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Motivation: Alternative solutions exist in (unstratified) shear flows 
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SSP/VWI   (Waleffe 1997, Hall & Sherwin 2010)



Questions 

1. How does SSP/VWI get disrupted by stable stratification?


2. Modified? - new waves exist…


3.  Do states exist up to Ri=1/4?   (Miles-Howard)


4.  Does the structure of the states say anything about stratified turbulence?


5.  Stratification triples the number of parameters in the problem


How important is Pr? (usually neglected in deference to Ri )


            

Re → (Re,Ri, Pr )
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Olvera & K JFM 2017

pCfRB+shear pCf+stable stratification



Re=1000, 2000, 5000, 10k Re=1000, 2000, 5000, 10k, 15k, 20k, 30k, 40k, 60k, 80k

Fix Pr=1 but increase Re…



Re=1000, 2000, 5000, 10k, 15k, 20k, 30k, 40k, 60k, 80k



Regime I Rib = O(Pr
−1

Re
−2)
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Eaves & Caulfield 2015, Olvera & K 2017, Deguchi 2017

Suppression of streamwise rolls



Regime II Rib = O(Re
−2/3)
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spanwise and cross-stream localisation

Regime III Full localisation in 3D Rib = O(1)
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Now fix Re=400 & vary Pr Langham, Eaves & K 2019

a) Pr → 0
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Pr=1, 0.1, 0.01, 0.001, 1e-4
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b) Pr → ∞
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Pr=1, 2, 7, 20, 40, 70, 120, 200



Re=400, Ri=0.01



Re=400, Ri=0.01





Passive scalar limit ( numerically               )                            Ri → 0
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u.rρ =
1

RePr
r

2
ρ

<latexit sha1_base64="gVgiV+GuKYVHXR8/1jWl28g5wAM=">AAACG3icbVDLSsNAFJ3UV62vqEs3g0VwVZIq6EYounFZxT6giWUynbRDJzNhZiKUkP9w46+4caGIK8GFf+M0zUJbD1w4nHMv994TxIwq7TjfVmlpeWV1rbxe2djc2t6xd/faSiQSkxYWTMhugBRhlJOWppqRbiwJigJGOsH4aup3HohUVPA7PYmJH6EhpyHFSBupb9dh6gUhTLKax1HAEPTkSFx4oUQ4dbP0lsCmzODMu6/nbt+uOjUnB1wkbkGqoECzb396A4GTiHCNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGcoRxFRfpr/lsEjowxgKKQprmGu/p5IUaTUJApMZ4T0SM17U/E/r5fo8NxPKY8TTTieLQoTBrWA06DggEqCNZsYgrCk5laIR8jkok2cFROCO//yImnXa+5Jzbk5rTYuizjK4AAcgmPggjPQANegCVoAg0fwDF7Bm/VkvVjv1sestWQVM/vgD6yvH40UoH0=</latexit>
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Y := (1 + y)Pr1/3
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Pr =

So fingers should vanish as Pr increases…

20 100 400

ρ̄PS(y, z)
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Ri > 0

Pr = 40, 70, 120, 200

Pr → ∞
<latexit sha1_base64="b4lIhuPpgWRmu4lovPfS9gnJB0o=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSFfRY9OKxgv2AJpTNdtMu3WzC7kQJsQf/ihcPinj1b3jz37htc9DWBwOP92aYmRckgmtwnG+rtLS8srpWXq9sbG5t79i7ey0dp4qyJo1FrDoB0UxwyZrAQbBOohiJAsHaweh64rfvmdI8lneQJcyPyEDykFMCRurZB7ihsKf4YAhEqfgBe1yGkPXsqlNzpsCLxC1IFRVo9Owvrx/TNGISqCBad10nAT8nCjgVbFzxUs0SQkdkwLqGShIx7efT+8f42Ch9HMbKlAQ8VX9P5CTSOosC0xkRGOp5byL+53VTCC/9nMskBSbpbFGYCgwxnoSB+1wxCiIzhFDFza2YDokiFExkFROCO//yImmd1tyzmnN7Xq1fFXGU0SE6QifIRReojm5QAzURRY/oGb2iN+vJerHerY9Za8kqZvbRH1ifP5j0ldY=</latexit>
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Pr=1,10 & 70



Why? VWI scalings and symmetry of state have v -> 0 at midplane 

High Re and Pr?

Re = 10
5
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Passive scalar limit using `snake’  

velocity field

1

7

70



A. Take Home Messages

1. How does SSP/VWI get disrupted by stable stratification?  


     


                                                       - hampers streamwise rolls first, then forces localisation 

2. Modified? - new waves exist…                              - not found yet!


3.  Do states exist up to Ri=1/4?   (Miles-Howard)      - yes, at least for large or small Pr


4.  Does the structure of the states say anything about stratified turbulence?


                                           - high Pr shows layering, mixed regions, boundary layer scaling 

5.  Stratification triples the number of parameters in the problem


How important is Pr? (usually neglected in deference to Ri )


                                                                      - looks very important - we need  high Pr DNS 

            

Langham, Eaves & K 2019 (arxiv:1904.04853) 
Olvera & Kerswell JFM 2017



B. Forced 2D stratified mixing layer

u0 = tanh z, ρ0 = − tanh z
<latexit sha1_base64="sz9A9DDIbbRYDM788zsx8LBwI6w=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxoSWpgm4KRTcuK9gHNCFMJpNm6GQSZyZCDf0DN/6KGxeKuHXrzr8xabPQ1gMXDufcy733uDGjUhnGt1ZaWFxaXimvVtbWNza39O2djowSgUkbRywSPRdJwignbUUVI71YEBS6jHTd4VXud++JkDTit2oUEztEA059ipHKJEc/TByjAS2FeAAfjqF1lyAPWiKIHAM24ElhVBy9atSMCeA8MQtSBQVajv5leRFOQsIVZkjKvmnEyk6RUBQzMq5YiSQxwkM0IP2MchQSaaeTf8bwIFM86EciK67gRP09kaJQylHoZp0hUoGc9XLxP6+fKP/CTimPE0U4ni7yEwZVBPNwoEcFwYqNMoKwoNmtEAdIIKyyCPMQzNmX50mnXjNPa/Wbs2rzsoijDPbAPjgCJjgHTXANWqANMHgEz+AVvGlP2ov2rn1MW0taMbML/kD7/AEX/Jop</latexit>

Lx = 4π, Lz = 5, 10
<latexit sha1_base64="+BjQc2GeComjnfa0kNgNA/8r1lk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCi1KSWtFNoejGRRcV7APaECbTSTt0MgkzE7ENxV9x40IRt/6HO//GaZuFth64cDjnXu69x4sYlcqyvo3Myura+kZ2M7e1vbO7Z+4fNGUYC0waOGShaHtIEkY5aSiqGGlHgqDAY6TlDW+mfuuBCElDfq9GEXEC1OfUpxgpLbnmUc19rJRhN6IFWHPHlYsCtC3XzFtFawa4TOyU5EGKumt+dXshjgPCFWZIyo5tRcpJkFAUMzLJdWNJIoSHqE86mnIUEOkks+sn8FQrPeiHQhdXcKb+nkhQIOUo8HRngNRALnpT8T+vEyv/ykkoj2JFOJ4v8mMGVQinUcAeFQQrNtIEYUH1rRAPkEBY6cByOgR78eVl0iwV7fNi6a6cr16ncWTBMTgBZ8AGl6AKbkEdNAAGY/AMXsGb8WS8GO/Gx7w1Y6Qzh+APjM8f7T6S8A==</latexit>

Pr = 1, Re = 4000
<latexit sha1_base64="uxs1alVgqhcaRrdjimWn0Ax6zWc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBg5RsLeilUPTisYr9gHYp2TTbhmaza5ItlNLf4cWDIl79Md78N6btHrT1wcDjvRlm5vmx4Npg/O1k1tY3Nrey27md3b39g/zhUUNHiaKsTiMRqZZPNBNcsrrhRrBWrBgJfcGa/vB25jdHTGkeyUczjpkXkr7kAafEWMmrqYp7gR5YpYwx7uYLuIjnQKvETUkBUtS6+a9OL6JJyKShgmjddnFsvAlRhlPBprlOollM6JD0WdtSSUKmvcn86Ck6s0oPBZGyJQ2aq78nJiTUehz6tjMkZqCXvZn4n9dOTHDtTbiME8MkXSwKEoFMhGYJoB5XjBoxtoRQxe2tiA6IItTYnHI2BHf55VXSKBXdy2Lpvlyo3qRxZOEETuEcXLiCKtxBDepA4Qme4RXenJHz4rw7H4vWjJPOHMMfOJ8/3QuQNA==</latexit>

( res = 256 x 512 &  384 x 768 )

Maslowe 1977, Brown et al. 1981, 


Churilov & Shukhman 1987

Howland et al. 2018


Kaminski et al. 2017



1 2 3 4 5



i.c near periodic orbit

Rib = 0.2478
<latexit sha1_base64="/eh8SmpiQiRU5n1UQMmz+QYIwB0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0hqob0IRS8eq9gPSEPZbDft0k027E6EEvozvHhQxKu/xpv/xm2bg7Y+GHi8N8PMvCARXIPjfFuFjc2t7Z3ibmlv/+DwqHx80tEyVZS1qRRS9QKimeAxawMHwXqJYiQKBOsGk9u5331iSnMZP8I0YX5ERjEPOSVgJO+BD4Jrx67W6o1BueLYzgJ4nbg5qaAcrUH5qz+UNI1YDFQQrT3XScDPiAJOBZuV+qlmCaETMmKeoTGJmPazxckzfGGUIQ6lMhUDXqi/JzISaT2NAtMZERjrVW8u/ud5KYQNP+NxkgKL6XJRmAoMEs//x0OuGAUxNYRQxc2tmI6JIhRMSiUTgrv68jrpVG33yq7e1yrNmzyOIjpD5+gSuaiOmugOtVAbUSTRM3pFbxZYL9a79bFsLVj5zCn6A+vzByHJj9g=</latexit>



New weak instability…
Re=4,000 Re=40,000

Viscous instability


related to inviscid 

Holmboe instability?



Change stratification to remove instability….

u0 = tanh z, ρ0 = −z
<latexit sha1_base64="z7msKGlCtcOPyW8Sso/WLTpEh9c=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZakCroRim5cVrAPaEKYTCbt0MkkzkyENnTjxl9x40IRt/6DO//GaZuFth64cDjnXu69x08Ylcqyvo3CwuLS8kpxtbS2vrG5ZW7vNGWcCkwaOGaxaPtIEkY5aSiqGGkngqDIZ6Tl96/HfuuBCEljfqcGCXEj1OU0pBgpLXnmfupZl45CvAeHx9C5T1EAHdGLtXoy9MyyVbEmgPPEzkkZ5Kh75pcTxDiNCFeYISk7tpUoN0NCUczIqOSkkiQI91GXdDTlKCLSzSZfjOChVgIYxkIXV3Ci/p7IUCTlIPJ1Z4RUT856Y/E/r5Oq8MLNKE9SRTieLgpTBlUMx5HAgAqCFRtogrCg+laIe0ggrHRwJR2CPfvyPGlWK/ZppXp7Vq5d5XEUwR44AEfABuegBm5AHTQABo/gGbyCN+PJeDHejY9pa8HIZ3bBHxifP1yqlzQ=</latexit>

( Drazin model )

Re ≈ 9, 000
<latexit sha1_base64="3hu5UgwO4fboEenl3TzPL44CTUQ=">AAAB+HicbVDLSgMxFM34rPXRUZdugkVwISVTBXVXdOOyin1AO5RMmrahmSQkGbEO/RI3LhRx66e4829M21lo64ELh3Pu5d57IsWZsQh9e0vLK6tr67mN/ObW9k7B392rG5loQmtEcqmbETaUM0FrlllOm0pTHEecNqLh9cRvPFBtmBT3dqRoGOO+YD1GsHVSxy/c0TZWSstHeHmCEOr4RVRCU8BFEmSkCDJUO/5XuytJElNhCcfGtAKkbJhibRnhdJxvJ4YqTIa4T1uOChxTE6bTw8fwyCld2JPalbBwqv6eSHFszCiOXGeM7cDMexPxP6+V2N5FmDKhEksFmS3qJRxaCScpwC7TlFg+cgQTzdytkAywxsS6rPIuhGD+5UVSL5eC01L59qxYucriyIEDcAiOQQDOQQXcgCqoAQIS8AxewZv35L14797HrHXJy2b2wR94nz8LkZIH</latexit>

(+ are done at 256 x 1024)

Ris
<latexit sha1_base64="R1N+X54w/l3Pn7JWAP2WJwEFmPo=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUmqoMuiG5dV7APaECbTSTt08mBmIoQQf8WNC0Xc+iHu/BunaRbaeuDC4Zx75849XsyZVJb1bVTW1jc2t6rbtZ3dvf0D8/CoJ6NEENolEY/EwMOSchbSrmKK00EsKA48Tvve7Gbu9x+pkCwKH1QaUyfAk5D5jGClJdesZ6PikczjCc3RPXNl7poNq2kVQKvELkkDSnRc82s0jkgS0FARjqUc2lasnAwLxQineW2USBpjMsMTOtQ0xAGVTlbszdGpVsbIj4SuUKFC/T2R4UDKNPB0Z4DVVC57c/E/b5go/8rJWBgnioZkschPOFIRmieBxkxQoniqCSaC6b8iMsUCE6XzqukQ7OWTV0mv1bTPm627i0b7uoyjCsdwAmdgwyW04RY60AUCKTzDK7wZT8aL8W58LForRjlThz8wPn8ASd+VLQ==</latexit>

Ric
<latexit sha1_base64="5D8cdp9dyFeg8/LpBaVeblf6OW0=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZIq6LLoxmUV+4A2lMn0ph06mYSZiVBD8FfcuFDErf/hzr9xmmahrQcuHM65d+7c48ecKe0439bS8srq2nppo7y5tb2za+/tt1SUSApNGvFIdnyigDMBTc00h04sgYQ+h7Y/vp767QeQikXiXk9i8EIyFCxglGgj9e3DtJc/kg4lgMjwHevTrG9XnKqTAy8StyAVVKDRt796g4gmIQhNOVGq6zqx9lIiNaMcsnIvURATOiZD6BoqSAjKS/PFGT4xygAHkTQlNM7V3xMpCZWahL7pDIkeqXlvKv7ndRMdXHopE3GiQdDZoiDhWEd4GgUeMAlU84khhEpm/orpiEhCtQmsbEJw509eJK1a1T2r1m7PK/WrIo4SOkLH6BS56ALV0Q1qoCai6BE9o1f0Zj1ZL9a79TFrXbKKmQP0B9bnD/3YlZA=</latexit>



B. Take Home Messages 

6. 2D finite-amplitude Kelvin-Helmholtz billows exist beyond Ri=1/4  

                - confirming anecdotal evidence (Kaminski et al. 2017, Howland et al. 2018)


                - need to explore Pr dependence…


7. Very weak viscous instability found 

                 - too weak to be physically interesting but why unreported?


                 - is it Holmboe or not? ( & who cares?)


Parker, Caulfield & Kerswell (arxiv:1905.04009)



1. How does SSP/VWI get disrupted by stable stratification?   
     


                                                       - hampers streamwise rolls first, then forces localisation 

2.  Modified? - new waves exist…                              - not found yet!


3.  Do states exist up to Ri=1/4?   (Miles-Howard)      - yes, at least for large or small Pr


4.  Does the structure of the states say anything about stratified turbulence?


                                           - high Pr shows layering, mixed regions, boundary layer scaling 

5.  Stratification triples the number of parameters in the problem. How important is Pr? (usually 
neglected in deference to Ri ) 

                                                                      - looks very important - we need  high Pr DNS 

            6. 2D finite-amplitude Kelvin-Helmholtz billows exist beyond Ri=1/4  

                - confirming anecdotal evidence (Kaminski et al. 2017, Howland et al. 2018)


                - need to explore Pr dependence…


7. Very weak viscous instability found 

                 - too weak to be physically interesting but why unreported?


                 - is it Holmboe or not? ( & who cares?)



