� in �at��� A mi�tu�� o� ai� an� �at�� �a� pump�� into t�� ���t�m� ��� 
�i�p�ac�m�nt o� t�� �o�� an� t�� int��na� ��o� patt��n ���� ��co���� �� a �i�ita� �i��o cam��a� 
��om �i��o p�oc���in� it �a� o�tain�� �ai��� �oo� a����m�nt on ��u�� an� pip� �i�p�ac�m�nt 
����u�nci�� ��t���n ��p��im�nt� an� �imu�ation�� 
��� ca�� ���at�� to a p��nom�non o������� ��om ��� ���mot��� �p��at�� ���ic��� �i��o 
��co��in�� �u�in� t�� �acon�o oi� �pi�� ��u�� o� ���ico� ������ ��om �om� o� t�� m�ntion�� 
�i��o�� it can �� o������� a p��io�ic motion o� a ��ction o� t�� �i��� a� ���� a� p��io�ic oi� o� 
�a� �ominat�� ��o� at t�� �i��� out��t� �om� �imu�ation� o� t�i� ca�� ���� �un �a��� �oo���� on 
�ata ma�� pu��ic a�t�� t�� oi� �pi�� �uanti�ication ����a�c�� ��atu��� o������� on t�� ��� 
��co��in�� ���� num��ica��� ��p�o�uc��� ���u�t� a�� �i�cu���� an� compa��� �it� an ��p��t 
��po�t p����nt�� �u�in� t�� oi� �pi�� t�ia�� 

 

��� INTR����TI�N�
 
�a���i�ui� ��o� in ����i��� pip�� ma� �a�� an 
impo�tant ����ct on t�� �t�uctu�a� con�i�u�ation 
an� on t�� ���u�tin� ��o� patt��n ���� ���n t�� 
����cti�� ��i��t o� a ����i��� pip� o�ci��at�� 
��t���n po�iti�� an� n��ati�� �a�u��� ���tica� 
�i�p�ac�m�nt� o� pip� ��ction� ma� cau�� 
accumu�ation o� t�� ��a�i�� p�a�� in �ip�� ��i� 
accumu�ation ma� ��a� to un�ta��� ��o� patt��n��  
 
��i� �o�� i� a continuation o� ��� an� ��� ����� 
��ui����a�tic in�ta�i�iti�� an� a ��oatin� pip� 
con���in� ai���at�� ��o� ���� �imu�at�� an� 
compa��� �it� �ma�� �ca�� ��p��im�nt�� 
 
An int����tin� ca�� o� t�o��a� ��ui���t�uctu�� 
�nt��action ����� �a� p����nt �u�in� t�� �acon�o 
oi� �pi��� ��� �i��o ��co��in�� ��o��� a p��io�ic 
�i�p�ac�m�nt o� a ��ction o� t�� �i���� an� 
��i��nc� o� ��u� ��o� �a� o������� at t�� �i��� 

out��t ���� ����� t�o ��atu��� �a� t�� �am� p��io�� 
�u�in� t�� oi� �pi�� t�ia�� t���� ��atu��� ���� ta��n 
into account in an att�mpt to �uanti�� t�� ��o� �at� 
a� p����nt�� in an ��p��t ��po�t ���� �n t�� ana���i� 
�on� �� ���� �i�����nt ��o� �at�� ���� t��t�� on a 
mo�in� �omain �t�� �t�uctu�a� �i�p�ac�m�nt� 
�o��o�in� ��� �i��o ��co��in��� in o���� to 
��p�o�uc� t�� �i�ui� �o��up o������� on ��� 
�i��o ��co��in��� ��� conc�u��� t�at t�� 
a�t��natin� �a� an� �i�ui� �ominat�� ��o�� 
o������� at t�� �i��� �n� ���� cau��� �� t�� �i��� 
motion� 
 
��� p����nt �tu�� aim to ��o� a m�t�o� in ��ic� 
t�� �t�uctu�a� �i�p�ac�m�nt i� con�i����� a 
�a�ia��� an� i� �o���� to��t��� �it� t�� int��na� 
��ui� ��o�� ��o ca��� o� �tu�� a�� p����nt��� a 
�ma�� �ca�� ��p��im�nt con�i�tin� o� a �u�m����� 
��n� �o�� an� a �a��� �ca�� ca�� �oo���� �a��� on 
�ata ��t�act�� ��om ���� 
 

��



��� ��N�MI��M��TIP���E������
M��E��
 
A �� ����i� ��u� captu�in� an� t�ac�in� �c��m� 
�a� �mp�o��� a� ��namic mu�tip�a�� �o���� �o� 
int��na� ��o�� ��� ��ui� �omain i� �i�c��ti��� in 
�u���� an� ��u� ��ction� a� ��o�n i� �i�u�� �� 
�a��� mom�ntum an� �n���� con����ation 
��uation� a�� �o���� on �ac� ��ction� ��� �omain 
�i�c��ti�ation ��main� con�tant ���n t���� a�� not 
��u� ��ction�� �� t���� a�� ��u�� p����nt� t�� m��� 
i� up�at�� �o��o�in� t�� �i�p�ac�m�nt o� �ac� on� 
o� t��m� �i�ui� p�a�� �a� mo������ a� 
incomp����i��� an� t�� �a� p�a�� a� ��a� �a�� 
 

 
�i�u�� �� �a�ic �i�c��ti�ation o� ��ui� �omain� 

 
��� ��N�MI���TR��T�R���M��E��
 
��� �ump�� ma�� mo��� �a� ����ct�� �u� to it� 
�imp�icit� an� �a�� o� imp��m�ntation� �n t�i� 
mo���� t�� pip��in� i� �i�i��� in �t�ai��t ��ction�� 
�ac� o� t��m �a�in� on� no�� at �ac� �n�� ��� 
��ction� a�� conn�ct�� to t��i� n�i���ou�� �� t�� 
no���� ����� t�� ma�� o� �ac� �t�uctu�a� ��ction i� 
�ump��� ��� ��ction� a�� t��n mo������ a� 
ma������ �p�in�� an� �amp��� a� ��o�n �o� t���� 
���m�nt� in �i�u�� �� �n o���� to inc�u�� int��na� 
���a� �o�c��� ��n�in� �p�in�� an� �amp��� �not 
��o�n in �i�u�� �� ���� inc�u��� in t�� mo���� 
�o�c�� �u� to to��ion ���� not inc�u���� 
 

 
�i�u�� �� �o����in� o� t�� pip� �t�uctu�� ���n�in� �p�in�� 

an� �amp��� not ��o�n ����� 

 
�om� �o�c�� �u� to t�� �u��oun�in�� ���� 
inc�u���� pip����oo� contact� �uo�anc�� ��a� on 
�ta�nant ��ui� an� �i�tua� ma�� �o�c�� 
 

��� ��N�MI�����I���TR��T�RE�
���P�IN��
 
��� coup�in� �a�ia���� ����ct�� �o� t�i� �o�� 
����� 
 �a��� ���ocit�� �o�um� ��action an� ��tt�� 

p��im�t�� �o� �ac� int��na� ��ui� p�a���  
 �t�uctu�a� ���m�nt� inc�ination� 

 
�nt��na� ��o� �a�ia���� ���� u��� in o���� to 
ca�cu�at� int��na� ��o� in�uc�� �o�c�� on t�� 
�t�uctu��� �n t�� ot��� �an�� pip� inc�ination ma� 
�a�� an impo�tant impact on ��o� patt��n ��� ��� 
 
��� EXPERIMENT����ET�P�
 
�n o���� to �a�i�at� t�� ���c�i��� computationa� 
�c��m�� a �ma�� �ca�� ��o� �oop �a� ���i�n�� an� 
�ui�t� A ���tc� o� t�� ��p��im�nta� ��tup i� ��o�n 
in �i�u�� �� ��� ai� �upp�� �in� con�i�t� o� a 
��cip�ocat� comp����o� an� a �u���� tan� o� ��� 
cm�� A c�nt�i�u�a� pump ��i��� �at�� ��om a 
�to�a�� tan� to t�� t��t ��ction� Ai� an� �at�� 
�upp�� �in�� a�� com�in�� �u�t ���o�� �nt��in� t�� 
�o��� ��� �o�� �a�out i� ���tc��� on �i�u�� �� ��� 
�o�� i� pa�tia��� �u�m����� in a �at�� tan�� ��o 
point� o� t�� �o�� ���� �i��� to t�� �at�� tan� 

 in t�� 
t��t ��ction� ��� ai���at�� mi�tu�� i� t��n 
�i�c�a���� to a �in� at atmo�p���ic p����u�� 
t��ou�� t�� tan� �ottom� ��o ��� �a���� ���� 

in o���� to t�ac� t��m u�in� t�� �i��o p�oc���in� 
t�c�ni�u� ���c�i��� in t�� n��t ��ction 
 

 
�i�u�� �� ���tc� o� ��p��im�nta� ��tup 

 
A �i��o cam��a �a� in�ta���� in�i�� t�� �at�� tan� 
in o���� to ��co�� t�� �i�p�ac�m�nt o� t�� �o�� 
�u�in� t�� ��p��im�nt�� 
 
��� ����i��� pip� p�op��ti�� a�� p����nt�� in �a��� 
�� 
 

��



T���� �� �������� ���� ���������� 
�ota� �en�th of the pipe ��� ��� 

�en�th of the �o�in� �e�tion ��� ���� 

��te�na� �ia�ete� ���� ���� 

�nte�na� �ia�ete� ���� ���� 

�en�in� �tiffne�� �� ��� ���� 

��ia� �tiffne�� ��� ��� 

�a�� pe� �nit �en�th ������ ���� 

�h�ee �iffe�ent ai���ate� f�o� �ate� �e�e te�te�� a�� 
of the� in the �e�e�e �����in� f�o� patte�n� �he 
�a� an� �i��i� ��pe�fi�ia� �e�o�itie� fo� a�� th�ee 
�a�e� a�e �ho�n in �a��e �� 

T���� �� ��� ��� ������ ����������� ���������� ��� 
��� ������� ����� 

�a�e 
�a� ��pe�fi�ia� 

�e�o�it�  ����� 
�i��i� ��pe�fi�ia� 

�e�o�it� ��  ����� 

� ����e�� ����e�� 

� ����e�� ����e�� 

� ����e�� ����e�� 

��� ����� ���������� 

�n o��e� to e�t�a�t the �e�ti�a� �i�p�a�e�ent of the 
pipe� a ������� ���ipt �a� �e�e�ope�� �he 
�i�eo i� �epa�ate� in in�i�i��a� f�a�e� an� ea�h 
f�a�e �a� �e�o�po�e� in �e�� ��een an� ���e 
�o�ponent�� �he �e� �a�e� �a� ���t�a�te� f�o� a 
��a���a�e �ep�e�entation of the f�a�e in o��e� to 
o�tain the pi�e�� o���pie� �� ea�h �e� �a�e�� �he 
pi�e� �oo��inate� a�e then �on�e�te� to �ete�� 
�a�e� on �ate� ���fa�e an� tan� �otto� �o�ation�� 
�i���e ��a� an� ��� �ho�� the �a�i��� an� 
�ini��� �e�ti�a� po�ition �ea�he� �hen the pipe 
i� f�oatin� an� �o�p�ete�� �e�tin� on the �otto�� 

 

�a� 

 

��� 

�i���e �� �i�eo f�a�e� e�t�a�te� f�o� e�pe�i�ent �a�e � at� 
�a� �a�i��� an� ��� �ini��� ho�e �e�ti�a� po�ition�� 

 
�� ��������� ��T�� 
 
�he n��e�i�a� �o�ain �a� �on�t���te� �a�e� 
�ain�� on the e�pe�i�enta� pa�a�ete�� p�e�ente� 
in �a��e �� �he �t���t��a� �o�ain i� �ho�n on 
�i���e �� �t �on�i�t� of a �a��e �ia�ete� pipe 
�ep�o���in� the �a� ��ffe� tan� an� a �e��en�e of 
pipe� of the �a�e �ia�ete� �e���i�in� the 
e�pe�i�enta� �eo�et��� �he �t���t��a� �o�ain �a� 
�i�i�e� in �� e�e�ent�� �� of the� �o�p�ete�� 
fi�e� an� �� e�e�ent� f�ee to �o�e� ��� of �o�in� 
e�e�ent� ha� the �a�e �en�th of ��� ���  
 
�n the othe� han�� the f��i� �o�ain �a� 
�i���eti�e� ��in� �e�tion �en�th� f�o� ��� �� to 
��� ��� �he �a� �o���e �a� �et in�i�e the ��ffe� 
tan� an� the �i��i� �o���e ���t �o�n�t�ea� of the 
��ffe� tan�� �he o�t�et p�e����e �a� �et to 
at�o�phe�i� �on�ition� �he �o��in� f��i�� �e�e� 
ai� a� i�ea� �a� an� �ate�� 
 

 
�i���e �� ��et�h of �t���t��a� �o�ain at initia� �on�ition� 

��



�� �����T� ��� ���������� 
 
�he pipe e�e�ation p�ofi�e fo� �e�en in�tant� of a 
�a�e ����e f�o� �a�e � a�e p�e�ente� in �i���e �� 
�t �an �e o��e��e� the ���� �ene�ation an� 
��o�in� in the fi�e� �e�tion �p�t�ea� the �ate� 
tan� ��i���e �a� �nti� it �ea�he� the hi�he�t point 
at ����� �� fo��o�e� �� ��o�in� of a �e�on� ���� 
in the fi��t �a� of the �o�in� �e�tion ��i���e ���� 
�� �oon a� the �e�on� ���� �ea�he� the �i���e 
point of the �o�in� �e�tion� it �e�in� to �in� 
��i���e ���� �he �o�in� �e�tion i� p��he� 
�o�n�a��� ��e to the �ei�ht of the �e�on� ����� 
�e���in� the ene��� �e��i�e� to p��h the ���� 
th�o��h the ���te� ��i���e ���� �fte� the ��o�o�t� 
�o�t of the �i��i� i� e�pe��e� f�o� the ���te� 
��i���e �e�� �he �e�ainin� �i��i� i� �ain�� 
a������ate� on the �ip fo��e� �et�een the 
�o�in� �e�tion an� the o�t�et pea� an� a ne� ���� 
i� �api��� fo��e� on the fi�e� �e�tion o�t�i�e the 
�ate� tan�� 
 

 

�a� t����� � 

 

��� t����� � 

 

��� t����� � 

 

��� t����� � 

 

�e� t����� � 

�i���e �� �nap�hot� �ho�in� �i���ation �e���t� fo� �t���t��a� 
�onfi���ation an� �i��i� ho���p on �a�e �� ���e a�ea 

�ep�e�ent� �i��i� �o���e f�a�tion ��ia�ete� i� �ho�e� th�ee 
ti�e� �a��e��� 

�he �e�ti�a� �i�p�a�e�ent of �i�point of the 
�o�in� �e�tion i� p�otte� a� a f�n�tion of ti�e fo� 
the th�ee �a�e� ��i���e �� �i���e � an� �i���e ��� 
 

 
�i���e �� �ea���e� an� p�e�i�te� �e�ti�a� �i�p�a�e�ent 

���in� �a�e �� 
 

 
�i���e �� �ea���e� an� p�e�i�te� �e�ti�a� �i�p�a�e�ent 

���in� �a�e �� 
 

 
�i���e �� �ea���e� an� p�e�i�te� �e�ti�a� �i�p�a�e�ent 

���in� �a�e �� 
 
�t �an �e o��e��e� that the p�e�i�te� ������t�o�e 
pe�io� �a� �o�e� than the e�pe�i�enta� �a��e fo� 
�a�e �� �n the othe� han�� the pe�io� �a� o�e� 
p�e�i�te� fo� �a�e� � an� �� �a��e � p�e�ent� 
�ea���e� an� p�e�i�te� pe�io��� 
 

��



T���� �� ������� ����������� ������ ��� 
����������� ��� ��������� ����������� 

�a�� ��p��im�nt �im��ation �i�����n�� 
� ���� � ���� � ���� � 
� ���� � ���� � ���� � 
� ���� � ���� � ��� � 

 
�� ������T�� ������� ���� 
���� 
 
��� �i��� �a�o�t a�t�� t�� a��i��nt �a� ��t�a�t�� 
��om p�ot� p����nt�� on ���� ��� �omain� ���� 
�on�t���t�� ��om �o�n�t��am o� t�� �in� at ���� to 
t�� �i��� �n� at ������ m a� ��o�n in �i���� ��� 
����� � i� t�� �i�tan�� a�on� t�� �i���� 
 

 
�i���� ��� �i��� p�o�i�� ���n it i� �omp��t��� ��tt��� on t�� 
��a ��oo� an� at ma�im�m ��i��t on ���������� �a�apt�� 

��om ���� 
 
�t i� impo�tant to m�ntion t�at t�i� ����a��� �a� 
not int�n��� to ��in� a n�� ��timation o� t�� 
amo�nt o� �pi���� oi�� ��t to ��o� a m�t�o� �o� 
�o�p��� ana���i� o� ���i���t���t��� int��a�tion� 
 
�i�ni�i�ant �i�����n��� ���� int�o������ in����in�� 
ai���at�� ��o� in�t�a� o� �a��oi�� i�ot���ma� ��o�� 
no p�a�� ��an��� no �in�� amon� ot����� ��� inp�t 
pa�am�t��� a�� p����nt�� on �a��� � an� �a��� �� 
 

T���� �� ���������� ���������� �� ������ 
������� 

��n�t� �m� ��� 

��m��� o� ���m�nt� ��� �� 

��t��na� �iam�t�� �m� ���� 

�nt��na� �iam�t�� �m� ����� 

��n�in� �ti��n��� �� m�� ����� 

��ia� �ti��n��� ��� ����� 

�a�� p�� �nit ��n�t� ����m� ���� 

 
T���� �� ����� ���������� ��� ����� ���������� 

�at�� ma�� ��o� ������ ����� 

�i� ma�� ��o� ������ ����� 

��t��t p������� ��a� ���� 

��mp��at��� ��� ��� 

 
��� ����� ���������� ������ 
 
� �i��t �im��ation ��in� a �i��� ��om�t�� �a� ��n 
��a�im�m ��i��t on �i���� ���� � tim� 
in��p�n��nt �t�ati�i�� ��o� a�on� t�� ��o�� �i��� 
��n�t� �a� o�tain�� �o� t�i� �a��� ��� �i��i� 
�o���p a�on� t�� �omain i� p�ott�� on �i���� ��� 
 

 
�i���� ��� �i��i� �o���p a�on� t�� �i��� �o� �i��� ��om�t�� 

�im��ation 
 
��� ����� ���������� ������ 
 
�o� t�� ���on� �im��ation� t�� p�o�i�� �i��n a� 
initia� �on�ition �a� t�� p�o�i�� a�t�� t�� �i��� �a� 
�omp��t��� ��tt��� on t�� ��a ��oo� a� ��o�n on 
�i���� ��� ��� �i�p�a��m�nt� o� no��� ��om ����� 
m to ������ m ���� �o����� ��� �i��� p�o�i�� an� 
�i��i� �o���p a�� ��o�n �o� �o�� �i�����nt in�tant 
in �i���� ��� 
 
�t �an �� o������� t�at �����t� ��om ��� to ����� m 
�o not �i���� �i�ni�i�ant�� ��om t�� ����� �i��� �i��� 
�im��ation� 
 

��



 

 
�a� t������ 

 
��� t����� � 

 
��� t����� � 

 
��� t����� � 

 
�i���� ��� �o���p an� ��pt� a�on� t�� �i��� 

 
�i���� ���a� p����nt� a p�o�i�� ���n t�� mo�in� 
���tion i� �i�p�a�in� �p�a��� ��� �i��i� i� 
a���m��at�� on t�� �p�t��am �i�� o� t�� mo�in� 
���tion �i��� ��� ��i��t o� t�� mo�in� ���tion 
��a�� it� ma�im�m �a��� ��i���� ������ an� �ta�t� 
to �in� ��� to t�� in���a�in� ma�� o� �i��i� ��i���� 
������� ��� �i��� �in�� to t�� �ottom an� t�� t�i�� 
�a��� o� �i��i� i� no� mo�in� �o�n�i�� ��� to 
��a��� in��ination ��i���� ������� �� t�� �i��i� 
�at�� ��a��� t�� mo�in� ���tion� t�� pip� �ta�t� to 
�i�� a�ain ��i���� ���a��� �i��i� ����� ���� 
o�tain�� �o�n�t��am o� t�� mo�in� ���tion� �o� 
t�i� �a��� t�� p��io� o� �i��� mo��m�nt �a� ��� � 
 
��� �o�n�a�� in��in�� ���tion o� �� m at t�� �n� 
o� t�� �i��� p�omot�� �t�ati�i�� ��o�� �o no �i��i� 
����� ���� p����nt at t�� �i��� �n�� 
 
�� �o�n� �� ���� �i��i� an� �a� �ominant ��o�� 
���� o�tain�� at t�� �i��� �n�� �a�in� t�� �am� 

p��io� o� t�� �i��� �i�p�a��m�nt� ����� ��at���� 
���� not p����nt in t�� �i��� ��om�t�� �im��ation 
�����t�� ��t a�� ��p�o����� �o� t�� �o�p��� �o���� 
�a��� 
 
�� ����������� 
 
��o�p�a�� ��o�� t�o��a� �o�p��� ���i���t���t��� 
int��a�tion �a� ��p��im�nta��� an� n�m��i�a��� 
�t��i�� in ���m����� pip�� in�o��in� ������ 
��o�ant ���tion�� ��m��i�a� �����t� p���i�t�� 
��it� ���� �om� ��at���� o������� ���in� t�� �ma�� 
��a�� ��p��im�nt� an� �a��� ��a�� ��a�itati�� �ata�  
 
�n a �a��� ��a�� �im��ation� �i��i� �at���� ���� 
��n��at�� ��� to t�� mo��m�nt o� a pip��in� 
���tion� ��o�� �at���� �ont�i��t�� to ���at� �i��i� 
����� �o�n�t��am� ����� �i��� �t���t��� 
�im��ation� p���i�t�� �t�ati�i�� ��o�� 
 
��������������T� 
��o���t � ����a��� ��n��� �� �����  a �a�i� 
����a��� p�o��am an� �o��a�o�ati�� pa�tn����ip 
��t���n ��� �o����ian ��a��m� o� ��i�n�� an� 
��tt��� an� �tatoi�� 
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�as� li�uid� slug� flow� can� induce� vibrations� in� �rocess� �i�ing� and� large� scale� slugging� can� cause� some�
oscillations� of� subsea� fle�ible� �i�es�� Pi�e�movements� should� be� avoided,� as� fatigue� can� lead� to� �i�e�
failure�� �low� transients� can� also� cause� �i�e� failure,� water� slugs� have� lifted� geothermal� �i�elines� off�
su��ort,�and�runaway�hydrate��lugs�have�caused�fatalities��The�flow���structure�interaction�is�therefore�
of�interest�to�study�and�to�incor�orate�in�dynamic�simulators��

Several�cases�of�dynamic�slug�flow�structure�interactions�have�been�studied�in�small�scale�laboratory����
two�way�cou�ling�has�been�established�between�a��i�e�structure�model�and�a�slug�trac�ing�model��

���igging� case�of�a� submerged� fle�ible��i�e� is� �resented�here���n� initially� li�uid� filled�hose� is� hanging�
freely�in�a��m�long�water�tan������ig�is�inserted�at�the�inlet,�and�sub�ect�to�a�bac��ressure�of�air�which�
drives� the� �ig� and� the� li�uid� out� of� the� �i�e�� The� subse�uent� �i�e� dynamics� is� video� recorded� and�
com�ared�with�the�cou�led�flow�structure�simulations���t�high�flow�rates�the�initially���sha�ed��i�e�rises�
above� the� water� level� and� falls� bac�� to� the� surface�� The� e��eriments� and� the� cou�led� models� are�
described�as�well�as��ey�as�ects�of�the�numerical�solvers��

�������������

�le�ible��i�es�are�used�to�connect�subsea��i�elines�to�floating�structures���s�the�floaters�can�have�some�
movements�with�waves�and�wind,�the�connected��i�e�needs�to�have�some�fle�ibility���n�order�to�reduce�
the� to�� side� structural� forces,� some�buoyancy� elements� can�be� attached� along� the� line�� This� can� also�
contribute�to��i�e�movements�induced�by�sea�currents,�and�also�modify�the�structural�res�onse�to�the�
to�� side� movements�� �iser� dynamics� due� to� e�ternal� forces� has� been� a� �articular� issue� in� ocean�
structural�analysis,�and�several�com�uter��rograms�are�available�for�dynamic�simulations��1����

With� the�case�of�gas�li�uid� flows� in� the��i�eline�riser�system,� the� internal�hydrodynamic� forces�on�the�
�i�e�can�also�be�time�varying���or�the�case�of�severe�slugging,�with�a�regular�filling�and�blow�out�of�the�
riser,�the�forces�can�become�large�and�influence�on�the�riser�structural�dynamics��Some�studies�on�severe�
slugging�in�fi�ed�la�y�wave�sha�ed�risers�are�re�orted�in��2�������cou�ling�between�a�structural�simulator�
and�the�current�slug�trac�ing�model�has�also�been�tested�in���,������

The�severe�slug�flow��henomenon�is�on�large�time�and�length�scales,�where�the�forces�due�to�the�change�
in� the� gravity� of� the� two��hase� flow� mi�tures� are� im�ortant�� �or� shorter� flow� systems,� normal�
hydrodynamic�slug�flow�can�e�cite�high�fre�uent�structural�vibrations��The�main�hydrodynamic�force� is�
now�the�changes�in�the�velocity�directions�of�slugs��assing�through��i�e�bends��centrifugal�forces����

Some�of�the�dynamic�interaction�of�multi�hase�flow�and�fle�ible��i�es�re�uire�a�two�way�cou�ling��These�
are�cases�where�the� internal� two��hase� flow�modifies� the�structure�and�the�structure� in� turn�modifies�
the�internal�flow����am�les�which�have�been�studied�by�simulations�and�by�small�scale�e��eriments�are�
the�dynamics�of�a�fle�ible�riser�colla�sed�on�the�sea�bed�����and�a�floating��i�e��1������one�way�cou�ling�



could�be�sufficient�for�other�cases�which�have�been�studied�li�ewise���n�a�garden�hose�instability��11�,�the�
internal� slug� flow� induces�a� fan�li�e�movement�of� a� �i�e� laying� on� the� a� hori�ontal� surface�� The��i�e�
movement�may�then�not� influence�the�high�fre�uent�slug� flow� in� the��i�e�� �n�severe�slugging� in�a� la�y�
wave�sha�ed�riser,�the�large�scale�slugging�induces��i�e�movements,�but�the�movements�are�e��ected�
not�to�modify�the�slug�flow�characteristics,�e�ce�t��ossibly�for�flow�conditions�close�to�the�stability�limit��

Pigging�is�a��articular�ty�e�of�flow�transient,�where�a�device�is�inserted�into�the��i�e�to�clear�out�the��i�e�
content��li�uid�or��i�e�de�osits�,�or�to�ins�ect�the��i�e�integrity�����igging�event�gives�a�single�transient�
force�on�the��i�e�as�it�moves�from�the�in�ection��oint�to�the��i�e�outlet���nother� similar�ty�e�of�single�
transient� can� be� the� accidental� release� of� a� hydrate� �lug� under� a� high� differential� �ressure�� Such�
runaway��lugs�can�be�a�safety�threat�for��i�eline�o�erators��

The�case�of��igging�is�demonstrated�here����small�scale�e��eriment�is�made�with�a��ig�clearing�out�the�
li�uid� of� a� submerged,� hanging� �i�e�� The� e��erimental� cases� are� described� and� the� results� com�ared�
with�cou�led�flow�structure�simulations��

��M�������M�����

��nami��flow�mo�el�

The�natural��rocedure�when�designing�a�1��dynamic�multi�hase� flow�model� is� to� formulate� the�mass�
and�momentum�e�uations�for�both��hases,�discreti�e�the�e�uations�with�a�suitable�numerical�method�
and� solve� the� set� of� e�uations� by� im�lementation� in� a� com�uter� �rogram�� � This� set� of� �uite� general�
e�uations�is�then�a��lied�to�the�full�range�the�different�dynamic�two��hase�flow�cases�which�can�occur�in�
a��i�eline��The��ro�agation�of�gas�li�uid�fronts�is�then�treated�as�a�numerical�challenge,�where�the�main�
ob�ective�is�to�have�the�numerical�method�re�roduce�the�mathematical�solution�of�the�set�of�e�uations���

�s�a��ig�is�a�new�element�in�the�flow�case,�and�not��ust�a�result�of�the�general�set�of�e�uations,�some�sort�
of��ig�model�and��ig�trac�ing�is�needed��This� is��ossible�to� im�lement�in�a�general�framewor�,�but�it� is�
not�straight�forward�to�ma�e�a��ro�ection�scheme�where�a��ig�model�modifies�the�flu�es�on�the�general�
set�of�e�uations�in�such�a�way�that�it�moves�continuously�across�grid��oints���

The��ig�model�a��lied�here�is�im�lemented�in�a��articular�slug�trac�ing�scheme��The�scheme�is�described�
and�tested�for�different�cases��12�1�����ere�the�model�is�summari�ed�with�focus�on�the��rinci�les�for�the�
case�of��igging��

The�starting��oint� for� the�slug� trac�ing�model� is� the� fact� that� the� flow��henomenon�has�com�ressible�
elements� �slug� bubbles� with� se�arated� flows�� and� incom�ressible� elements� �slugs,� with� �ossible� gas�
entrainment���The�model�is�then�designed�for�this�structure��se�arate�flow�models�for�the�incom�ressible�
and� for� the� com�ressible� �arts� of� the� domain�� The� domains� �slugs� and� bubbles�� are� trac�ed� and�
e�change�mass�and�momentum��

The�basic�features�of�the�scheme�have�been�described�in��1�����ere�the�scheme�is��resented�through�a�
descri�tion�of�the�ob�ect�oriented�data�structure�and�the�models�for�each�structure��

Pipeline�

The� �i�eline� class� holds� the� geometry� of� the� �i�eline,� in� terms� of� a� lin�ed� list� of� �i�es,� each� having�
individual� inclinations�� The� com�utational� grid� for� the� gas� and� the� li�uid� moves� and� gets� the� �i�e�
�ro�erties�from�the��i�eline�class�in�each�time�ste���The��i�eline�is�also�the�grid�for�a�dynamic�structural�
model��



Units�

Slugs�and�a�bubble�are��units�,�which�are�inherited�from�a�unit�base�class����unit�has�lin�s�to�a�sub�grid�
and�holds�moving�borders�at�each�end���nits�can�be�created�or�removed�dynamically,�as�a�result�of�the�
underlying�mass�and�momentum�balances�solved�in�the�sub�grid��

Se�ti�ns�

�ach�unit�manages�its�own�grid,�where�the�flow�variables�are�solved��The�sub�grid�is�named� �sections�,�
and� sections� have� lin�ed� borders� between� them�� The� sections� hold� �ressure,� �hase� fractions� and�
tem�eratures,� as� well� as� classes� for� the� conservation� laws�� The�main� ty�es� of� inherited� sections� are�
bubble� sections� in� bubble� units� and� slug� sections� in� a� slug� unit�� ��orders�� hold� the� velocities,� so� the�
combination�of�sections�and�borders�give�the�data�structure�for�the�staggered�grid�solver��

����e�s�

Several� border� classes� e�ist,� all� inherited� from�a� �arent� border� class�� The� borders� have� �ointers� to� a�
�i�eline� class,� in�order� to� retrieve� the� �i�e� inclination� as� the� borders�move� along� the� �i�e�� The�main�
border�classes�are�those�for�li�uid�li�uid,�gas�gas�and�gas�li�uid��

� ��li�uid�li�uid�border� is�between�li�uid�sections,�and�ty�ically��rovides��hase�velocities�from�a�

sli��relation�and�a�mi�ture�velocity�in�the�slug�unit��

� �� gas�gas� border� is� between� gas� sections,� and� ty�ically� �rovides� the� gas� and� li�uid� velocities�

from�two�momentum�e�uations,�solved�on�a�staggered�grid�between�the�neighboring�sections��

� ��gas�li�uid�border�is�either�a�bubble�nose�or�a�brea�ing�front����nose��ro�agates�in�relation�to�

the�li�uid�velocity�in�the�slug�ahead�of�it,�according�to�commonly�used�bubble�nose��ro�agation�

relations�� �� brea�ing� front� �ro�agates� according� to� the� mass� balances� across� the� fronts��

Selection�criteria�are�needed�to�determine�whether�a�front�should�be�a�nose�or�a�brea�ing�front��

����le��nit�

�� general� bubble� unit� solves� the� two� fluid�models� on� the� sub� grid� in� the� bubble�� a� set� of�mass� and�
momentum�and�energy�e�uations�for�each��hase���f�a�whole��i�eline�is�a�single�bubble�unit,�the�model�is�
essentially�e�ual�to�a�standard�two�fluid�model��With�an�averaged�slug�flow�model�im�lemented�in�the�
sections� ��unit� cell� model��,� together� with� stratified�slug� flow� transition� criteria,� then� the� 2� �hase�
scheme�becomes�similar�to�the�schemes�which�are�im�lemented�in�the�commercial�models��

�n�a�sim�lified�version�of�the�bubble�unit,�the��ressure�is�a��ro�imated�to�be�uniform�along�the�bubble�
��uasi� steady�gas� flow��� This� is�most�often�a� good�a��ro�imation� for�normal� slug� flow,�but�not� so� for�
simulation�of�ra�id��lug�transients����

Sl����nit�

�n�integral�momentum�e�uation�is�em�loyed�across�a�slug�unit,�giving�a�uniform�mi�ture�velocity�along�
the�incom�ressible�slug���

�igure�1�shows�units,�sections,�and�borders�in�an�e�am�le�domain��The�meaning�of�the�variables�are��P�
�ressure,��l�li�uid�velocity,��g�gas�velocity,��m�mi�ture�velocity,���holdu���li�uid�volume�fraction�,��
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Figur� 1. ���� ��ru��ur� ��r ���� �����. ��� �u��ri��� gri� i� ��� ����i��� ��r���ur�� ����� �r���i���� ��� 
��r��r� ������i�i���. � �ig i� � ��ug ����i�� u���r ��� ��ug u�i�. � ��� ��ui� ����� i� ������ ��r ��� �u���� u�i� 

gri�. �� i���gr�� ������u� ��u��i�� i� ������ ��r ��� i�����r���i��� ��ug u�i�. � �u�gri� i� ��� ��ug u�i� 
gi��� ��� �i������r �r���i��� �u� �� � ��i� r����i�� ���� i���u��� i� ��� �igur��.

Sl���initi�ti�n�

Slug�initiation�is�the�difficult��art�of�the�slug�trac�ing�model��Self�initiation�from�a�two�fluid�model�in�the�
bubble�unit� is�numerically��ossible,�but�difficult� to�get��hysically�correct��The�transition� to� slug� flow� is�
usually�through�a�stage�with�wavy�flow��The�numerical�slug� initiation�is�also�sensitive�to�the�underlying�
numerical�scheme��

�sing�a� subgrid�slug� initiation�model� �e�g��similar�as�for�flow�regime�transition�criterion�,�within�a� large�
com�utational�grid,�gives�com�utationally�efficiency,�as�a�small�grid�is�now�not�necessary�for�ca�turing�
the� initiation�� �t� is,� however,� difficult� to� avoid� grid� de�endencies� when� using� subgrid� slug� initiation�
models��

S�l�e��

��solver�with� im�licit� time� integration� is� im�lemented�outside� the�unit�and� section� classes��The�solver�
traverses� the� section� lists� and� collects� contributions� to� the� coefficient� matri�� for� two� momentum�
e�uations,� in�which� the� �ressure� terms� have�been� eliminated�with� a� �ressure�e�uation� �a� volumetric�
flow� balance� with� densities� re�resented� as� �ressure� through� a� state� e�uation��� �fter� solving� for� the�
velocities,�the��ressures�are�u�dated,�and�the�mass�e�uations�give�the�fractions��The�energy�e�uations�
are�o�tionally�solved�as�the�last�tas��in�each�time�ste�,�before�the�grid�management�is�made��

��i����n��e�ent�

The� grid� management� is� the� tas�� which� ta�es� the� ma�or� effort� when� im�lementing� a� moving� grid�
scheme��

The� numerical� grid� for� the� flow� model� is� structured� in� terms� of� units,� sections� and� borders,� and�
organi�ed� in� lin�ed� lists��The�reason�for� this� structure� is� that� it� facilitates�creation�and�removal�of�grid�
elements,�and�it�facilitates�the�im�lementation�of�new�elements,�as�e�em�lified�with�a��ig�in�the�current�
case��

Pi��

���ig�is�im�lemented�as�a�li�uid�section,�and�with�associated��ig�li�uid�and��ig�gas�borders��The�friction�
and� lea�age��ro�erties� are� characteristics�which�are� im�lemented� in� the��ig� class� and�border� classes��
�fter� initiation� of� a� �ig� �or� several� �igs�� no� further� �if�� tests� should� be� needed� in� the� flow� model��
�m�lementation�of�hydrate��lug�model�can� in��rinci�le�be�made�similarly,� in� the� form�of�a�new� li�uid�
section�and�associated�new�hydrate�borders����melting�model� can� then�be�develo�ed�and� tested�as�a�
section�class�and�the�associated�hydrate�border��energy�balances,�gas�release,�friction�etc����The�behavior�
in�the�flow�model�should�then�follow�without�the�need�for�further�modifications�in�the�flow�model��



����M�������������M�����

�� lum�ed�mass�model� for� structural� dynamics� is� included� in� the� framewor��� �� node� class� is� created,�
containing�the�mass�of�the��i�e�wall,�internal�fluid�and�added�mass�from�the�surroundings,�as�well�as�all�
the�a��lied�forces��internal,�environmental�and�flow�induced�forces���The�wall�a�ial�force�is�modeled�as�
linear�s�rings�and�dam�ers�along�the��i�es,�while�the�bending�force�is�modeled�as�angular�s�rings�and�
dam�ers�around�nodes��

�s� a� �i�e�might� contain�many� different� sections� at� different� time� instants,� an� algorithm� for�ma��ing�
variables�from�the�fluid�grid�into�the�fi�ed�structural�grid�is�re�uired��Variables�such�as�mass,�velocity�and�
density�of�each��hase�are�ma��ed�on�the��i�e�ob�ects���ased�on�these�variables,�forces�due�to�internal�
flow� are� calculated� and� a��lied� on� the� nodes� of� each� �i�e�� The� e�ternal� hydrodynamic� forces� are�
modelled� using� the� �orrison� e�uation� as� �resented� in� �1���� �� surface� level� is� defined,� and� the� net�
buoyance� force�on�a��artly�submerged�element� is�com�uted�from�the�geometrical�considerations�of�a�
�lane� at� a� fi�ed� height� ��� coordinate��� �igure� 2� illustrates� the� some� of� the� fluid� induced� forces� and�
internal�forces�in�a�three��i�es�domain���

�

Figur� �. ���� ��ru��ur� ��r ��� ��ru��ur�� �����. F�r��� �r�� ��i�� ����i�� �r��� ��� �r�� ����i�g ������� 
���u�� gi��� ��� ������r��i�� �� ��� �u���� ���� ��������. ��� ��i� ����ri�u�i��� �r�� ��� i���r��� ���� �r� 

��� gr��i�� ����r�g� ���� �r�� ���� �i��� ��� ����g� i� ������u� �����ri�ug���.

The�im�lementation�is�vector�based,�using�dot��roducts�and�cross��roducts�on�force�and�velocity�vectors��
This� also� made� it� �uite� straight� forward� to� go� to� three� dimensional� �i�e� coordinates� from� a� two�
dimensional�scheme,�by�e��anding�the�vectors�and�the�o�erations��

The� data� structure� has� been� designed� such� that� the� contributions� of� the� forces� from� each� side� of� a�
lum�ed�mass� are� se�arate� variables�� This�ma�es� it� easy� to� cut� a� �i�eline,� and� continue� the� dynamic�
com�utations�with�two�inde�endent��arts��

���������

The�time�integration�of�the�flow�model�and�the�structural�model�is�managed�in�the�same�framewor���The�
forces� in�the�structural�com�utation�now�gets�contributions�from�the�internal�flow,�mainly�a�change�in�



the� gravitational� force� (mass� of� the� gas-liquid� mixture)� and� a� centrifugal� force� (change� in� velocity�
directions).�

After�the�structural�displacement�computations,�the�pipeline�has�a�new�shape.�The�simplest�way�is��ust�to�
proceed�as��efore,�where�y�the��orders�automatically�get�the�updated�pipe�geometry�through�the�lin�s.�
A�more�complete�coupling�would��e�to�also�include�the�contri�utions�of�the�axial�component�of�the�force�
from�an�accelerating�pipe�on�the�liquid�flow�inside.�

The� difference� in� time� scales� of� the� pipe� and� the� flow� dynamics,� and� also� in� the� time� integration�
methods,� means� that� the� time� step� is� much� lower� for� the� structural� computations,� and� a� time� step�
management�is�made�accordingly.��everal�time�steps�are�made�with�the�structure�solver�for�each�time�
step�in�the�flow�solver.�

EXPERIMENTAL�SETUP�

The� experimental� setup� consisted� mainly� of� an� air� tan�� of� �.��� m�,� valves,� a� flexi�le� silicon� hose,�
�uoyancy� modules� and� a� �x�.�x�.�� m� water� tan�,� assem�led� as� in� �igure� �.� An� air� compressor� is�
connected�to�the�air�tan��through�a�needle�valve�(�alve�A).�A��all�valve�(�alve��)� is�fixed�hori�ontally�in�
the�tan��and�connected�to�the�air�tan���y�rigid�pipes.�A�pressure�transducer�is�installed�on�the�air�tan�.�
The�water�tan��is�filled�until�reaching��alve��.�

�ight�red�mar�s�are�set�along�the�hose�at�regular�intervals�of�����mm�starting�at�the�same�distance�from�
the�inlet.�The�hose�can�float�on�the�surface�when�empty,��ut�will�sin��when�filled�with�water.�A��uoyancy�
module�is�set�at�the�outlet�of�the�hose,�and�a�second��uoyancy�module�is�installed�at�����mm�from�the�
first� one.� �ach� �uoyancy�modules� has� a� cylindrical� shape� with� a� hole� in� its� axis� for� fitting� the� hose,�
external�diameter�of����mm�and�length�of����mm.�

A�video�camera�was�installed�in�front�of�the�water�tan��and�the�pressure�transducer�was�connected�to�a�
computer�through�a�data�acquisition��oard.�

�alve���is�closed�and��alve�A�is�open�until�the�pressure�in�the�air�tan��reaches�a�preset�value.�The�hose�is�
filled�with�water�and�the�pig�is�inserted�in�the�hose�at����mm�from�the�hose�inlet,��efore�connecting�the�
hose�to�valve��.�After�the�hose�reached�equili�rium�and�no�waves�may��e�o�served�on�the�free�surface,�
the�video�camera�and�the�logging�software�are�activated.�The�experiment�is�started��y�rapidly�opening�
valve��.�

����� 1. ���� �r���r�i�� �� ��� �i�� ������

�ength�of�rigid�pipe�(m)� �.���
�ose�internal�diameter�(mm)� ��.��
�ose�wall�thic�ness�(mm)� �.���

�ength�of�hose�(m)� �.���
�inear�mass�density�(�g�m)� �.���
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Figur� �. ������ ����i�g ��� ����ri������ ���u�

After� the� experiment� is� concluded,� a� text� file� containing� values� of� air� tan�� pressure� (��� samples� per�
second),�and�a�video� file� (���� frames�per�second)�of� the� test�section�are�acquired.�Three�values�of�air�
pressure�are�tested�������a,������a�and������a.�

�t� involved�some�trial�and�error�to�arrive�at�a�pig�which�would�not�stic��to�the�wall� (static� friction)�and�
also�not� give� �ypass� flows� of� air�or�water.� �ig� of� different�materials,� including� expanded�polystyrene,�
cor�,�ru��er�and��thylene-vinyl�acetate�were�tested.�The�final�solution�was�a�water�filled�small��alloon.�
This��alloon�was�seen�to�slide�well� along� the�pipe� surface,�and� the��alloon�pressure�would� follow� the�
upstream�pressure�and�cause�a�good�sealing�with�the�wall.��n�the�a�sence�of�a�good�pig�launcher,�a��low-
out�case�was�selected.�This�has�well�defined�initial�conditions,�and�can�give�a�dramatic�response�of�the�
pipe�when�the��ac��pressure�is�increased.�

NUMERICAL�SETUP�

The�structural�domain�upstream��alve��� is�simplified�as�three�hori�ontal�pipes,�the�first�of�them��eing�
the�air�tan�.�The�flexi�le�hose� is�discreti�ed�in�����elements�of����mm�each.�An�elastic�modulus�of��.��
��a�is�used,�as�the�initial�equili�rium�shape�is�accurately�reproduced.�The�external�diameter�of�the�hose�
is�set�to���.��mm.�The�length�and�internal�diameter�of�all�structural�elements�are�presented�in�Ta�le��.��

����� �. ���g�� ��� i���r��� �i�����r �� ��ru��ur�� ��������

�ipe�num�er� �escription�
�nternal�

�iameter�(mm)�
�ength�(mm)�

�� Air�tan�� ���.�� ����

�� �ipe� ��.�� �����

�� �alve��� ��.�� ���

�-���� �are�hose� ��.�� ���

���-���� �ose�and��uoy� ��.�� ���

���-���� �are�hose� ��.�� ���

���-���� �ose�and��uoy� ��.�� ���

All�the�degrees�of�freedom�of�pipes��,���and���are�fixed�to�ground.�The�rest�of�the�nodes�are�constrained�
to�move�in�the�vertical�plane.�



�n�order�to�reproduce�the�experimental�initial�conditions,�pipes��,���and���are�set�as�air�filled�at���,����or�
�����a,�a�pig�section�of����mm�long�is�set�in�pipe���and�a�liquid�slug�is�created�from�the�pig�front�to�the�
outlet.�

The�maximum�fluid�and�structure�solver�time�steps�are�set� to��e-��and��e-��seconds�respectively.�The�
simulations�are�run�for�three�seconds�and�the�pig�release�time�is�set�to��.��s.�

RESULTS�

The� air� tan�� pressure,� pig� position� along� the� hose� and� hose� displacement� are� extracted� from�
experimental� recordings� and� simulation� result� files� for� the� three� studied� cases.� �ach� case� will� �e�
discussed�separately�in�the�following.�

Cas�����I����a�����ss�����������Pa�

�ig�position�along�the�hose�and�pressure�at�the�air�tan��are�plotted�on��igure���and��igure���respectively.�
�oth�figures�show�good�agreement��etween�experiment�and�simulation�results.�The�pig�leaves�the�pipe�
after��.���s.�

�

Figur� �. �ig �����i�� ����g ��� ���� ��r ���� 1.

�

Figur� �. �r���ur� �� ��� �ir ���� ��r ���� 1.

�igure���shows�the�initial�hose�geometry�as�well�as�three�other�times�instants��efore�the�pig�is�expelled.�
The�pig�location�at�the�experiment�is�exposed��y�the�arrow�on�each�case�in��igure��.�
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Figur� �. ���� ����� ��� �ig �����i�� �� �i���r��� �i�� i������� ��r ���� 1.
��� �rr��� ���� ��� �����i�� �� ��� �ig �� ��� ����ri������ �ur��.

The��ehavior�of� the�hose�during� the�experiment� is� as� follows���hen� the�pig� starts� to�move,� the� flow�
induced�forces�will�tend�to�straighten�out�the�first�part�of�the���shaped�pipe,�lifting�mar�s���and��,�and�
sin�ing�mar�s��,� �,� �� and��� (�igure� �(�)).��ar�s��,��� and���present�a�mostly�hori�ontal� displacement.�
�hen� the� pig� passes� the� �end� �ust� �efore�mar�� �� (�igure� �(c)),� the� vertical� velocities� of�most� of� the�
mar�s�has�reduced�almost�to��ero�and�soon�turn�into�upward�velocity.�As�the�pipe�pass�thought�mar���,�
the�effects�of�flow�induced�forces�seem�to�have�a�limited�impact,�increasing�the�curvature�of�the��ends�
�etween�mar�s��,���and��.�The�pig�is�e�ected�and�the�pipe�filled�with�only�air�rises.��ar����descri�es�a�
curved� tra�ectory� as� it�moves� over�mar�� �� (�igure� �(f)).� At� this�moment,� the� hose� is� already� in� a� ���
configuration,�with� the� �uoyancy� elements� touching� the� rear� wall� of� the� tan�.� The� second� �uoyancy�
element��eeps�moving�to�the�left�and�falls�on�the�free�surface�next�to�mar���.�

�imulation�results�show�that�the�initial�condition�is�well�reproduced�(�igure��(a)),�as�well�as�the�first��.�s.�
After�that�point,�the�predicted�geometry�of�the�hose��etween�mar�s���and���deviates�from�the�o�served�
�ehavior.��n��igure��(d)�the�curvature�of�the���is�over-predicted�as�one�of�the��uoyancy�units�moves�with�
almost�no�external�resistance�due�to�the�negligi�le�density�a�ove�the�water�surface�(�igure��(e)�and�(f)).�



Cas�����I����a�����ss�����������Pa�

The� predicted� pig� location� along� the� hose� and� air� tan�� pressure� exhi�it� a� delay� of� approximately� �.��
seconds�compared�with�experimental�measurements,�as�shown�in��igure���and��igure��.�As�the�pressure�
�ehind�the�pig�is�reduced,�its�speed�is�also�reduced,�causing�longer�residence�time.�

�

Figur� �. �ig �����i�� ����g ��� ���� ��r ���� �.

�

Figur� �. �r���ur� �� ��� �ir ���� ��r ���� �.

The�shapes�of�the�hose�for���different�times�are�shown�in��igure��.�



�

Figur� �. ���� ����� ��� �ig �����i�� �� �i���r��� �i�� i������� ��r ���� �. 
��� �rr��� ���� ��� �����i�� �� ��� �ig �� ��� ����ri������ �ur��.

�imulation�results�reproduce�fairly�well�the��ehavior�of�the�hose�along�the�experiment.��igure��(f)�shows�
mar����over�the�water�surface�for��oth�curves.��ar����falls��ac��to�the�water�surface�at�the�right�of�mar��
��for�experiment�and�simulation.�

Cas�����I����a�����ss�����������Pa�

The�model� predicts� a� �.�� s� shorter� pig� residence� time� compared�with� the�experiment� as�presented� in�
�igure���.��
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Figur� 1�. �ig �����i�� ����g ��� ���� ��r ���� �.

The� speed� of� the� pig� reduces� co�sider����� �efore� re�chi�g� the� �o�est� poi�t� i�� the� hose� duri�g� the�
e�peri�e�t��The�speed�reductio��is��ess�sig�ific��t�i��the�si�u��tio�s��s�sho���i���igure�����

�

Figur� 11. �ig ����� ��r ���� �.

�s� the�pig��d���ces�through� the�hose�� the� i�ter����de�sit�� reduces�����i�g�the�hose� �ift� reduci�g� the�
cur��ture�of�the����s�depicted�i��the�series�of�p�ots�i���igure�����
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Figur����������������������ig������i�������i���r�����i���i����������r���������
�����rr������������������i�����������ig������������ri��������ur���

Figure�13�shows�some�snap�shots�from�the�videos�for�case�1,�where�the�pipe�rises�above�the�surface�after�
the�pig�leaves,�and�for�case�3,�where�the�pipe�stays�submerged�during�the�experiment.�



Case�1,��2��k�a�pressure� � �

�nitial�water�filled,�pig�at�inlet� �ig�is�half�way� �ig�has�left,�pipe�rising��

� � �

� � �

Case�3,��1��k�a�pressure� � �

�nitial�water�filled,�pig�at�inlet� �ig�is�half�way� �ig�has�left,�pipe�is�straightening�

� � �

Figur����� �����������r����i����r���r�i�g�������������ri�������������������������

CONCLU��ON��

�� two�way� fluid� structure� interaction�model� is� tested� on� a� case� with� a� pig� driving� out� the� li�uid� in� a�
submerged,�free�hanging�flexible�pipe.��he�blow�out�is�tested�for�three�different�back�pressures�of�air.��t�
the�highest�pressure,�the�pipe�rises�out�of�the�surface,�as�a�result�of�lift�force�on�buoyancy�elements,�and�
falls�back�on�the�left�side.��t�the�intermediate�pressure�it�falls�on�the�right�side�and�for�the�low�pressure�
case,� the�pipe�does�not� rise�above�the�surface.��he�same�behavior� is�seen� in� the�coupled�simulations.�
Fairly� good� agreement� is� obtained� for� the� internal� flow� and� the� pig�motion.� �he� predicted� structural�
dynamics�of�the�hose�shows�larger�deviations�from�the�observed�motion�for�larger�initial�pressures.��

�he�discontinuity�of�the�external�density�across�the�surface�and�the�presence�of�the�buoyancy�modules�
increase�the�complexity�of�the�problem,�as�drag�and�added�mass�forces�may�undergo�large�variations�for�
small� vertical� displacements� around� the� free� surface.� �� more� detailed� analysis� would� then� re�uire� a�
coupling�to�an�external�hydrodynamic�flow�model�as�well.��

������NC���

�1�� C.��.��arsen,��Flexible�riser�analysis�—�comparison�of�results�from�computer�programs,��Marine�
Structures,�vol.��,�pp.�1�3�11�,�1��2.�

�2�� �.� �in,� ��evere� �lugging� in� Flexible� �isers,�� presented� at� the� �th� �nternational� Conference� on�
�ultiphase��roduction,�Cannes,�France,�1��1.�

�3�� �.��.��ydal,��.��udibert,�and��.��ohansen,���xperiments�and�modelling�of�gas�li�uid�flow� in���
shaped�riser,��presented�at�the�1�th��nternational�conference�on�multiphase�production,�Cannes,�
2��1.�

���� �.� �.��ontgomery� and� �.� C.� �eung,� ��he� �tability� of� Fluid� �roduction� From� a� Flexible� �iser,��
Journal�o���ner����esources��ec�nolo��,�vol.�12�,�pp.��3���,�2��2.�



���� �.��.�C.��ia�,��.��hatibi,�and��.��.��ydal,���evere��lugging��ith��iscous��i�uids���xperiments�and�
�imulations,��presented�at�the��th��orth��merican�Conference�on��ultiphase��echnology,��anff,�
Canada,�2�1�.�

���� �.� �i,� �.� �uo,� and� �.� �ie,� ��ffects� of� a� long� pipeline� on� severe� slugging� in� an� ��shaped� riser,��
��e�ical��n�ineerin��Science,�vol.�1�1,�pp.�3���3��,�2�1�.�

���� �.��rtega,��.��ivera,��.��.��ydal,�and�C.��.��arsen,���n�the��ynamic��esponse�of�Flexible��isers�
Caused� by� �nternal� �lug� Flow,�� presented� at� the� 31st� �nternational� Conference� on� �cean,�
�ffshore�and��rctic��ngineering,��io�de��aneiro,��ra�il,�2�12.�

���� �.��rtega,��.��ivera,�and�C.��.��arsen,���lug�Flow�and��aves��nduced��otions�in�Flexible��iser,��
Journal�o�����s�ore�Mec�anics�an���rctic��n�ineerin�,�vol.�1��,�2�1�.�

���� �.� �.��ieiro,��.��emeda,�and��.� �.��ydal,���xperimental�and��umerical��imulation�of� two�phase�
flow� and� structural� dynamic� of� a� collapsed� flexible� pipe� on� the� seabed,�� presented� at� the�
�nternational� conference� on� the� �dvances� in� �ubsea� �ngineering,� �tructures� and� �ystems,�
�lasgow,��nited��ingdom,�2�1�.�

�1��� �.� �.� �ieiro,� �.� �ta,� and� �.� �.� �ydal,� ��wo��ay� Fluid��tructure� �nteraction� in� a� Flexible� �ipe�
Conveying��as��i�uid��lug�Flow,��presented�at�the���C��rasil�2�1�,��io�de��aneiro,��ra�il,�2�1�.�

�11�� �.� �.� �ieiro,� �.� �emeda,� and��.� �.� �ydal,� ��ultiphase� Flow� in� Flexible� �ipes�� Coupled� �ynamic�
�imulations�and� �mall� �cale��xperiments� on��arden��ose� �nstability,��presented�at� the� �ighth�
National�Conferen�e�on�Co���tational��e��ani�����e���������ron��eim,��orway,�2�1�.�

�12�� �.��.��mith�and��.��.��ydal,���he�effect�of�boundary�conditions�and�droplet�entrainment�on�severe�
slugging�using�a��agrangian�slug�tracking�model,�� �nternational�Journal�o��Multi��ase��lo�,�vol.�
��,�pp.�2���2��,�2�1�.�

�13�� �.��.���eldby,��.��.��.��.��enkes,�and��.��.��ydal,���agrangian�slug�flow�modeling�and�sensitivity�
on� hydrodynamic� slug� initiation� methods� in� a� severe� slugging� case,�� �nternational� Journal� o��
Multi��ase��lo�,�vol.��3,�pp.�2��3�,�2�13.�

�1��� �.��.��ydal,���ynamic��odels�in��ultiphase�Flow,���ner������uels,�vol.�2�,�pp.��11���123,�2�12.�
�1��� �.� �hadimi,� ��� simple� and� efficient� algorithm� for� the� static� and� dynamic� analysis� of� flexible�

marine�risers,���o��uters���Structures,�vol.�2�,�pp.���1����,�1���.�

�


	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



