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��[ k Y idk [ I [_bdY i W L k O k S YT[ k W i L k [_S � I f Y YTsh[y[\bd[\^_YTQTLD^_b f YT^as&qzLRQ Ytsh[ idkhk [\Q ^ J b idk Sh[\Q i W k LRY
[ k �%OR�X[_S)�7�ysh[ O khk f b ORQyWZ�VOR^_[ idk YTsh[�^\L%O � i ORb ShQ i � [~qzLXQyYtsh[ ilkBk [\QwO k S�L f Yt[\Qy^ J b ilk Sh[\QZW
i W{ohblbl[_S�M i YTs g�ilk [\QtO�b L i b ORW�O ^\bdLXWT[_S-W J WZYt[ g WTL&YtsVO YyYtsh[�^\LXO � i ORb@ShQ i � [ I [\ORQ idk �XWyO k S
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ORW YTsh[�O khk f b ORQ�QTL�YaO�Y i L k O�b 
PL f [_YZYt[��VLNM��hQZLRoVbd[�OR�h�BQTL%OR^asB[\W~b ilg�i Y idk � WZYtO I bd[�
PL f [�YTYT[
�VLNM.O k S��VO�WTWT[_W ilk YtL�Ytsh[�W YaO I bl[ 
PL f [_YTYT[��VLNM QT[\� i L k ���ysh[ WTb i �Xs%Y�S i � [\QZ�X[ k ^_[ LRq YtsB[
SVO�YtO�qzQZL g ^\L k Y ilk f [\S1WZYaO Ihi b i Y J O�WA�B<T>�� @~QtO Y i LRW�O��h�hQTLXOR^as*��>92 i W k LRY f k Sh[\QZWZYTL>LcS�O�Y
Yts i WyY idg [ �

U i � f QZ[ 
Q� V WTshLNMwWDYtsB[�YtLXQZx f [�YtQtO k W g�i YZYt[\S I%J � f i S)ORW~O q f k ^_Y i L k L�q L f Yt[_Q
^ J b ilk Sh[_QDqzQT[\x f [ k ^ J qzLXQ�S i98 [_QT[ k Y i ORb QZLRYaO�Y i L k Mwsh[_QT[ �B< 4X���1!�2D2D� 
X�X�-KB� � �ysh[jSVO�YtO
�hQZ[\WT[ k Yt[\S i WyqzQTL g � O I bl[ 
Q�RK O k S�U i ����
Q�?FQ� �ysB[�YTLXQTx f [�YtQTO k W gji YTYt[_S I'J YTsh[�� f i S � ���
QT[_�hQT[_WT[ k YTWjYTsh[ S iH8 [\QZ[ k ^_[ I [_Y M [\[ k YtsB[�YtLXQZx f [-QZ[\x f i QT[\S�QTL�YaO�YT[�Ytsh[ L f YT[\Q&^ J b ilk Sh[_Q\�
ORW}O�q f k ^_Y i L k LRq � @N�nMwsh[ k Ytsh[�OR�h�hORQtO�Y f W i W�[ g �BY J O k S)q f blb � �hb f WDYTsh[ I OR^a`'�XQTL f k S
YtLRQTx f [~O�WPO�q f k ^_Y i L k LRq)� @ ���ysh[ QZ[\� i L k LRqnWZYtO I bd[A
PL f [_YZYt[B�hL M i W I [�Y MP[_[ k YtsB[ ORQZQTLNM
O�Y �B<M> � @M! F >A2�O k S$Ytsh[�ORQZQTLNM O�Y �B<M> � @M! 2 >A2�� �ysh[-S i � [\QZ�X[ k ^_[�L�q YtsB[
SVO�YtO-qzQZL g Ytsh[�Ytsh[_LXQT[�Y i ^ ORb ^ f Q � [\W ilk S i ^\O�Yt[_W�YTsVO�Y}Ytsh[ OR�h�VO�QtO�Y f W O k S � LXQ�YtsB[jWZ[ k WZLXQ
W J W Yt[ g f WT[\S i W k LRY~M [\bdb�W f i Yt[_S YtL ilk � [\WZY i �%O Yt[ 
PL f [_YTYT[/�VLNM.^ashORQtOR^�Yt[_Q i W Y i ^\W�O�YDW f ^as
blLNM�WT��[\[_ShW~O k S�uw[ Jck LRblShW k f g�I [\Q:�
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Torque Transmitted by Fluid where  Ω
1
 / 2π = 40.1 Hz

U i � f QT[ 
Q� K >n� LXQZx f [ YtQtO k W g�i YZYt[\S I%J � f i S�ORWrO{q f k ^�Y i L k LRqBL f Yt[_Qn^ J b idk Sh[\Q qzQZ[\x f [ k ^ J qzLXQ
S i98 [_QT[ k Y i ORb QZLRYaO Y i L k MwsB[\QT[	�B< 4X��� ! FX�Q� �"
 V KB��� �ysh[}SVO�YtO&�BQT[\WZ[ k Yt[_S i W{qzQZL g � O I bl[

Q�?OvO k S�U i ����
Q� �����ysB[�YTLXQTx f [�YtQtO k W g�i YZYt[\S I%J Ytsh[�� f i S�� ��� QZ[\�hQZ[\WZ[ k YtWPYTsh[�S iH8 [\QZ[ k ^_[
I [_Y M [\[ k YtsB[ YtLXQZx f [ QT[_x f i QT[_S QTLRYtO�Yt[}Ytsh[ L f Yt[_Q~^ J b idk Sh[_Q\� O�WDOjq f k ^�Y i L k LRq � @N�@MwsB[ k
YtsB[�OR�h�hORQtO�Y f W i Ww[ g �BY J O k S1q f bdb �V�hb f WwYtsh[ I OR^a`'�XQTL f k S1YTLXQTx f [ ORW~O&q f k ^_Y i L k LRqI� @ �
�ysh[�Y f Q I f bl[ k YvYtsh[_LXQ J YtLXQZx f [�^ f Q � [ i W ^ O�bl^ f b O�YT[\S�qzQZL g � x.�;� 
Q� � ��MwsB[\QT[jY f Q I f bl[ k Y
WTsB[ ORQyW YtQT[_WTWyYtLRQTx f [ i W{^ ORbd^ f blO�Yt[_S�ORWyO q f k ^_Y i L k LRq�� @ � �ysB[~Y MPL�� ` g O k blO J [\Q YtLXQZx f [
^ f Q � [_W�ORQT[}^ O�bl^ f b O�YT[\S qzQTL g � x � � 
Q� V
�yMwsB[\QT[ �7` g O k blO J [\QwYtLRQTx f [ i W�^\ORbl^ f b O Yt[\S�ORW O
q f k ^�Y i L k L�q �'� YTsh[ �7` g O k b O J [_Q�YTs i ^a` k [_WTW_� O k S � @ �j�ysB[�Y M L1[_x f O�Y i L k W�qzLXQ���ORWvO
q f k ^�Y i L k L�q � @~O�QT[ � xcW:� � 
Q� 

�yO k S � 
Q� V ��� �ysh[v�@L idk YwLRq�b ilg�i Y idk � W YaO I bl[	
PL f [�YTYt[��VLNM
i W idk S i ^ O�YT[\S I%J Ytsh[�ORQZQTLNM
O Y �B< > � @ ! F >�2D���ysh[wQZ[\� i L k LRq f k WZYtO I bl[B
PL f [_YTYT[;�VLNM i W
YtL YTsh[�bl[_q YwL�qrYTs i Wy��L idk Y\�VO k S YtsB[DWZYaO I bl[=
PL f [_YTYT[=�hL M	QT[_� i L k � f � YtL �B<;>D� @;! 2�> 2X�
i WwYtL�Ytsh[vQ i �Xs%Y�L�q�Yts i W���L idk Y��w��LRYT[}YTsVO�Y�Ytsh[�YtQZ[ k S idk YTsh[vShO�YaO ilk S i ^ O�YT[\W�Sh[\^_QT[\ORW idk �
ilk WZYaO Ihi b i Y J � i � [ � ilk ^_QT[ O�W ilk �1WZYtO Ihi b i Y J ORWvYTsh[jO khk f b O�QvQZLRYaO�Y i L k ORbI
PL f [�YTYT[ �VLNM �hQZLRoVbl[
OR�h�BQTL%OR^asB[\W�b ilg�i Y ilk �}WZYtO I bd[�
PL f [_YZYt[��VLNM��



2D2 O

0 2 4 6 8 10 12
10

7

10
8

10
9

Ω
0
 / 2 π [Hz]

T
or

qu
e 

[d
yn

e 
⋅ c

m
]

↓ Ω
1
: Ω

0
 = 4:1

Turbulent Theory Torque, Re = 2.5  ⋅ 106

Ekman Layer Torque:  δ = ( ν / Ω
1
 − Ω

0
)1/2

Ekman Layer Torque:  δ =  (ν / 2 (Ω
1
 − Ω

0
))1/2

Torque Transmitted by Fluid where  Ω
1
 / 2π = 23.1 Hz

U i � f QT[ 
Q� 
�>n� LXQZx f [ YtQtO k W g�i YZYt[\S I%J � f i S�ORWrO{q f k ^�Y i L k LRqBL f Yt[_Qn^ J b idk Sh[\Q qzQZ[\x f [ k ^ J qzLXQ
S i98 [_QT[ k Y i ORb QZLRYaO Y i L k MwsB[\QT[	�B< 4X��� ! � OQ�H2+ODO&KB��� �ysh[}SVO�YtO&�BQT[\WZ[ k Yt[_S i W{qzQZL g � O I bl[

Q� F O k S�U i ����
Q�?OQ���ysB[�YTLXQTx f [�YtQtO k W g�i YZYt[\S I%J Ytsh[�� f i S�� ��� QZ[\�hQZ[\WZ[ k YtWPYTsh[�S iH8 [\QZ[ k ^_[
I [_Y M [\[ k YTsh[7YtLXQZx f [ QZ[\x f i QZ[\SvQTLRYtO�Yt[ YtsB[ L f Yt[_Q ^ J b ilk SB[\Q\��ORW Owq f k ^_Y i L k LRqQ� @N��Mwsh[ k YtsB[
OR�h�hORQtO�Y f W i W [ g �BY J O k S�q f blb �>�Bb f WPYTsh[ I OR^a`'�XQZL f k S�YTLXQTx f [�ORW{O q f k ^_Y i L k L�q � @ � �ysB[
Y f Q I f bd[ k Y~YTsh[\LXQ J YTLXQTx f [ ^ f Q � [ i W�^ ORbd^ f blO�Yt[_S1qzQTL g � x � � 
Q� � �wMwsh[_QT[�Y f Q I f bl[ k YDWZsh[ O�Q
WZYTQT[_WTW YTLXQTx f [ i W ^ ORbd^ f blO�Yt[_SjO�W ODq f k ^�Y i L k LRq)� @ � �ysh[�Y M L �7` g O k b O J [_Q7YTLXQTx f [�^ f Q � [_W
ORQZ[�^\ORbl^ f b O Yt[\S qzQZL g � x �.� 
Q� V
� Mwsh[\QZ[ � ` g O k blO J [\Q YTLXQTx f [ i W7^\ORbl^ f b O�YT[\S&ORW O~q f k ^�Y i L k
LRq �c�cYtsh[ � ` g O k b O J [_Q{Yts i ^a` k [\WTW_��O k SG� @ � �ysh[~Y M Lj[_x f O�Y i L k W{qzLXQ � ORWyO�q f k ^�Y i L k LRq
� @�ORQT[ � x'W���� 
Q� 

� O k S � 
Q� V �����ysB[}��L idk YPLRqrb idgji Y ilk �}W YaO I bl[�
PL f [_YTYT[��VLNM i W ilk S i ^\O�Yt[_S
I%J YTsh[{O�QTQTLNM�O�Y �B< > � @ ! F >�2D� �ysh[{QT[_� i L k LRq f k WZYtO I bl[ 
PL f [�YTYt[ �VLNM i W YtL YTsh[Pbd[_q Y LRq
Yts i W7�@L ilk Y �cO k S�Ytsh[wW YaO I bd[7
PL f [_YZYt[��VLNM
QT[_� i L k � f ��YTL/�B<N> � @;!J2�> 2X� i W7YTL}YTsh[�Q i �Rs'Y
LRq@Yts i W ��L ilk Y�����L�Yt[wYtsVO�Y7YTsh[��R[ k [_QtORbVYtQZ[ k S ilk Ytsh[�SVO�YtO idk S i ^ O�YT[\W ilk ^_QT[\ORW idk �vW YaO IBi b i Y J
ORW YTsh[�O khk f b ORQ�QTL�YaO�Y i L k O�b 
PL f [_YZYt[��VLNM��hQZLRoVbd[�OR�h�BQTL%OR^asB[\W~b ilg�i Y idk � WZYtO I bd[�
PL f [�YTYT[
�VLNM.O k S��VO�WTWT[_W ilk YtL�Ytsh[�W YaO I bl[ 
PL f [_YTYT[��VLNM QT[\� i L k ���ysh[ WTb i �Xs%Y�S i � [\QZ�X[ k ^_[ LRq YtsB[
SVO�YtO�qzQZL g ^\L k Y ilk f [\S1WZYaO Ihi b i Y J O�WA�B<T>�� @~QtO Y i LRW�O��h�hQTLXOR^as*��>92 i W k LRY f k Sh[\QZWZYTL>LcS�O�Y
Yts i WyY idg [ �
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Turbulent Theory Torque, Re = 1.3  ⋅ 106

Ekman Layer Torque:  δ = ( ν / Ω
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Ekman Layer Torque:  δ =  (ν / 2 (Ω
1
 − Ω

0
))1/2

Torque Transmitted by Fluid where  Ω
1
 / 2π = 11.6 Hz

Detection Threshold of Sensors

U i � f QT[ 
Q� V >n� LXQZx f [ YtQtO k W g�i YZYt[\S I%J � f i S�ORWrO{q f k ^�Y i L k LRqBL f Yt[_Qn^ J b idk Sh[\Q qzQZ[\x f [ k ^ J qzLXQ
S i98 [_QT[ k Y i ORb QZLRYaO Y i L k MwsB[\QT[	�B< 4X��� ! 2�2D� 
R�X�&KB��� �ysh[}SVO�YtO&�BQT[\WZ[ k Yt[_S i W{qzQZL g � O I bl[

Q�RK O k S U i ��� 
Q� F�� �ysh[ YTLXQTx f [�YtQtO k W g�i YZYt[\S I'J YtsB[A� f i S � ��� QZ[\�hQZ[\WT[ k YtWyYtsh[ S iH8 [\QZ[ k ^_[
I [_Y M [\[ k YTsh[7YtLXQZx f [ QZ[\x f i QZ[\SvQTLRYtO�Yt[ YtsB[ L f Yt[_Q ^ J b ilk SB[\Q\��ORW Owq f k ^_Y i L k LRqQ� @N��Mwsh[ k YtsB[
OR�h�hORQtO�Y f W i W [ g �BY J O k S�q f blb �>�Bb f WPYTsh[ I OR^a`'�XQZL f k S�YTLXQTx f [�ORW{O q f k ^_Y i L k L�q � @ � �ysB[
Y f Q I f bd[ k Y~YTsh[\LXQ J YTLXQTx f [ ^ f Q � [ i W�^ ORbd^ f blO�Yt[_S1qzQTL g � x � � 
Q� � �wMwsh[_QT[�Y f Q I f bl[ k YDWZsh[ O�Q
WZYTQT[_WTW YTLXQTx f [ i W ^ ORbd^ f blO�Yt[_SjO�W ODq f k ^�Y i L k LRq)� @ � �ysh[�Y M L �7` g O k b O J [_Q7YTLXQTx f [�^ f Q � [_W
ORQZ[�^\ORbl^ f b O Yt[\S qzQZL g � x �.� 
Q� V
� Mwsh[\QZ[ � ` g O k blO J [\Q YTLXQTx f [ i W7^\ORbl^ f b O�YT[\S&ORW O~q f k ^�Y i L k
LRq �c�cYtsh[ � ` g O k b O J [_Q{Yts i ^a` k [\WTW_��O k SG� @ � �ysh[~Y M Lj[_x f O�Y i L k W{qzLXQ � ORWyO�q f k ^�Y i L k LRq
� @�ORQT[ � x'W���� 
Q� 

� O k S � 
Q� V �����ysB[}��L idk YPLRqrb idgji Y ilk �}W YaO I bl[�
PL f [_YTYT[��VLNM i W ilk S i ^\O�Yt[_S
I%J Ytsh[}ORQZQTLNM�O�YB�B<�> � @�!PF >.2��P�ysh[vQT[\� i L k LRq WZYaO I bl[	
PL f [�YTYT[	�VLNM i W I [_Y M [\[ k YtsB[
ORQZQTLNM/O�Y��B<B>Q� @7! F >)2�O k S1YtsB[�ORQZQTLNM/O�YA�B<7>Q� @A! 2�> 2D���ysh[�S i � [_QT�X[ k ^\[ LRq�YtsB[
SVO�YtO-qzQZL g Ytsh[�Ytsh[_LXQT[�Y i ^ ORb ^ f Q � [\W ilk S i ^\O�Yt[_W�YTsVO�Y}Ytsh[ OR�h�VO�QtO�Y f W O k S � LXQ�YtsB[jWZ[ k WZLXQ
W J W Yt[ g f WT[\S i W k LRY~M [\bdb�W f i Yt[_S YtL ilk � [\WZY i �%O Yt[ 
PL f [_YTYT[/�VLNM.^ashORQtOR^�Yt[_Q i W Y i ^\W�O�YDW f ^as
blLNM�WT��[\[_ShW~O k S�uw[ Jck LRblShW k f g�I [\Q:�
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 k ORb J W i W{LRqnYTsh[DSVO�YtO ilk S i ^ O Yt[\W YtLXQZx f [\Ww^\L g �VO�QtO I bd[�YTL MwsVO�Y�ORQZ[~�hQZ[\S i ^_Yt[_S
qzLXQ � ` g O k b O J [_Q �VLNM idk O khk f b O�Q�QTLRYtO�Y i L k ORbQ
PL f [�YTYT[��hL M O�Y s i �Xs QZLRYaO�Y i L k QtO�YT[\W\�'O k S
^\L k WT[_x f [ k Ytb J s i �Xs�uw[ Jck LXbdShW k f g�I [_Q�� �ysh[w^_L k YtQ idI f Y i L k YtL�YtsB[wYTQtO k WT��LXQZY LRq O k � f b ORQ
g L g [ k Y f g S f [~YTL&Y f Q I f bl[ k ^\[ idk 
PL f [�YTYt[��VLNM	OR�h��[ ORQZW{YtL I [~QT[_b O�Y i � [\b J W g ORbdb � �ysB[
Sh[_^\QT[\ORWT[ idk YTLXQTx f [�YtLNM{O�QTS�b ilg�i Y idk �~W YaO I bd[�
PL f [_YTYT[B�VLNM i W �VORQ Y i ^ f blORQTb J [ � i Sh[ k ^_[\S idk
YtsB[ SVO�YtO O k S1�XQTOR�hs i ^ ORb O k ORb J W i W�L�q�S i98 [_QT[ k Y i ORb QTL�YaO�Y i L k Mwsh[_QT[��B< 4X� � !3F%��� �	
 V KT�
O k S�� �A! F�L F ��2N���+� �yshL f �Xs�YTsh[~LRYTsh[\Q ^ ORWZ[\Wy�hQZ[\WZ[ k Yt[_S M [\QZ[Dbl[_WTWPSB[_o khi Y i � [ idk YtsB[ i Q
QT[_WT��[\^�Y i � [ QZ[\W f bdYtW_� YTsh[j�R[ k [_QtORb YtQZ[ k S�LRqPYTsh[�YTLXQTx f [�SVO�YtO idk S i ^\O�Yt[_W�WZYaO Ihi b i Y J L�qPYtsB[
S i98 [_QT[ k Y i ORbdb J QTLRYtO�Y idk �/�VLNMwW�OR�h�hQZL%OR^as idk �&b ilg�i Y ilk �}WZYtO I bd[�
PL f [_YZYt[��VLNM��

�ysh[ �hQT[_^\[\S ilk � O k ORb J W i W O k S�QZ[\W f bdYtW LRqns J ShQTLcS Jck O g�i ^�LX��[\QtO Y i L k O k S ^asVORQ �
OR^�Yt[\Q i �\O�Y i L k LRqrYtsh[}OR�h�hORQtO�Y f WwsVORW{YTL I [ f k Sh[_QTW YtLcL>S M i YTs ilk YTsh[�^\L k Yt[��cY�L�q YTsh[��hQTL �
��LXWT[_S�[��>��[\Q idg [ k YaORb%LX��[\QTO�Y i L k ORW O k��	� S Jck O g L�� �ysB[\QT[ M i bdb I [ ^\L k Y ilk f [_S�s J SBQTLcS J
�
k O g�i ^ O k SU� f i S�S J>k O gji ^~O k ORb J W i WP��[\Q qzLXQ g [\S�O YwO�Y{s i �Xsh[_QPQZLRYaO�Y i L k QtO�YT[\W_� ilk ^\b f S ilk �
YtsB[-SB[\W i � k b idgji Y LRq	2 �R�*KT��O k S F%�*KB��qzLXQ YTsh[ ilkhk [_Q&O k S�L f YT[\Q ^ J b ilk Sh[_QTW&QT[_WT��[\^ �
Y i � [_b J �j�ysh[�s J ShQZL>S J>k O gji ^&LX�@[_QtO�Y i L k O�Y�YTsh[jSB[\W i � k b ilg�i Y�M i bdb�[ 8 [\^�Y i � [\b J ^\L k ^_b f SB[
YtsB[y[��>�@[_Q idg [ k YTW�M i YTs�Ytsh[{YTLXQTx f [ g [ ORW f QT[ g [ k Y�[\x f i � g [ k Y�� �"sh[ k [��B��[\Q ilg [ k YaO�bBLX� �
[\QTO�Y i L k&I [_� ilk W�qzLXQ ilk � [_WZY i �%O�Y i L k W ilk � LXb � ilk �~YTsh[ � � Sh[�qzLXQ g O�Y i L k � Ytsh[wQZLRYaO�Y i L k ORbB��LNMP[_Q
O k SvYtLXQZx f [ M i bdb I [ �hQTL � i Sh[_S I%J YTsh[ 
T
 g LRYTLXQ O�blL k [ � i O�Ytsh[ Y MPL~[_bl[_^_YtQZL~^\b f Yt^asB[\W�O k S
�hQ ilg ORQ J}I [\bdY�ShQ i � [\W:���ys i W�^\L k oV� f QTO�Y i L k sVORW�YTsh[yWT[�YI�B<;> � @7QTO�Y i L LRq.F�>92X� i � [ �Rb idgji Y idk �
WZYtO I bd[�
PL f [_YZYt[��VLNM��hQZLRoVbd[��

�ysh[yQZ[\W f bdYTW S i WT^ f WTWZ[\SjORblbdLNM$^\L k ohSh[ k ^_[ idk �hQT[_S i ^�Y i L k W YTL I [ g ORSh[ idk Yt[\Q g W
LRq7YtsB[�YtLXQZx f [R� O k S f bdY idg O Yt[\b J Ytsh[ ��LNMP[_QDQT[_x f i QT[_S YtL�LX��[\QTO�Yt[ YTsh[&OR�h�hORQtO�Y f WDO�Y i YtW
Sh[_W i � k b ilg�i Y+�

�ysh[vSVO�YtOj��L ilk YtW�O�YA�B<T>�� @T! F > 2R��QZ[\�hQZ[\WZ[ k Y idk ��b idgji Y ilk ��WZYtO I bl[�
PL f [�YTYT[
�VLNM��h�hQZ[\WZ[ k Yt[_S ilk U i �XW:� 
�� K O k S 
Q� 
 ORQT[~^_L k W i WZYT[ k YyM i YTs
� ` g O k blO J [\QPYTLXQTx f [~O�Y{YtsB[
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