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Boundary Layer
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• At cruise, 40%-50% of drag on airplane from skin friction
• Can be reduced by

• delaying transition 
• control/reduce level of turbulence

Skin Friction Drag Reduction
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Image source http://comercialaircraft.bombardier.com/en/crj/Technology.html

http://comercialaircraft.bombardier.com/en/crj/Technology.html
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• Approaches based on changing mean flow have not proven energy 
effective

• boundary layer suction

Turbulent Boundary Layer Control
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• More sophisticated methods rely on 
subtle manipulations of flow structures 
and/or instabilities

• Classic example are riblets
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Turbulent Boundary Layer 101
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• Characteristic mean profile of velocity 
and streamwise turbulent velocity

• Two normalizations of interest
• Outer variables
• Inner variables
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• Coherent structures in the boundary layer 
play an important role in the self-sustaining 
mechanisms in wall-bounded flows (Panton, 
2001)

• New methods attempt to disrupt or 
stabilize this mechanism

Self-sustaining Mechanism of Turbulence

 5(Blackwelder,	1978)	
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• Choi, Moin & Kim (1994) introduced concept of opposition control 
using DNS of channel flow

• Effective drag reduction via control of turbulence using active 
blowing and suction in DNS (Kim 2003 & 2011)

Opposition Control of Turbulent BL
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• Spanwise wall oscillations and traveling waves stabilize near wall 
flow

• Drag reduction of the order of 30-40% demonstrated numerically

Spanwise Wall Oscillation

 7

Quadrio et al. (2009)

Re⌧ = 200
<latexit sha1_base64="ZhQPyRL6TlMP7iloVjGXHru+w1Y=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKcwGQS9KwIvHKOYByRJmJ73JkNmHM72BEPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dfqKkQca+ndza+sbmVn67sLO7t39QPDxqmDjVAuoiVrFu+dyAkhHUUaKCVqKBh76Cpj+8nfnNEWgj4+gRxwl4Ie9HMpCCo5W8B+h2kKf0mlYY6xZLrMzmoKvEzUiJZKh1i1+dXizSECIUihvTdlmC3oRrlELBtNBJDSRcDHkf2pZGPATjTeZHT+mZVXo0iLWtCOlc/T0x4aEx49C3nSHHgVn2ZuJ/XjvF4MqbyChJESKxWBSkimJMZwnQntQgUI0t4UJLeysVA665QJtTwYbgLr+8ShqVssvK7v1FqXqTxZEnJ+SUnBOXXJIquSM1UieCPJFn8krenJHz4rw7H4vWnJPNHJM/cD5/AMUckMM=</latexit><latexit sha1_base64="ZhQPyRL6TlMP7iloVjGXHru+w1Y=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKcwGQS9KwIvHKOYByRJmJ73JkNmHM72BEPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dfqKkQca+ndza+sbmVn67sLO7t39QPDxqmDjVAuoiVrFu+dyAkhHUUaKCVqKBh76Cpj+8nfnNEWgj4+gRxwl4Ie9HMpCCo5W8B+h2kKf0mlYY6xZLrMzmoKvEzUiJZKh1i1+dXizSECIUihvTdlmC3oRrlELBtNBJDSRcDHkf2pZGPATjTeZHT+mZVXo0iLWtCOlc/T0x4aEx49C3nSHHgVn2ZuJ/XjvF4MqbyChJESKxWBSkimJMZwnQntQgUI0t4UJLeysVA665QJtTwYbgLr+8ShqVssvK7v1FqXqTxZEnJ+SUnBOXXJIquSM1UieCPJFn8krenJHz4rw7H4vWnJPNHJM/cD5/AMUckMM=</latexit><latexit sha1_base64="ZhQPyRL6TlMP7iloVjGXHru+w1Y=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKcwGQS9KwIvHKOYByRJmJ73JkNmHM72BEPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dfqKkQca+ndza+sbmVn67sLO7t39QPDxqmDjVAuoiVrFu+dyAkhHUUaKCVqKBh76Cpj+8nfnNEWgj4+gRxwl4Ie9HMpCCo5W8B+h2kKf0mlYY6xZLrMzmoKvEzUiJZKh1i1+dXizSECIUihvTdlmC3oRrlELBtNBJDSRcDHkf2pZGPATjTeZHT+mZVXo0iLWtCOlc/T0x4aEx49C3nSHHgVn2ZuJ/XjvF4MqbyChJESKxWBSkimJMZwnQntQgUI0t4UJLeysVA665QJtTwYbgLr+8ShqVssvK7v1FqXqTxZEnJ+SUnBOXXJIquSM1UieCPJFn8krenJHz4rw7H4vWnJPNHJM/cD5/AMUckMM=</latexit><latexit sha1_base64="ZhQPyRL6TlMP7iloVjGXHru+w1Y=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKcwGQS9KwIvHKOYByRJmJ73JkNmHM72BEPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dfqKkQca+ndza+sbmVn67sLO7t39QPDxqmDjVAuoiVrFu+dyAkhHUUaKCVqKBh76Cpj+8nfnNEWgj4+gRxwl4Ie9HMpCCo5W8B+h2kKf0mlYY6xZLrMzmoKvEzUiJZKh1i1+dXizSECIUihvTdlmC3oRrlELBtNBJDSRcDHkf2pZGPATjTeZHT+mZVXo0iLWtCOlc/T0x4aEx49C3nSHHgVn2ZuJ/XjvF4MqbyChJESKxWBSkimJMZwnQntQgUI0t4UJLeysVA665QJtTwYbgLr+8ShqVssvK7v1FqXqTxZEnJ+SUnBOXXJIquSM1UieCPJFn8krenJHz4rw7H4vWnJPNHJM/cD5/AMUckMM=</latexit>
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• Two key issues for implementation of these 
• physical scales at flight Reynolds numbers are very small
• Reynolds number scaling

Practical Issues

 8

Hurst et al, JFM (2014)

For commercial flight,
Re⌧ ⇠ 105

<latexit sha1_base64="qa6I9VDurnYAWfdGKU1hFLJoHvU=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBJR9CQFLx6r2A9oYthsN+3SzSbsTpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MBVcg+N8W0vLK6tr66WN8ubW9s6uXdlr6SRTlDVpIhLVCYlmgkvWBA6CdVLFSBwK1g6HVxO//cCU5om8g1HK/Jj0JY84JWCkwK7cssADkmFP8xi7zv1ZYFedmjMFXiRuQaqoQCOwv7xeQrOYSaCCaN11nRT8nCjgVLBx2cs0Swkdkj7rGipJzLSfT08f4yOj9HCUKFMS8FT9PZGTWOtRHJrOmMBAz3sT8T+vm0F04edcphkwSWeLokxgSPAkB9zjilEQI0MIVdzciumAKELBpFU2IbjzLy+S1knNdWruzWm1flnEUUIH6BAdIxedozq6Rg3URBQ9omf0it6sJ+vFerc+Zq1LVjGzj/7A+vwBnWSS5g==</latexit><latexit sha1_base64="qa6I9VDurnYAWfdGKU1hFLJoHvU=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBJR9CQFLx6r2A9oYthsN+3SzSbsTpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MBVcg+N8W0vLK6tr66WN8ubW9s6uXdlr6SRTlDVpIhLVCYlmgkvWBA6CdVLFSBwK1g6HVxO//cCU5om8g1HK/Jj0JY84JWCkwK7cssADkmFP8xi7zv1ZYFedmjMFXiRuQaqoQCOwv7xeQrOYSaCCaN11nRT8nCjgVLBx2cs0Swkdkj7rGipJzLSfT08f4yOj9HCUKFMS8FT9PZGTWOtRHJrOmMBAz3sT8T+vm0F04edcphkwSWeLokxgSPAkB9zjilEQI0MIVdzciumAKELBpFU2IbjzLy+S1knNdWruzWm1flnEUUIH6BAdIxedozq6Rg3URBQ9omf0it6sJ+vFerc+Zq1LVjGzj/7A+vwBnWSS5g==</latexit><latexit sha1_base64="qa6I9VDurnYAWfdGKU1hFLJoHvU=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBJR9CQFLx6r2A9oYthsN+3SzSbsTpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MBVcg+N8W0vLK6tr66WN8ubW9s6uXdlr6SRTlDVpIhLVCYlmgkvWBA6CdVLFSBwK1g6HVxO//cCU5om8g1HK/Jj0JY84JWCkwK7cssADkmFP8xi7zv1ZYFedmjMFXiRuQaqoQCOwv7xeQrOYSaCCaN11nRT8nCjgVLBx2cs0Swkdkj7rGipJzLSfT08f4yOj9HCUKFMS8FT9PZGTWOtRHJrOmMBAz3sT8T+vm0F04edcphkwSWeLokxgSPAkB9zjilEQI0MIVdzciumAKELBpFU2IbjzLy+S1knNdWruzWm1flnEUUIH6BAdIxedozq6Rg3URBQ9omf0it6sJ+vFerc+Zq1LVjGzj/7A+vwBnWSS5g==</latexit><latexit sha1_base64="qa6I9VDurnYAWfdGKU1hFLJoHvU=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBJR9CQFLx6r2A9oYthsN+3SzSbsTpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MBVcg+N8W0vLK6tr66WN8ubW9s6uXdlr6SRTlDVpIhLVCYlmgkvWBA6CdVLFSBwK1g6HVxO//cCU5om8g1HK/Jj0JY84JWCkwK7cssADkmFP8xi7zv1ZYFedmjMFXiRuQaqoQCOwv7xeQrOYSaCCaN11nRT8nCjgVLBx2cs0Swkdkj7rGipJzLSfT08f4yOj9HCUKFMS8FT9PZGTWOtRHJrOmMBAz3sT8T+vm0F04edcphkwSWeLokxgSPAkB9zjilEQI0MIVdzciumAKELBpFU2IbjzLy+S1knNdWruzWm1flnEUUIH6BAdIxedozq6Rg3URBQ9omf0it6sJ+vFerc+Zq1LVjGzj/7A+vwBnWSS5g==</latexit>

One more decade that way…
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• Energy content in boundary layer changes with Reynolds number
• Near-wall control might not work for high Re…

What is Changing?
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Increasing Importance of Large Scales

 10
Hutchins & Marusic, Phil. Trans. R. Soc. A (2007)

Hutchins & Marusic, JFM (2007)

Re⌧ = 1060
<latexit sha1_base64="0KPNDzGBwDLWqAOujAvGuMezRuA=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4Cj0i6kUJePEYxSyQjKGnU5M06VnorlHCkP/w4kERr/6LN//GznLQxAcFj/eqqKrnJ0oaZOzbyS0tr6yu5dcLG5tb2zvF3b26iVMtoCZiFeumzw0oGUENJSpoJhp46Cto+IPrsd94BG1kHN3jMAEv5L1IBlJwtNLDHXTayFN6SV12xjrFEiuzCegicWekRGaodopf7W4s0hAiFIob03JZgl7GNUqhYFRopwYSLga8By1LIx6C8bLJ1SN6ZJUuDWJtK0I6UX9PZDw0Zhj6tjPk2Dfz3lj8z2ulGFx4mYySFCES00VBqijGdBwB7UoNAtXQEi60tLdS0eeaC7RBFWwI7vzLi6R+UnZZ2b09LVWuZnHkyQE5JMfEJeekQm5IldSIIJo8k1fy5jw5L8678zFtzTmzmX3yB87nDz5JkQI=</latexit><latexit sha1_base64="0KPNDzGBwDLWqAOujAvGuMezRuA=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4Cj0i6kUJePEYxSyQjKGnU5M06VnorlHCkP/w4kERr/6LN//GznLQxAcFj/eqqKrnJ0oaZOzbyS0tr6yu5dcLG5tb2zvF3b26iVMtoCZiFeumzw0oGUENJSpoJhp46Cto+IPrsd94BG1kHN3jMAEv5L1IBlJwtNLDHXTayFN6SV12xjrFEiuzCegicWekRGaodopf7W4s0hAiFIob03JZgl7GNUqhYFRopwYSLga8By1LIx6C8bLJ1SN6ZJUuDWJtK0I6UX9PZDw0Zhj6tjPk2Dfz3lj8z2ulGFx4mYySFCES00VBqijGdBwB7UoNAtXQEi60tLdS0eeaC7RBFWwI7vzLi6R+UnZZ2b09LVWuZnHkyQE5JMfEJeekQm5IldSIIJo8k1fy5jw5L8678zFtzTmzmX3yB87nDz5JkQI=</latexit><latexit sha1_base64="0KPNDzGBwDLWqAOujAvGuMezRuA=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4Cj0i6kUJePEYxSyQjKGnU5M06VnorlHCkP/w4kERr/6LN//GznLQxAcFj/eqqKrnJ0oaZOzbyS0tr6yu5dcLG5tb2zvF3b26iVMtoCZiFeumzw0oGUENJSpoJhp46Cto+IPrsd94BG1kHN3jMAEv5L1IBlJwtNLDHXTayFN6SV12xjrFEiuzCegicWekRGaodopf7W4s0hAiFIob03JZgl7GNUqhYFRopwYSLga8By1LIx6C8bLJ1SN6ZJUuDWJtK0I6UX9PZDw0Zhj6tjPk2Dfz3lj8z2ulGFx4mYySFCES00VBqijGdBwB7UoNAtXQEi60tLdS0eeaC7RBFWwI7vzLi6R+UnZZ2b09LVWuZnHkyQE5JMfEJeekQm5IldSIIJo8k1fy5jw5L8678zFtzTmzmX3yB87nDz5JkQI=</latexit><latexit sha1_base64="0KPNDzGBwDLWqAOujAvGuMezRuA=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4Cj0i6kUJePEYxSyQjKGnU5M06VnorlHCkP/w4kERr/6LN//GznLQxAcFj/eqqKrnJ0oaZOzbyS0tr6yu5dcLG5tb2zvF3b26iVMtoCZiFeumzw0oGUENJSpoJhp46Cto+IPrsd94BG1kHN3jMAEv5L1IBlJwtNLDHXTayFN6SV12xjrFEiuzCegicWekRGaodopf7W4s0hAiFIob03JZgl7GNUqhYFRopwYSLga8By1LIx6C8bLJ1SN6ZJUuDWJtK0I6UX9PZDw0Zhj6tjPk2Dfz3lj8z2ulGFx4mYySFCES00VBqijGdBwB7UoNAtXQEi60tLdS0eeaC7RBFWwI7vzLi6R+UnZZ2b09LVWuZnHkyQE5JMfEJeekQm5IldSIIJo8k1fy5jw5L8678zFtzTmzmX3yB87nDz5JkQI=</latexit>
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Top Down Interactions

 11

Hutchins & Marusic, Phil. Trans. R. Soc. A (2007)

Re⌧ = 7030
<latexit sha1_base64="VdfyVVuxultru4YXh+C2wx3UmUc=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyqEC9KwIvHKOYByRpmJ73JkNnZZaZXCUv+w4sHRbz6L978GyePg0YLGoqqbrq7gkQKg6775eSWlldW1/LrhY3Nre2d4u5ew8Sp5lDnsYx1K2AGpFBQR4ESWokGFgUSmsHwauI3H0AbEas7HCXgR6yvRCg4Qyvd30K3gyylF7TinrrdYsktu1PQv8SbkxKZo9YtfnZ6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn06vH9MgqPRrG2pZCOlV/TmQsMmYUBbYzYjgwi95E/M9rpxie+5lQSYqg+GxRmEqKMZ1EQHtCA0c5soRxLeytlA+YZhxtUAUbgrf48l/SOCl7btm7OStVL+dx5MkBOSTHxCMVUiXXpEbqhBNNnsgLeXUenWfnzXmfteac+cw++QXn4xtC5JEF</latexit><latexit sha1_base64="VdfyVVuxultru4YXh+C2wx3UmUc=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyqEC9KwIvHKOYByRpmJ73JkNnZZaZXCUv+w4sHRbz6L978GyePg0YLGoqqbrq7gkQKg6775eSWlldW1/LrhY3Nre2d4u5ew8Sp5lDnsYx1K2AGpFBQR4ESWokGFgUSmsHwauI3H0AbEas7HCXgR6yvRCg4Qyvd30K3gyylF7TinrrdYsktu1PQv8SbkxKZo9YtfnZ6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn06vH9MgqPRrG2pZCOlV/TmQsMmYUBbYzYjgwi95E/M9rpxie+5lQSYqg+GxRmEqKMZ1EQHtCA0c5soRxLeytlA+YZhxtUAUbgrf48l/SOCl7btm7OStVL+dx5MkBOSTHxCMVUiXXpEbqhBNNnsgLeXUenWfnzXmfteac+cw++QXn4xtC5JEF</latexit><latexit sha1_base64="VdfyVVuxultru4YXh+C2wx3UmUc=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyqEC9KwIvHKOYByRpmJ73JkNnZZaZXCUv+w4sHRbz6L978GyePg0YLGoqqbrq7gkQKg6775eSWlldW1/LrhY3Nre2d4u5ew8Sp5lDnsYx1K2AGpFBQR4ESWokGFgUSmsHwauI3H0AbEas7HCXgR6yvRCg4Qyvd30K3gyylF7TinrrdYsktu1PQv8SbkxKZo9YtfnZ6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn06vH9MgqPRrG2pZCOlV/TmQsMmYUBbYzYjgwi95E/M9rpxie+5lQSYqg+GxRmEqKMZ1EQHtCA0c5soRxLeytlA+YZhxtUAUbgrf48l/SOCl7btm7OStVL+dx5MkBOSTHxCMVUiXXpEbqhBNNnsgLeXUenWfnzXmfteac+cw++QXn4xtC5JEF</latexit><latexit sha1_base64="VdfyVVuxultru4YXh+C2wx3UmUc=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyqEC9KwIvHKOYByRpmJ73JkNnZZaZXCUv+w4sHRbz6L978GyePg0YLGoqqbrq7gkQKg6775eSWlldW1/LrhY3Nre2d4u5ew8Sp5lDnsYx1K2AGpFBQR4ESWokGFgUSmsHwauI3H0AbEas7HCXgR6yvRCg4Qyvd30K3gyylF7TinrrdYsktu1PQv8SbkxKZo9YtfnZ6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn06vH9MgqPRrG2pZCOlV/TmQsMmYUBbYzYjgwi95E/M9rpxie+5lQSYqg+GxRmEqKMZ1EQHtCA0c5soRxLeytlA+YZhxtUAUbgrf48l/SOCl7btm7OStVL+dx5MkBOSTHxCMVUiXXpEbqhBNNnsgLeXUenWfnzXmfteac+cw++QXn4xtC5JEF</latexit>

Presence of large scale 
structure in log-layer 
modulates small scale 
dynamics near the wall
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• Hairpin packets also important in log-layer
• Might be easier to control - larger scales

• Previous attempts at modifying these with 
physical obstacles have demonstrated 
persistent effects (order of 100  ) 

• So-called “Large-eddy break up” (LEBU) 
devices have shown net skin friction drag 
reduction of order 10-20% at the wall…

• not enough to overcome drag of LEBU 
and effect of thickened boundary layer

Skin Friction Reduction via Log-layer

 12

�
<latexit sha1_base64="BS07OjcKMsoLs9KzEMi8qoAIlSc=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0JMUvHisYD+gDWWzmbRrN9mwOxFK6H/w4kERr/4fb/4bt20O2vpg4PHeDDPzglQKg6777ZTW1jc2t8rblZ3dvf2D6uFR26hMc2hxJZXuBsyAFAm0UKCEbqqBxYGETjC+nfmdJ9BGqOQBJyn4MRsmIhKcoZXa/RAkskG15tbdOegq8QpSIwWag+pXP1Q8iyFBLpkxPc9N0c+ZRsElTCv9zEDK+JgNoWdpwmIwfj6/dkrPrBLSSGlbCdK5+nsiZ7ExkziwnTHDkVn2ZuJ/Xi/D6NrPRZJmCAlfLIoySVHR2es0FBo4yokljGthb6V8xDTjaAOq2BC85ZdXSfui7rl17/6y1rgp4iiTE3JKzolHrkiD3JEmaRFOHskzeSVvjnJenHfnY9FacoqZY/IHzucPkFiPGA==</latexit><latexit sha1_base64="BS07OjcKMsoLs9KzEMi8qoAIlSc=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0JMUvHisYD+gDWWzmbRrN9mwOxFK6H/w4kERr/4fb/4bt20O2vpg4PHeDDPzglQKg6777ZTW1jc2t8rblZ3dvf2D6uFR26hMc2hxJZXuBsyAFAm0UKCEbqqBxYGETjC+nfmdJ9BGqOQBJyn4MRsmIhKcoZXa/RAkskG15tbdOegq8QpSIwWag+pXP1Q8iyFBLpkxPc9N0c+ZRsElTCv9zEDK+JgNoWdpwmIwfj6/dkrPrBLSSGlbCdK5+nsiZ7ExkziwnTHDkVn2ZuJ/Xi/D6NrPRZJmCAlfLIoySVHR2es0FBo4yokljGthb6V8xDTjaAOq2BC85ZdXSfui7rl17/6y1rgp4iiTE3JKzolHrkiD3JEmaRFOHskzeSVvjnJenHfnY9FacoqZY/IHzucPkFiPGA==</latexit><latexit sha1_base64="BS07OjcKMsoLs9KzEMi8qoAIlSc=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0JMUvHisYD+gDWWzmbRrN9mwOxFK6H/w4kERr/4fb/4bt20O2vpg4PHeDDPzglQKg6777ZTW1jc2t8rblZ3dvf2D6uFR26hMc2hxJZXuBsyAFAm0UKCEbqqBxYGETjC+nfmdJ9BGqOQBJyn4MRsmIhKcoZXa/RAkskG15tbdOegq8QpSIwWag+pXP1Q8iyFBLpkxPc9N0c+ZRsElTCv9zEDK+JgNoWdpwmIwfj6/dkrPrBLSSGlbCdK5+nsiZ7ExkziwnTHDkVn2ZuJ/Xi/D6NrPRZJmCAlfLIoySVHR2es0FBo4yokljGthb6V8xDTjaAOq2BC85ZdXSfui7rl17/6y1rgp4iiTE3JKzolHrkiD3JEmaRFOHskzeSVvjnJenHfnY9FacoqZY/IHzucPkFiPGA==</latexit><latexit sha1_base64="BS07OjcKMsoLs9KzEMi8qoAIlSc=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0JMUvHisYD+gDWWzmbRrN9mwOxFK6H/w4kERr/4fb/4bt20O2vpg4PHeDDPzglQKg6777ZTW1jc2t8rblZ3dvf2D6uFR26hMc2hxJZXuBsyAFAm0UKCEbqqBxYGETjC+nfmdJ9BGqOQBJyn4MRsmIhKcoZXa/RAkskG15tbdOegq8QpSIwWag+pXP1Q8iyFBLpkxPc9N0c+ZRsElTCv9zEDK+JgNoWdpwmIwfj6/dkrPrBLSSGlbCdK5+nsiZ7ExkziwnTHDkVn2ZuJ/Xi/D6NrPRZJmCAlfLIoySVHR2es0FBo4yokljGthb6V8xDTjaAOq2BC85ZdXSfui7rl17/6y1rgp4iiTE3JKzolHrkiD3JEmaRFOHskzeSVvjnJenHfnY9FacoqZY/IHzucPkFiPGA==</latexit>

Tomkins & Adrian, JFM, 2003

Corke et al., NASA Report (1981)
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• Recent efforts at manipulating vortex packets using physical 
obstacles - this time 3D (e.g., humps, cylinders; in isolation or 
array)

• Steady forcing from physical objects limiting - missing time scale, 
lack of flexibility for changes in conditions

• Our current work aims to manipulate vortex packets in the log-layer 
using an array of synthetic jets

• Combined experimental and numerical techniques used to approach 
problem 

Beyond Steady Forcing
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Base Flow Conditions
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Re⌧ = 1070
<latexit sha1_base64="7fmAgWMtFSbvWDfyZmKYKtjsMAQ=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKcyKEC9KwIvHKOYByRpmJ5NkyOyDmV4lLPkPLx4U8eq/ePNvnCR70MSChqKqm+4uP1bSIKXfTm5ldW19I79Z2Nre2d0r7h80TJRoLuo8UpFu+cwIJUNRR4lKtGItWOAr0fRH11O/+Si0kVF4j+NYeAEbhLIvOUMrPdyJbgdZQi6JSyu0WyzRMp2BLBM3IyXIUOsWvzq9iCeBCJErZkzbpTF6KdMouRKTQicxImZ8xAaibWnIAmG8dHb1hJxYpUf6kbYVIpmpvydSFhgzDnzbGTAcmkVvKv7ntRPsX3ipDOMERcjni/qJIhiRaQSkJ7XgqMaWMK6lvZXwIdOMow2qYENwF19eJo2zskvL7u15qXqVxZGHIziGU3ChAlW4gRrUgYOGZ3iFN+fJeXHenY95a87JZg7hD5zPHz/OkQM=</latexit><latexit sha1_base64="7fmAgWMtFSbvWDfyZmKYKtjsMAQ=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKcyKEC9KwIvHKOYByRpmJ5NkyOyDmV4lLPkPLx4U8eq/ePNvnCR70MSChqKqm+4uP1bSIKXfTm5ldW19I79Z2Nre2d0r7h80TJRoLuo8UpFu+cwIJUNRR4lKtGItWOAr0fRH11O/+Si0kVF4j+NYeAEbhLIvOUMrPdyJbgdZQi6JSyu0WyzRMp2BLBM3IyXIUOsWvzq9iCeBCJErZkzbpTF6KdMouRKTQicxImZ8xAaibWnIAmG8dHb1hJxYpUf6kbYVIpmpvydSFhgzDnzbGTAcmkVvKv7ntRPsX3ipDOMERcjni/qJIhiRaQSkJ7XgqMaWMK6lvZXwIdOMow2qYENwF19eJo2zskvL7u15qXqVxZGHIziGU3ChAlW4gRrUgYOGZ3iFN+fJeXHenY95a87JZg7hD5zPHz/OkQM=</latexit><latexit sha1_base64="7fmAgWMtFSbvWDfyZmKYKtjsMAQ=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKcyKEC9KwIvHKOYByRpmJ5NkyOyDmV4lLPkPLx4U8eq/ePNvnCR70MSChqKqm+4uP1bSIKXfTm5ldW19I79Z2Nre2d0r7h80TJRoLuo8UpFu+cwIJUNRR4lKtGItWOAr0fRH11O/+Si0kVF4j+NYeAEbhLIvOUMrPdyJbgdZQi6JSyu0WyzRMp2BLBM3IyXIUOsWvzq9iCeBCJErZkzbpTF6KdMouRKTQicxImZ8xAaibWnIAmG8dHb1hJxYpUf6kbYVIpmpvydSFhgzDnzbGTAcmkVvKv7ntRPsX3ipDOMERcjni/qJIhiRaQSkJ7XgqMaWMK6lvZXwIdOMow2qYENwF19eJo2zskvL7u15qXqVxZGHIziGU3ChAlW4gRrUgYOGZ3iFN+fJeXHenY95a87JZg7hD5zPHz/OkQM=</latexit><latexit sha1_base64="7fmAgWMtFSbvWDfyZmKYKtjsMAQ=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKcyKEC9KwIvHKOYByRpmJ5NkyOyDmV4lLPkPLx4U8eq/ePNvnCR70MSChqKqm+4uP1bSIKXfTm5ldW19I79Z2Nre2d0r7h80TJRoLuo8UpFu+cwIJUNRR4lKtGItWOAr0fRH11O/+Si0kVF4j+NYeAEbhLIvOUMrPdyJbgdZQi6JSyu0WyzRMp2BLBM3IyXIUOsWvzq9iCeBCJErZkzbpTF6KdMouRKTQicxImZ8xAaibWnIAmG8dHb1hJxYpUf6kbYVIpmpvydSFhgzDnzbGTAcmkVvKv7ntRPsX3ipDOMERcjni/qJIhiRaQSkJ7XgqMaWMK6lvZXwIdOMow2qYENwF19eJo2zskvL7u15qXqVxZGHIziGU3ChAlW4gRrUgYOGZ3iFN+fJeXHenY95a87JZg7hD5zPHz/OkQM=</latexit>

U1 = 10 m/s
<latexit sha1_base64="BSNeMoKuL3QbYKmDAomoRBr4dow=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5qIoBel4MVjBdMWmhA22027dHcTdjdiCMWLf8WLB0W8+iu8+W/ctjlo64OBx3szzMyLUkaVdpxva2FxaXlltbJWXd/Y3Nq2d3ZbKskkJh5OWCI7EVKEUUE8TTUjnVQSxCNG2tHweuy374lUNBF3Ok9JwFFf0JhipI0U2vte6FMR6xxeQteBPo+ShwLyEzUK7ZpTdyaA88QtSQ2UaIb2l99LcMaJ0Jghpbquk+qgQFJTzMio6meKpAgPUZ90DRWIExUUkxdG8MgoPRgn0pTQcKL+nigQVyrnkenkSA/UrDcW//O6mY4vgoKKNNNE4OmiOGNQJ3CcB+xRSbBmuSEIS2puhXiAJMLapFY1IbizL8+T1mndderu7VmtcVXGUQEH4BAcAxecgwa4AU3gAQwewTN4BW/Wk/VivVsf09YFq5zZA39gff4AUAGWEg==</latexit><latexit sha1_base64="BSNeMoKuL3QbYKmDAomoRBr4dow=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5qIoBel4MVjBdMWmhA22027dHcTdjdiCMWLf8WLB0W8+iu8+W/ctjlo64OBx3szzMyLUkaVdpxva2FxaXlltbJWXd/Y3Nq2d3ZbKskkJh5OWCI7EVKEUUE8TTUjnVQSxCNG2tHweuy374lUNBF3Ok9JwFFf0JhipI0U2vte6FMR6xxeQteBPo+ShwLyEzUK7ZpTdyaA88QtSQ2UaIb2l99LcMaJ0Jghpbquk+qgQFJTzMio6meKpAgPUZ90DRWIExUUkxdG8MgoPRgn0pTQcKL+nigQVyrnkenkSA/UrDcW//O6mY4vgoKKNNNE4OmiOGNQJ3CcB+xRSbBmuSEIS2puhXiAJMLapFY1IbizL8+T1mndderu7VmtcVXGUQEH4BAcAxecgwa4AU3gAQwewTN4BW/Wk/VivVsf09YFq5zZA39gff4AUAGWEg==</latexit><latexit sha1_base64="BSNeMoKuL3QbYKmDAomoRBr4dow=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5qIoBel4MVjBdMWmhA22027dHcTdjdiCMWLf8WLB0W8+iu8+W/ctjlo64OBx3szzMyLUkaVdpxva2FxaXlltbJWXd/Y3Nq2d3ZbKskkJh5OWCI7EVKEUUE8TTUjnVQSxCNG2tHweuy374lUNBF3Ok9JwFFf0JhipI0U2vte6FMR6xxeQteBPo+ShwLyEzUK7ZpTdyaA88QtSQ2UaIb2l99LcMaJ0Jghpbquk+qgQFJTzMio6meKpAgPUZ90DRWIExUUkxdG8MgoPRgn0pTQcKL+nigQVyrnkenkSA/UrDcW//O6mY4vgoKKNNNE4OmiOGNQJ3CcB+xRSbBmuSEIS2puhXiAJMLapFY1IbizL8+T1mndderu7VmtcVXGUQEH4BAcAxecgwa4AU3gAQwewTN4BW/Wk/VivVsf09YFq5zZA39gff4AUAGWEg==</latexit><latexit sha1_base64="BSNeMoKuL3QbYKmDAomoRBr4dow=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5qIoBel4MVjBdMWmhA22027dHcTdjdiCMWLf8WLB0W8+iu8+W/ctjlo64OBx3szzMyLUkaVdpxva2FxaXlltbJWXd/Y3Nq2d3ZbKskkJh5OWCI7EVKEUUE8TTUjnVQSxCNG2tHweuy374lUNBF3Ok9JwFFf0JhipI0U2vte6FMR6xxeQteBPo+ShwLyEzUK7ZpTdyaA88QtSQ2UaIb2l99LcMaJ0Jghpbquk+qgQFJTzMio6meKpAgPUZ90DRWIExUUkxdG8MgoPRgn0pTQcKL+nigQVyrnkenkSA/UrDcW//O6mY4vgoKKNNNE4OmiOGNQJ3CcB+xRSbBmuSEIS2puhXiAJMLapFY1IbizL8+T1mndderu7VmtcVXGUQEH4BAcAxecgwa4AU3gAQwewTN4BW/Wk/VivVsf09YFq5zZA39gff4AUAGWEg==</latexit>

� = 42.5 mm
<latexit sha1_base64="ISnMvfxrDnPILwDNgcTluDANrbs=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5CUim6UghuXFewDmlAmk0k7dGYSZiZiCXXjr7hxoYhb/8Kdf+O0zUJbD1w4nHMv994Tpowq7brf1tLyyuraemmjvLm1vbNr7+23VJJJTJo4YYnshEgRRgVpaqoZ6aSSIB4y0g6H1xO/fU+koom406OUBBz1BY0pRtpIPfvQjwjTCF7CWtU5gz4Pk4cccj7u2RXXcaeAi8QrSAUUaPTsLz9KcMaJ0Jghpbqem+ogR1JTzMi47GeKpAgPUZ90DRWIExXk0w/G8MQoEYwTaUpoOFV/T+SIKzXioenkSA/UvDcR//O6mY4vgpyKNNNE4NmiOGNQJ3ASB4yoJFizkSEIS2puhXiAJMLahFY2IXjzLy+SVtXxXMe7rVXqV0UcJXAEjsEp8MA5qIMb0ABNgMEjeAav4M16sl6sd+tj1rpkFTMH4A+szx8oUpVn</latexit><latexit sha1_base64="ISnMvfxrDnPILwDNgcTluDANrbs=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5CUim6UghuXFewDmlAmk0k7dGYSZiZiCXXjr7hxoYhb/8Kdf+O0zUJbD1w4nHMv994Tpowq7brf1tLyyuraemmjvLm1vbNr7+23VJJJTJo4YYnshEgRRgVpaqoZ6aSSIB4y0g6H1xO/fU+koom406OUBBz1BY0pRtpIPfvQjwjTCF7CWtU5gz4Pk4cccj7u2RXXcaeAi8QrSAUUaPTsLz9KcMaJ0Jghpbqem+ogR1JTzMi47GeKpAgPUZ90DRWIExXk0w/G8MQoEYwTaUpoOFV/T+SIKzXioenkSA/UvDcR//O6mY4vgpyKNNNE4NmiOGNQJ3ASB4yoJFizkSEIS2puhXiAJMLahFY2IXjzLy+SVtXxXMe7rVXqV0UcJXAEjsEp8MA5qIMb0ABNgMEjeAav4M16sl6sd+tj1rpkFTMH4A+szx8oUpVn</latexit><latexit sha1_base64="ISnMvfxrDnPILwDNgcTluDANrbs=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5CUim6UghuXFewDmlAmk0k7dGYSZiZiCXXjr7hxoYhb/8Kdf+O0zUJbD1w4nHMv994Tpowq7brf1tLyyuraemmjvLm1vbNr7+23VJJJTJo4YYnshEgRRgVpaqoZ6aSSIB4y0g6H1xO/fU+koom406OUBBz1BY0pRtpIPfvQjwjTCF7CWtU5gz4Pk4cccj7u2RXXcaeAi8QrSAUUaPTsLz9KcMaJ0Jghpbqem+ogR1JTzMi47GeKpAgPUZ90DRWIExXk0w/G8MQoEYwTaUpoOFV/T+SIKzXioenkSA/UvDcR//O6mY4vgpyKNNNE4NmiOGNQJ3ASB4yoJFizkSEIS2puhXiAJMLahFY2IXjzLy+SVtXxXMe7rVXqV0UcJXAEjsEp8MA5qIMb0ABNgMEjeAav4M16sl6sd+tj1rpkFTMH4A+szx8oUpVn</latexit><latexit sha1_base64="ISnMvfxrDnPILwDNgcTluDANrbs=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5CUim6UghuXFewDmlAmk0k7dGYSZiZiCXXjr7hxoYhb/8Kdf+O0zUJbD1w4nHMv994Tpowq7brf1tLyyuraemmjvLm1vbNr7+23VJJJTJo4YYnshEgRRgVpaqoZ6aSSIB4y0g6H1xO/fU+koom406OUBBz1BY0pRtpIPfvQjwjTCF7CWtU5gz4Pk4cccj7u2RXXcaeAi8QrSAUUaPTsLz9KcMaJ0Jghpbqem+ogR1JTzMi47GeKpAgPUZ90DRWIExXk0w/G8MQoEYwTaUpoOFV/T+SIKzXioenkSA/UvDcR//O6mY4vgpyKNNNE4NmiOGNQJ3ASB4yoJFizkSEIS2puhXiAJMLahFY2IXjzLy+SVtXxXMe7rVXqV0UcJXAEjsEp8MA5qIMb0ABNgMEjeAav4M16sl6sd+tj1rpkFTMH4A+szx8oUpVn</latexit>

St = f�
U1

<latexit sha1_base64="+87FpPPxQ6Oa6pBXchYgkWQR/dI=">AAACBHicbVA9SwNBEJ3zM8avqGWawyCIRbiz0UYJ2FhG9JJALoS9zV6yZG/v2J0TwpHCxtK/YWOhiK34G+z8MYKbj0ITHww83pthZl6QCK7Rcb6shcWl5ZXV3Fp+fWNza7uws1vTcaoo82gsYtUIiGaCS+YhR8EaiWIkCgSrB/2LkV+/ZUrzWN7gIGGtiHQlDzklaKR2oXiNZ36oCM1Cv8MEkmHmtX0uQxwM24WSU3bGsOeJOyWlytH3wwcAVNuFT78T0zRiEqkgWjddJ8FWRhRyKtgw76eaJYT2SZc1DZUkYrqVjZ8Y2gdG6dhhrExJtMfq74mMRFoPosB0RgR7etYbif95zRTD01bGZZIik3SyKEyFjbE9SsTucMUoioEhhCpubrVpj5hI0OSWNyG4sy/Pk9px2XXK7pVbqpzDBDkowj4cggsnUIFLqIIHFO7gEZ7hxbq3nqxX623SumBNZ/bgD6z3HzHxm1k=</latexit><latexit sha1_base64="qIqceT1tkfD0Uu5hkzJ9yuBo7+Y=">AAACBHicbVA9SwNBEN3TqDF+RS3THAZBLMKdjTZKwMYyovmAu3DsbfaSJXt7x+6ccBxX2Fj6N2wsFLG1t7Xzx4huPgpNfDDweG+GmXl+zJkCy/o0FhYLS8srxdXS2vrG5lZ5e6elokQS2iQRj2THx4pyJmgTGHDaiSXFoc9p2x+ej/z2DZWKReIa0ph2Q9wXLGAEg5a8cuUKTt1AYpIFbo9ywHnW9FwmAkhzr1y1atYY5jyxp6RaP/y6f3e+Cw2v/OH2IpKEVADhWCnHtmLoZlgCI5zmJTdRNMZkiPvU0VTgkKpuNn4iN/e10jODSOoSYI7V3xMZDpVKQ193hhgGatYbif95TgLBSTdjIk6ACjJZFCTchMgcJWL2mKQEeKoJJpLpW00ywDoS0LmVdAj27MvzpHVUs62afWlX62dogiKqoD10gGx0jOroAjVQExF0ix7QE3o27oxH48V4nbQuGNOZXfQHxtsPEhKcwA==</latexit><latexit sha1_base64="qIqceT1tkfD0Uu5hkzJ9yuBo7+Y=">AAACBHicbVA9SwNBEN3TqDF+RS3THAZBLMKdjTZKwMYyovmAu3DsbfaSJXt7x+6ccBxX2Fj6N2wsFLG1t7Xzx4huPgpNfDDweG+GmXl+zJkCy/o0FhYLS8srxdXS2vrG5lZ5e6elokQS2iQRj2THx4pyJmgTGHDaiSXFoc9p2x+ej/z2DZWKReIa0ph2Q9wXLGAEg5a8cuUKTt1AYpIFbo9ywHnW9FwmAkhzr1y1atYY5jyxp6RaP/y6f3e+Cw2v/OH2IpKEVADhWCnHtmLoZlgCI5zmJTdRNMZkiPvU0VTgkKpuNn4iN/e10jODSOoSYI7V3xMZDpVKQ193hhgGatYbif95TgLBSTdjIk6ACjJZFCTchMgcJWL2mKQEeKoJJpLpW00ywDoS0LmVdAj27MvzpHVUs62afWlX62dogiKqoD10gGx0jOroAjVQExF0ix7QE3o27oxH48V4nbQuGNOZXfQHxtsPEhKcwA==</latexit><latexit sha1_base64="fljQR/AjBNYRL3IX3ihikri6JFA=">AAACBHicbVBNS8NAEN34WetX1GMvwSJ4KokXvSgFLx4rmrbQhLDZbNqlm03YnQgh9ODFv+LFgyJe/RHe/Ddu2xy09cHA470ZZuaFGWcKbPvbWFldW9/YrG3Vt3d29/bNg8OuSnNJqEtSnsp+iBXlTFAXGHDazyTFSchpLxxfT/3eA5WKpeIeioz6CR4KFjOCQUuB2biDSy+WmJSxF1EOeFK6gcdEDMUkMJt2y57BWiZORZqoQicwv7woJXlCBRCOlRo4dgZ+iSUwwumk7uWKZpiM8ZAONBU4ocovZ09MrBOtRFacSl0CrJn6e6LEiVJFEurOBMNILXpT8T9vkEN84ZdMZDlQQeaL4pxbkFrTRKyISUqAF5pgIpm+1SIjrCMBnVtdh+AsvrxMumctx245t06zfVXFUUMNdIxOkYPOURvdoA5yEUGP6Bm9ojfjyXgx3o2PeeuKUc0coT8wPn8AineYpA==</latexit>

r = Uj

U1
<latexit sha1_base64="tKzqSQbUHQSI21RWdimWOtPfli8=">AAACAXicbVC7SgNBFL0bXzG+ojaCzWAQxCLs2mijBGwsI5gHZJdldjKbjJmdXWZmhWWJjb1fYWOhiK2N32DnxwhOHoVGD9zL4Zx7mbknSDhT2rY/rcLc/MLiUnG5tLK6tr5R3txqqjiVhDZIzGPZDrCinAna0Exz2k4kxVHAaSsYnI/81g2VisXiSmcJ9SLcEyxkBGsj+eUdiU6RG0pM8oZ/PTTNZSLU2dAvV+yqPQb6S5wpqdQOv+7fAaDulz/cbkzSiApNOFaq49iJ9nIsNSOcDktuqmiCyQD3aMdQgSOqvHx8wRDtG6WLwliaEhqN1Z8bOY6UyqLATEZY99WsNxL/8zqpDk+8nIkk1VSQyUNhypGO0SgO1GWSEs0zQzCRzPwVkT42cWgTWsmE4Mye/Jc0j6qOXXUunUrtDCYowi7swQE4cAw1uIA6NIDALTzAEzxbd9aj9WK9TkYL1nRnG37BevsG7h2ZeA==</latexit><latexit sha1_base64="6SqgKx5sOPDaZ1youvzrko4DJk4=">AAACAXicbVDLSsNAFJ1o1VpfUTeCm8EiiIuSuNGNUnDjsoJpC0kJk+mkHTuZhJmJEELcuPcr3LhQxK1f4NadHyM6fSy09cC9HM65l5l7goRRqSzr05ibLy0sLpWXKyura+sb5uZWU8apwMTBMYtFO0CSMMqJo6hipJ0IgqKAkVYwOB/6rRsiJI35lcoS0olQj9OQYqS05Js7Ap5CLxQI545/XejmUR6qrPDNqlWzRoCzxJ6Qav3w6/7d/S41fPPD68Y4jQhXmCEpXdtKVCdHQlHMSFHxUkkShAeoR1xNOYqI7OSjCwq4r5UuDGOhiys4Un9v5CiSMosCPRkh1ZfT3lD8z3NTFZ50csqTVBGOxw+FKYMqhsM4YJcKghXLNEFYUP1XiPtIx6F0aBUdgj198ixpHtVsq2Zf2tX6GRijDHbBHjgANjgGdXABGsABGNyCB/AEno0749F4MV7Ho3PGZGcb/IHx9gPOPprf</latexit><latexit sha1_base64="6SqgKx5sOPDaZ1youvzrko4DJk4=">AAACAXicbVDLSsNAFJ1o1VpfUTeCm8EiiIuSuNGNUnDjsoJpC0kJk+mkHTuZhJmJEELcuPcr3LhQxK1f4NadHyM6fSy09cC9HM65l5l7goRRqSzr05ibLy0sLpWXKyura+sb5uZWU8apwMTBMYtFO0CSMMqJo6hipJ0IgqKAkVYwOB/6rRsiJI35lcoS0olQj9OQYqS05Js7Ap5CLxQI545/XejmUR6qrPDNqlWzRoCzxJ6Qav3w6/7d/S41fPPD68Y4jQhXmCEpXdtKVCdHQlHMSFHxUkkShAeoR1xNOYqI7OSjCwq4r5UuDGOhiys4Un9v5CiSMosCPRkh1ZfT3lD8z3NTFZ50csqTVBGOxw+FKYMqhsM4YJcKghXLNEFYUP1XiPtIx6F0aBUdgj198ixpHtVsq2Zf2tX6GRijDHbBHjgANjgGdXABGsABGNyCB/AEno0749F4MV7Ho3PGZGcb/IHx9gPOPprf</latexit><latexit sha1_base64="yxPy1/oxtMPJmBaEYaxXeGlbYKM=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkriRS9KwYvHCqYtNCFstpt27WYTdidCCfXiX/HiQRGv/gtv/hu3bQ7a+mCGx3sz7M6LMsE1OM63tbS8srq2Xtmobm5t7+zae/stneaKMo+mIlWdiGgmuGQecBCskylGkkiwdjS8nvjtB6Y0T+UdjDIWJKQvecwpASOF9qHCl9iPFaGFF96PTfO5jGE0Du2aU3emwIvELUkNlWiG9pffS2meMAlUEK27rpNBUBAFnAo2rvq5ZhmhQ9JnXUMlSZgOiukFY3xilB6OU2VKAp6qvzcKkmg9SiIzmRAY6HlvIv7ndXOIL4KCyywHJunsoTgXGFI8iQP3uGIUxMgQQhU3f8V0QEwcYEKrmhDc+ZMXSeus7jp199atNa7KOCroCB2jU+Sic9RAN6iJPETRI3pGr+jNerJerHfrYza6ZJU7B+gPrM8fRrKWww==</latexit>

�z = 0.3�
<latexit sha1_base64="WXxAmMR0YQM+kp9RXY4STYDlzzw=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4Cold6EYt6MJlBfuAJpTJZNIOnTyYmQix1F9x40IRt/6Af+DOv3HSdqGtBy6cOede5t7jp5xJZdvfxtLyyuraemmjvLm1vbNr7u23ZJIJQpsk4Yno+FhSzmLaVExx2kkFxZHPadsfXhV++54KyZL4TuUp9SLcj1nICFZa6pkV95pyhdEDOretmhsUj55ZtS17ArRInBmpXn7WanUAaPTMLzdISBbRWBGOpew6dqq8ERaKEU7HZTeTNMVkiPu0q2mMIyq90WT5MTrSSoDCROiKFZqovydGOJIyj3zdGWE1kPNeIf7ndTMVnnkjFqeZojGZfhRmHKkEFUmggAlKFM81wUQwvSsiAywwUTqvsg7BmT95kbROLMe2nFunWr+AKUpwAIdwDA6cQh1uoAFNIJDDE7zAq/FoPBtvxvu0dcmYzVTgD4yPHxvClT4=</latexit><latexit sha1_base64="qbwrvlT/kUfJwjuKNkEq37qjBiA=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYXEFCUwwAJUgoGxSPQhNVHlOE5r1XEi20EKUfkVFgYQYuUH+AM2/gYn7QAtR7rS8Tn3yvceP2FUKtv+NipLyyura9X12sbm1vaOubvXkXEqMGnjmMWi5yNJGOWkrahipJcIgiKfka4/vir87j0Rksb8TmUJ8SI05DSkGCktDcy6e02YQvABntvWiRsUj4HZsC27BFwkzow0Lj9PSrQG5pcbxDiNCFeYISn7jp0oL0dCUczIpOamkiQIj9GQ9DXlKCLSy8vlJ/BQKwEMY6GLK1iqvydyFEmZRb7ujJAayXmvEP/z+qkKz7yc8iRVhOPpR2HKoIphkQQMqCBYsUwThAXVu0I8QgJhpfOq6RCc+ZMXSefYcmzLuXUazQswRRXsgwNwBBxwCprgBrRAG2CQgSfwAl6NR+PZeDPep60VYzZTB39gfPwA1rCVyg==</latexit><latexit sha1_base64="qbwrvlT/kUfJwjuKNkEq37qjBiA=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYXEFCUwwAJUgoGxSPQhNVHlOE5r1XEi20EKUfkVFgYQYuUH+AM2/gYn7QAtR7rS8Tn3yvceP2FUKtv+NipLyyura9X12sbm1vaOubvXkXEqMGnjmMWi5yNJGOWkrahipJcIgiKfka4/vir87j0Rksb8TmUJ8SI05DSkGCktDcy6e02YQvABntvWiRsUj4HZsC27BFwkzow0Lj9PSrQG5pcbxDiNCFeYISn7jp0oL0dCUczIpOamkiQIj9GQ9DXlKCLSy8vlJ/BQKwEMY6GLK1iqvydyFEmZRb7ujJAayXmvEP/z+qkKz7yc8iRVhOPpR2HKoIphkQQMqCBYsUwThAXVu0I8QgJhpfOq6RCc+ZMXSefYcmzLuXUazQswRRXsgwNwBBxwCprgBrRAG2CQgSfwAl6NR+PZeDPep60VYzZTB39gfPwA1rCVyg==</latexit><latexit sha1_base64="+yscyWPbHm6yJDoCmj/jqkOXtzA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUh0oRuloAuXFewDmlAmk0k7dPJgZiLEUn/FjQtF3Poh7vwbJ20W2nrgwplz7mXuPX7KmVS2/W1UVlbX1jeqm7Wt7Z3dPXP/oCOTTBDaJglPRM/HknIW07ZiitNeKiiOfE67/vi68LsPVEiWxPcqT6kX4WHMQkaw0tLArLs3lCuMHtGlbZ25QfEYmA3bsmdAy8QpSQNKtAbmlxskJItorAjHUvYdO1XeBAvFCKfTmptJmmIyxkPa1zTGEZXeZLb8FB1rJUBhInTFCs3U3xMTHEmZR77ujLAayUWvEP/z+pkKL7wJi9NM0ZjMPwozjlSCiiRQwAQliueaYCKY3hWRERaYKJ1XTYfgLJ68TDqnlmNbzp3TaF6VcVThEI7gBBw4hybcQgvaQCCHZ3iFN+PJeDHejY95a8UoZ+rwB8bnD933k5Y=</latexit>

Base flow

Forcing parameters
blowing frequency

blowing ratio
actuators spacing
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Structure of Induced Flow
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Mean flow structure induced 
by the jet include:

• counter rotating vortices 
from nozzle edge

• recirculating bubble 
(sometimes)

St = 0.0425, r = 0.3
<latexit sha1_base64="eshjq9nQDN/qjO1uXuvirfnGjVk=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXEiZqRUFUQpuXFa0D2iHkkkzbWgmMyR3hDJ046+4caGIWz/DnX9jOu1CWw9cODnnXnLv8WPBNTjOt7WwuLS8sppby69vbG5t2zu7dR0lirIajUSkmj7RTHDJasBBsGasGAl9wRr+4GbsNx6Z0jySDzCMmReSnuQBpwSM1LH37wFfYafolEtnJ7h9iVX2PO3YBSNmwPPEnZICmqLasb/a3YgmIZNABdG65ToxeClRwKlgo3w70SwmdEB6rGWoJCHTXpodMMJHRuniIFKmJOBM/T2RklDrYeibzpBAX896Y/E/r5VAcOGlXMYJMEknHwWJwBDhcRq4yxWjIIaGEKq42RXTPlGEgsksb0JwZ0+eJ/VS0XWK7l25ULmexpFDB+gQHSMXnaMKukVVVEMUjdAzekVv1pP1Yr1bH5PWBWs6s4f+wPr8AYqOkn0=</latexit><latexit sha1_base64="eshjq9nQDN/qjO1uXuvirfnGjVk=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXEiZqRUFUQpuXFa0D2iHkkkzbWgmMyR3hDJ046+4caGIWz/DnX9jOu1CWw9cODnnXnLv8WPBNTjOt7WwuLS8sppby69vbG5t2zu7dR0lirIajUSkmj7RTHDJasBBsGasGAl9wRr+4GbsNx6Z0jySDzCMmReSnuQBpwSM1LH37wFfYafolEtnJ7h9iVX2PO3YBSNmwPPEnZICmqLasb/a3YgmIZNABdG65ToxeClRwKlgo3w70SwmdEB6rGWoJCHTXpodMMJHRuniIFKmJOBM/T2RklDrYeibzpBAX896Y/E/r5VAcOGlXMYJMEknHwWJwBDhcRq4yxWjIIaGEKq42RXTPlGEgsksb0JwZ0+eJ/VS0XWK7l25ULmexpFDB+gQHSMXnaMKukVVVEMUjdAzekVv1pP1Yr1bH5PWBWs6s4f+wPr8AYqOkn0=</latexit><latexit sha1_base64="eshjq9nQDN/qjO1uXuvirfnGjVk=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXEiZqRUFUQpuXFa0D2iHkkkzbWgmMyR3hDJ046+4caGIWz/DnX9jOu1CWw9cODnnXnLv8WPBNTjOt7WwuLS8sppby69vbG5t2zu7dR0lirIajUSkmj7RTHDJasBBsGasGAl9wRr+4GbsNx6Z0jySDzCMmReSnuQBpwSM1LH37wFfYafolEtnJ7h9iVX2PO3YBSNmwPPEnZICmqLasb/a3YgmIZNABdG65ToxeClRwKlgo3w70SwmdEB6rGWoJCHTXpodMMJHRuniIFKmJOBM/T2RklDrYeibzpBAX896Y/E/r5VAcOGlXMYJMEknHwWJwBDhcRq4yxWjIIaGEKq42RXTPlGEgsksb0JwZ0+eJ/VS0XWK7l25ULmexpFDB+gQHSMXnaMKukVVVEMUjdAzekVv1pP1Yr1bH5PWBWs6s4f+wPr8AYqOkn0=</latexit><latexit sha1_base64="eshjq9nQDN/qjO1uXuvirfnGjVk=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXEiZqRUFUQpuXFa0D2iHkkkzbWgmMyR3hDJ046+4caGIWz/DnX9jOu1CWw9cODnnXnLv8WPBNTjOt7WwuLS8sppby69vbG5t2zu7dR0lirIajUSkmj7RTHDJasBBsGasGAl9wRr+4GbsNx6Z0jySDzCMmReSnuQBpwSM1LH37wFfYafolEtnJ7h9iVX2PO3YBSNmwPPEnZICmqLasb/a3YgmIZNABdG65ToxeClRwKlgo3w70SwmdEB6rGWoJCHTXpodMMJHRuniIFKmJOBM/T2RklDrYeibzpBAX896Y/E/r5VAcOGlXMYJMEknHwWJwBDhcRq4yxWjIIaGEKq42RXTPlGEgsksb0JwZ0+eJ/VS0XWK7l25ULmexpFDB+gQHSMXnaMKukVVVEMUjdAzekVv1pP1Yr1bH5PWBWs6s4f+wPr8AYqOkn0=</latexit>

Van Buran et al., Phys. Fluids (2016) 
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Time Dependence of Forcing

Similar structure from the mean, plus a leading high speed pocket
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� = 1.5
<latexit sha1_base64="w214rJTnF5s6lqTiTKMPo92WeLY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0hE0YtS8OKxgrWFJpTNZtIu3XywuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkxwpR3n26qsrK6tb1Q3a1vbO7t79f2DR5XmkmGbpSKV3YAqFDzBtuZaYDeTSONAYCcY3U79zhNKxdPkQY8z9GM6SHjEGdVG8rwQhabkmrj2Rb/ecGxnBrJM3JI0oESrX//ywpTlMSaaCapUz3Uy7RdUas4ETmperjCjbEQH2DM0oTEqv5jdPCEnRglJlEpTiSYz9fdEQWOlxnFgOmOqh2rRm4r/eb1cR1d+wZMs15iw+aIoF0SnZBoACblEpsXYEMokN7cSNqSSMm1iqpkQ3MWXl8njme06tnt/3mjelHFU4QiO4RRcuIQm3EEL2sAgg2d4hTcrt16sd+tj3lqxyplD+APr8wcc45Bl</latexit><latexit sha1_base64="w214rJTnF5s6lqTiTKMPo92WeLY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0hE0YtS8OKxgrWFJpTNZtIu3XywuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkxwpR3n26qsrK6tb1Q3a1vbO7t79f2DR5XmkmGbpSKV3YAqFDzBtuZaYDeTSONAYCcY3U79zhNKxdPkQY8z9GM6SHjEGdVG8rwQhabkmrj2Rb/ecGxnBrJM3JI0oESrX//ywpTlMSaaCapUz3Uy7RdUas4ETmperjCjbEQH2DM0oTEqv5jdPCEnRglJlEpTiSYz9fdEQWOlxnFgOmOqh2rRm4r/eb1cR1d+wZMs15iw+aIoF0SnZBoACblEpsXYEMokN7cSNqSSMm1iqpkQ3MWXl8njme06tnt/3mjelHFU4QiO4RRcuIQm3EEL2sAgg2d4hTcrt16sd+tj3lqxyplD+APr8wcc45Bl</latexit><latexit sha1_base64="w214rJTnF5s6lqTiTKMPo92WeLY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0hE0YtS8OKxgrWFJpTNZtIu3XywuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkxwpR3n26qsrK6tb1Q3a1vbO7t79f2DR5XmkmGbpSKV3YAqFDzBtuZaYDeTSONAYCcY3U79zhNKxdPkQY8z9GM6SHjEGdVG8rwQhabkmrj2Rb/ecGxnBrJM3JI0oESrX//ywpTlMSaaCapUz3Uy7RdUas4ETmperjCjbEQH2DM0oTEqv5jdPCEnRglJlEpTiSYz9fdEQWOlxnFgOmOqh2rRm4r/eb1cR1d+wZMs15iw+aIoF0SnZBoACblEpsXYEMokN7cSNqSSMm1iqpkQ3MWXl8njme06tnt/3mjelHFU4QiO4RRcuIQm3EEL2sAgg2d4hTcrt16sd+tj3lqxyplD+APr8wcc45Bl</latexit><latexit sha1_base64="w214rJTnF5s6lqTiTKMPo92WeLY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0hE0YtS8OKxgrWFJpTNZtIu3XywuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkxwpR3n26qsrK6tb1Q3a1vbO7t79f2DR5XmkmGbpSKV3YAqFDzBtuZaYDeTSONAYCcY3U79zhNKxdPkQY8z9GM6SHjEGdVG8rwQhabkmrj2Rb/ecGxnBrJM3JI0oESrX//ywpTlMSaaCapUz3Uy7RdUas4ETmperjCjbEQH2DM0oTEqv5jdPCEnRglJlEpTiSYz9fdEQWOlxnFgOmOqh2rRm4r/eb1cR1d+wZMs15iw+aIoF0SnZBoACblEpsXYEMokN7cSNqSSMm1iqpkQ3MWXl8njme06tnt/3mjelHFU4QiO4RRcuIQm3EEL2sAgg2d4hTcrt16sd+tj3lqxyplD+APr8wcc45Bl</latexit>

� = 5
<latexit sha1_base64="xrSaSo+Sdr+TiBj7ijBVeVD6YoI=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0YtS8OKxgv3ANpTNZtou3WzC7kQoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmkODxzLW7YAZkEJBAwVKaCcaWBRIaAWj26nfegJtRKwecJyAH7GBEn3BGVrpsRuCREav6UWvXHGr7gx0mXg5qZAc9V75qxvGPI1AIZfMmI7nJuhnTKPgEialbmogYXzEBtCxVLEIjJ/NLp7QE6uEtB9rWwrpTP09kbHImHEU2M6I4dAselPxP6+TYv/Kz4RKUgTF54v6qaQY0+n7NBQaOMqxJYxrYW+lfMg042hDKtkQvMWXl0nzrOq5Ve/+vFK7yeMokiNyTE6JRy5JjdyROmkQThR5Jq/kzTHOi/PufMxbC04+c0j+wPn8ATyUj/I=</latexit><latexit sha1_base64="xrSaSo+Sdr+TiBj7ijBVeVD6YoI=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0YtS8OKxgv3ANpTNZtou3WzC7kQoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmkODxzLW7YAZkEJBAwVKaCcaWBRIaAWj26nfegJtRKwecJyAH7GBEn3BGVrpsRuCREav6UWvXHGr7gx0mXg5qZAc9V75qxvGPI1AIZfMmI7nJuhnTKPgEialbmogYXzEBtCxVLEIjJ/NLp7QE6uEtB9rWwrpTP09kbHImHEU2M6I4dAselPxP6+TYv/Kz4RKUgTF54v6qaQY0+n7NBQaOMqxJYxrYW+lfMg042hDKtkQvMWXl0nzrOq5Ve/+vFK7yeMokiNyTE6JRy5JjdyROmkQThR5Jq/kzTHOi/PufMxbC04+c0j+wPn8ATyUj/I=</latexit><latexit sha1_base64="xrSaSo+Sdr+TiBj7ijBVeVD6YoI=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0YtS8OKxgv3ANpTNZtou3WzC7kQoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmkODxzLW7YAZkEJBAwVKaCcaWBRIaAWj26nfegJtRKwecJyAH7GBEn3BGVrpsRuCREav6UWvXHGr7gx0mXg5qZAc9V75qxvGPI1AIZfMmI7nJuhnTKPgEialbmogYXzEBtCxVLEIjJ/NLp7QE6uEtB9rWwrpTP09kbHImHEU2M6I4dAselPxP6+TYv/Kz4RKUgTF54v6qaQY0+n7NBQaOMqxJYxrYW+lfMg042hDKtkQvMWXl0nzrOq5Ve/+vFK7yeMokiNyTE6JRy5JjdyROmkQThR5Jq/kzTHOi/PufMxbC04+c0j+wPn8ATyUj/I=</latexit><latexit sha1_base64="xrSaSo+Sdr+TiBj7ijBVeVD6YoI=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0YtS8OKxgv3ANpTNZtou3WzC7kQoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmkODxzLW7YAZkEJBAwVKaCcaWBRIaAWj26nfegJtRKwecJyAH7GBEn3BGVrpsRuCREav6UWvXHGr7gx0mXg5qZAc9V75qxvGPI1AIZfMmI7nJuhnTKPgEialbmogYXzEBtCxVLEIjJ/NLp7QE6uEtB9rWwrpTP09kbHImHEU2M6I4dAselPxP6+TYv/Kz4RKUgTF54v6qaQY0+n7NBQaOMqxJYxrYW+lfMg042hDKtkQvMWXl0nzrOq5Ve/+vFK7yeMokiNyTE6JRy5JjdyROmkQThR5Jq/kzTHOi/PufMxbC04+c0j+wPn8ATyUj/I=</latexit>
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Effects of Forcing Frequency

Larger effect on log-
layer with lower 
Strouhal numbers
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constant r

increasing St
<latexit sha1_base64="YzvxL40FzUXJ828+IkP9ogMHtDM=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0EQi7ArglYSsLGMaB6QDWF2MkmGzGOZuSuGkH+w8VdsLBSxtbHzb5wkW2jigYHDOffeuffEieAWguDbyy0tr6yu5dcLG5tb2zv+7l7N6tRQVqVaaNOIiWWCK1YFDoI1EsOIjAWrx4OriV+/Z8Zyre5gmLCWJD3Fu5wScFLbP4lkrB9GVCsLRAEeYxNFhZnIFXWjLFc9J99C2y8GpWAKvEjCjBRRhkrb/4o6mqaSKaCCWNsMgwRaI2KAU8HGhSi1LCF0QHqs6agiktnWaHrTGB85pYO72rjn9pqqvztGRFo7lLGrlAT6dt6biP95zRS6Fy13W5ICU3T2UTcVGDSeBIQ73DAKYugIoYa7XTHtE0MouBgLLoRw/uRFUjsthUEpvDkrli+zOPLoAB2iYxSic1RG16iCqoiiR/SMXtGb9+S9eO/ex6w052U9++gPvM8fV4CeZw==</latexit><latexit sha1_base64="YzvxL40FzUXJ828+IkP9ogMHtDM=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0EQi7ArglYSsLGMaB6QDWF2MkmGzGOZuSuGkH+w8VdsLBSxtbHzb5wkW2jigYHDOffeuffEieAWguDbyy0tr6yu5dcLG5tb2zv+7l7N6tRQVqVaaNOIiWWCK1YFDoI1EsOIjAWrx4OriV+/Z8Zyre5gmLCWJD3Fu5wScFLbP4lkrB9GVCsLRAEeYxNFhZnIFXWjLFc9J99C2y8GpWAKvEjCjBRRhkrb/4o6mqaSKaCCWNsMgwRaI2KAU8HGhSi1LCF0QHqs6agiktnWaHrTGB85pYO72rjn9pqqvztGRFo7lLGrlAT6dt6biP95zRS6Fy13W5ICU3T2UTcVGDSeBIQ73DAKYugIoYa7XTHtE0MouBgLLoRw/uRFUjsthUEpvDkrli+zOPLoAB2iYxSic1RG16iCqoiiR/SMXtGb9+S9eO/ex6w052U9++gPvM8fV4CeZw==</latexit><latexit sha1_base64="YzvxL40FzUXJ828+IkP9ogMHtDM=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0EQi7ArglYSsLGMaB6QDWF2MkmGzGOZuSuGkH+w8VdsLBSxtbHzb5wkW2jigYHDOffeuffEieAWguDbyy0tr6yu5dcLG5tb2zv+7l7N6tRQVqVaaNOIiWWCK1YFDoI1EsOIjAWrx4OriV+/Z8Zyre5gmLCWJD3Fu5wScFLbP4lkrB9GVCsLRAEeYxNFhZnIFXWjLFc9J99C2y8GpWAKvEjCjBRRhkrb/4o6mqaSKaCCWNsMgwRaI2KAU8HGhSi1LCF0QHqs6agiktnWaHrTGB85pYO72rjn9pqqvztGRFo7lLGrlAT6dt6biP95zRS6Fy13W5ICU3T2UTcVGDSeBIQ73DAKYugIoYa7XTHtE0MouBgLLoRw/uRFUjsthUEpvDkrli+zOPLoAB2iYxSic1RG16iCqoiiR/SMXtGb9+S9eO/ex6w052U9++gPvM8fV4CeZw==</latexit><latexit sha1_base64="YzvxL40FzUXJ828+IkP9ogMHtDM=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0EQi7ArglYSsLGMaB6QDWF2MkmGzGOZuSuGkH+w8VdsLBSxtbHzb5wkW2jigYHDOffeuffEieAWguDbyy0tr6yu5dcLG5tb2zv+7l7N6tRQVqVaaNOIiWWCK1YFDoI1EsOIjAWrx4OriV+/Z8Zyre5gmLCWJD3Fu5wScFLbP4lkrB9GVCsLRAEeYxNFhZnIFXWjLFc9J99C2y8GpWAKvEjCjBRRhkrb/4o6mqaSKaCCWNsMgwRaI2KAU8HGhSi1LCF0QHqs6agiktnWaHrTGB85pYO72rjn9pqqvztGRFo7lLGrlAT6dt6biP95zRS6Fy13W5ICU3T2UTcVGDSeBIQ73DAKYugIoYa7XTHtE0MouBgLLoRw/uRFUjsthUEpvDkrli+zOPLoAB2iYxSic1RG16iCqoiiR/SMXtGb9+S9eO/ex6w052U9++gPvM8fV4CeZw==</latexit>
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Effects of Forcing Amplitude
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constant St

varying r
<latexit sha1_base64="VdVL+jlfaCoTp3nRKHDAkva5BM0=">AAACEHicbZDLSgMxFIYzXut4q7p0EyyiqzIjgq6k4MZlRXuBzlAyadqGZpIhOVMchj6CG1/FjQtF3Lp059uYXhba+kPg5zvnkHP+KBHcgOd9O0vLK6tr64UNd3Nre2e3uLdfNyrVlNWoEko3I2KY4JLVgINgzUQzEkeCNaLB9bjeGDJtuJL3kCUsjElP8i6nBCxqF0+COFIPOVXSAJGAR/gOgsCd0iHRGZc9C3W7WPLK3kR40fgzU0IzVdvFr6CjaBozCVQQY1q+l0CYEw2cCjZyg9SwhNAB6bGWtZLEzIT55KARPrakg7tK22eXmtDfEzmJjcniyHbGBPpmvjaG/9VaKXQvw5zLJAUm6fSjbiowKDxOB3e4ZhREZg2hmttdMe0TTSjYDF0bgj9/8qKpn5V9r+zfnpcqV7M4CugQHaFT5KMLVEE3qIpqiKJH9Ixe0Zvz5Lw4787HtHXJmc0coD9yPn8A/vCdJg==</latexit><latexit sha1_base64="VdVL+jlfaCoTp3nRKHDAkva5BM0=">AAACEHicbZDLSgMxFIYzXut4q7p0EyyiqzIjgq6k4MZlRXuBzlAyadqGZpIhOVMchj6CG1/FjQtF3Lp059uYXhba+kPg5zvnkHP+KBHcgOd9O0vLK6tr64UNd3Nre2e3uLdfNyrVlNWoEko3I2KY4JLVgINgzUQzEkeCNaLB9bjeGDJtuJL3kCUsjElP8i6nBCxqF0+COFIPOVXSAJGAR/gOgsCd0iHRGZc9C3W7WPLK3kR40fgzU0IzVdvFr6CjaBozCVQQY1q+l0CYEw2cCjZyg9SwhNAB6bGWtZLEzIT55KARPrakg7tK22eXmtDfEzmJjcniyHbGBPpmvjaG/9VaKXQvw5zLJAUm6fSjbiowKDxOB3e4ZhREZg2hmttdMe0TTSjYDF0bgj9/8qKpn5V9r+zfnpcqV7M4CugQHaFT5KMLVEE3qIpqiKJH9Ixe0Zvz5Lw4787HtHXJmc0coD9yPn8A/vCdJg==</latexit><latexit sha1_base64="VdVL+jlfaCoTp3nRKHDAkva5BM0=">AAACEHicbZDLSgMxFIYzXut4q7p0EyyiqzIjgq6k4MZlRXuBzlAyadqGZpIhOVMchj6CG1/FjQtF3Lp059uYXhba+kPg5zvnkHP+KBHcgOd9O0vLK6tr64UNd3Nre2e3uLdfNyrVlNWoEko3I2KY4JLVgINgzUQzEkeCNaLB9bjeGDJtuJL3kCUsjElP8i6nBCxqF0+COFIPOVXSAJGAR/gOgsCd0iHRGZc9C3W7WPLK3kR40fgzU0IzVdvFr6CjaBozCVQQY1q+l0CYEw2cCjZyg9SwhNAB6bGWtZLEzIT55KARPrakg7tK22eXmtDfEzmJjcniyHbGBPpmvjaG/9VaKXQvw5zLJAUm6fSjbiowKDxOB3e4ZhREZg2hmttdMe0TTSjYDF0bgj9/8qKpn5V9r+zfnpcqV7M4CugQHaFT5KMLVEE3qIpqiKJH9Ixe0Zvz5Lw4787HtHXJmc0coD9yPn8A/vCdJg==</latexit><latexit sha1_base64="VdVL+jlfaCoTp3nRKHDAkva5BM0=">AAACEHicbZDLSgMxFIYzXut4q7p0EyyiqzIjgq6k4MZlRXuBzlAyadqGZpIhOVMchj6CG1/FjQtF3Lp059uYXhba+kPg5zvnkHP+KBHcgOd9O0vLK6tr64UNd3Nre2e3uLdfNyrVlNWoEko3I2KY4JLVgINgzUQzEkeCNaLB9bjeGDJtuJL3kCUsjElP8i6nBCxqF0+COFIPOVXSAJGAR/gOgsCd0iHRGZc9C3W7WPLK3kR40fgzU0IzVdvFr6CjaBozCVQQY1q+l0CYEw2cCjZyg9SwhNAB6bGWtZLEzIT55KARPrakg7tK22eXmtDfEzmJjcniyHbGBPpmvjaG/9VaKXQvw5zLJAUm6fSjbiowKDxOB3e4ZhREZg2hmttdMe0TTSjYDF0bgj9/8qKpn5V9r+zfnpcqV7M4CugQHaFT5KMLVEE3qIpqiKJH9Ixe0Zvz5Lw4787HtHXJmc0coD9yPn8A/vCdJg==</latexit>

Increased penetration 
with higher blowing 
ratio
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• Amplitude modulation of near-wall peak due to structures imparted 
by synthetic jet

• Effect increases with increasing blowing ratio

Phase Information
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St = 0.077, r = 0.3
<latexit sha1_base64="jwLYb5DLYaHrkLkeAB+MhQnbxjk=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFcCFlRoUKohTcuKxoH9AOJZNm2tBMZkgyQhm78FfcuFDErb/hzr8xnXahrQcunJxzL7n3+DFnSjvOt5VbWFxaXsmvFtbWNza37O2duooSSWiNRDySTR8rypmgNc00p81YUhz6nDb8wfXYbzxQqVgk7vUwpl6Ie4IFjGBtpI69d6fRJXJKTrl8jNoXSGav045dNFoGNE/cKSnCFNWO/dXuRiQJqdCEY6VarhNrL8VSM8LpqNBOFI0xGeAebRkqcEiVl2b7j9ChUbooiKQpoVGm/p5IcajUMPRNZ4h1X816Y/E/r5Xo4NxLmYgTTQWZfBQkHOkIjcNAXSYp0XxoCCaSmV0R6WOJiTaRFUwI7uzJ86R+UnKdknt7VqxcTePIwz4cwBG4UIYK3EAVakDgEZ7hFd6sJ+vFerc+Jq05azqzC39gff4AHNySRg==</latexit><latexit sha1_base64="jwLYb5DLYaHrkLkeAB+MhQnbxjk=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFcCFlRoUKohTcuKxoH9AOJZNm2tBMZkgyQhm78FfcuFDErb/hzr8xnXahrQcunJxzL7n3+DFnSjvOt5VbWFxaXsmvFtbWNza37O2duooSSWiNRDySTR8rypmgNc00p81YUhz6nDb8wfXYbzxQqVgk7vUwpl6Ie4IFjGBtpI69d6fRJXJKTrl8jNoXSGav045dNFoGNE/cKSnCFNWO/dXuRiQJqdCEY6VarhNrL8VSM8LpqNBOFI0xGeAebRkqcEiVl2b7j9ChUbooiKQpoVGm/p5IcajUMPRNZ4h1X816Y/E/r5Xo4NxLmYgTTQWZfBQkHOkIjcNAXSYp0XxoCCaSmV0R6WOJiTaRFUwI7uzJ86R+UnKdknt7VqxcTePIwz4cwBG4UIYK3EAVakDgEZ7hFd6sJ+vFerc+Jq05azqzC39gff4AHNySRg==</latexit><latexit sha1_base64="jwLYb5DLYaHrkLkeAB+MhQnbxjk=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFcCFlRoUKohTcuKxoH9AOJZNm2tBMZkgyQhm78FfcuFDErb/hzr8xnXahrQcunJxzL7n3+DFnSjvOt5VbWFxaXsmvFtbWNza37O2duooSSWiNRDySTR8rypmgNc00p81YUhz6nDb8wfXYbzxQqVgk7vUwpl6Ie4IFjGBtpI69d6fRJXJKTrl8jNoXSGav045dNFoGNE/cKSnCFNWO/dXuRiQJqdCEY6VarhNrL8VSM8LpqNBOFI0xGeAebRkqcEiVl2b7j9ChUbooiKQpoVGm/p5IcajUMPRNZ4h1X816Y/E/r5Xo4NxLmYgTTQWZfBQkHOkIjcNAXSYp0XxoCCaSmV0R6WOJiTaRFUwI7uzJ86R+UnKdknt7VqxcTePIwz4cwBG4UIYK3EAVakDgEZ7hFd6sJ+vFerc+Jq05azqzC39gff4AHNySRg==</latexit><latexit sha1_base64="jwLYb5DLYaHrkLkeAB+MhQnbxjk=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFcCFlRoUKohTcuKxoH9AOJZNm2tBMZkgyQhm78FfcuFDErb/hzr8xnXahrQcunJxzL7n3+DFnSjvOt5VbWFxaXsmvFtbWNza37O2duooSSWiNRDySTR8rypmgNc00p81YUhz6nDb8wfXYbzxQqVgk7vUwpl6Ie4IFjGBtpI69d6fRJXJKTrl8jNoXSGav045dNFoGNE/cKSnCFNWO/dXuRiQJqdCEY6VarhNrL8VSM8LpqNBOFI0xGeAebRkqcEiVl2b7j9ChUbooiKQpoVGm/p5IcajUMPRNZ4h1X816Y/E/r5Xo4NxLmYgTTQWZfBQkHOkIjcNAXSYp0XxoCCaSmV0R6WOJiTaRFUwI7uzJ86R+UnKdknt7VqxcTePIwz4cwBG4UIYK3EAVakDgEZ7hFd6sJ+vFerc+Jq05azqzC39gff4AHNySRg==</latexit>

St = 0.077, r = 0.68
<latexit sha1_base64="h3n+czzUzOexumpO7tMjtKjCSe4=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4ELKjIgtiFJw47KifUA7lEyatqGZzJDcEcrQjb/ixoUibv0Md/6N6XQW2nrgwsk595J7jx8JrsFxvq3c0vLK6lp+vbCxubW9Y+/uNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5up33xkSvNQPsA4Yl5ABpL3OSVgpK59cA/4Cjslp1w+xZ1LrNLXRaVrF42YAi8SNyNFlKHWtb86vZDGAZNABdG67ToReAlRwKlgk0In1iwidEQGrG2oJAHTXpIeMMHHRunhfqhMScCp+nsiIYHW48A3nQGBoZ73puJ/XjuGfsVLuIxiYJLOPurHAkOIp2ngHleMghgbQqjiZldMh0QRCiazggnBnT95kTTOSq5Tcu/Oi9XrLI48OkRH6AS5qIyq6BbVUB1RNEHP6BW9WU/Wi/Vufcxac1Y2s4/+wPr8AaA7kos=</latexit><latexit sha1_base64="h3n+czzUzOexumpO7tMjtKjCSe4=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4ELKjIgtiFJw47KifUA7lEyatqGZzJDcEcrQjb/ixoUibv0Md/6N6XQW2nrgwsk595J7jx8JrsFxvq3c0vLK6lp+vbCxubW9Y+/uNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5up33xkSvNQPsA4Yl5ABpL3OSVgpK59cA/4Cjslp1w+xZ1LrNLXRaVrF42YAi8SNyNFlKHWtb86vZDGAZNABdG67ToReAlRwKlgk0In1iwidEQGrG2oJAHTXpIeMMHHRunhfqhMScCp+nsiIYHW48A3nQGBoZ73puJ/XjuGfsVLuIxiYJLOPurHAkOIp2ngHleMghgbQqjiZldMh0QRCiazggnBnT95kTTOSq5Tcu/Oi9XrLI48OkRH6AS5qIyq6BbVUB1RNEHP6BW9WU/Wi/Vufcxac1Y2s4/+wPr8AaA7kos=</latexit><latexit sha1_base64="h3n+czzUzOexumpO7tMjtKjCSe4=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4ELKjIgtiFJw47KifUA7lEyatqGZzJDcEcrQjb/ixoUibv0Md/6N6XQW2nrgwsk595J7jx8JrsFxvq3c0vLK6lp+vbCxubW9Y+/uNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5up33xkSvNQPsA4Yl5ABpL3OSVgpK59cA/4Cjslp1w+xZ1LrNLXRaVrF42YAi8SNyNFlKHWtb86vZDGAZNABdG67ToReAlRwKlgk0In1iwidEQGrG2oJAHTXpIeMMHHRunhfqhMScCp+nsiIYHW48A3nQGBoZ73puJ/XjuGfsVLuIxiYJLOPurHAkOIp2ngHleMghgbQqjiZldMh0QRCiazggnBnT95kTTOSq5Tcu/Oi9XrLI48OkRH6AS5qIyq6BbVUB1RNEHP6BW9WU/Wi/Vufcxac1Y2s4/+wPr8AaA7kos=</latexit><latexit sha1_base64="h3n+czzUzOexumpO7tMjtKjCSe4=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4ELKjIgtiFJw47KifUA7lEyatqGZzJDcEcrQjb/ixoUibv0Md/6N6XQW2nrgwsk595J7jx8JrsFxvq3c0vLK6lp+vbCxubW9Y+/uNXQYK8rqNBShavlEM8ElqwMHwVqRYiTwBWv6o5up33xkSvNQPsA4Yl5ABpL3OSVgpK59cA/4Cjslp1w+xZ1LrNLXRaVrF42YAi8SNyNFlKHWtb86vZDGAZNABdG67ToReAlRwKlgk0In1iwidEQGrG2oJAHTXpIeMMHHRunhfqhMScCp+nsiIYHW48A3nQGBoZ73puJ/XjuGfsVLuIxiYJLOPurHAkOIp2ngHleMghgbQqjiZldMh0QRCiazggnBnT95kTTOSq5Tcu/Oi9XrLI48OkRH6AS5qIyq6BbVUB1RNEHP6BW9WU/Wi/Vufcxac1Y2s4/+wPr8AaA7kos=</latexit>
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• Hot-films used to measure skin 
friction at 6 locations

• Coarse spatial measurements for 
fine study of forcing parameter 
space

Skin Friction Measurements
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Jets Off Jets On Jets Off 
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• Average of four most downstream sensors (plus some caveat)

Effect of Forcing on Skin Friction
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• Region of “lower” skin 
friction at low forcing 
amplitude 

• What is changing in the 
boundary layer dynamics?
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• Best way to control turbulent boundary layer at flight Reynolds 
number might be different from low Reynolds number case

• Increasing importance of log-layer structures could provide a 
pathway to changing the dynamics of the boundary layer and 
reduce skin friction

• Synthetic jets were demonstrated to be effective at imposing a 
new structure to log-layer turbulence

• What is the nature of the interaction between the jet flow and 
turbulence?

• How to optimize this interaction for drag reduction?
• Can we be a bit smarter?

• Would some knowledge of present structures help?

Conclusion
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Thanks for your attention!
Questions?


