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High speed flows

Mach 2.9 
8o wedge

G.S. Se&les (1979)

Turbulent 
boundary 
layer

Mach 1.84 
cone-cylinder

A.C. Charters ~1946 (Van Dyke #259) Turbulent boundary layer

Smith 1989 (Mach 2.5)

Side view Plan view



NASP X-30 (proposed 1986)

Boeing X-51A Waverider (first flight 2010)

Space ShuQle (first flight 1981)

NASA X-43A/Hyper-X (first flight 2004)

DARPA Glide Breaker

Curiosity Mars probe (2012)

AF X-37B (first flight 2010)



Hypersonic vehicle flow fields

(Anderson, 1989) (Aerojet Rocketdyne)

(NASA)



Mean flow in high-speed boundary layers

Watson et al. (1973); Fernholz & Finley (1980)

• Mean velocity profile looks similar to that in 
incompressible flow but scales differently

• Temperature increases near the wall

• Density decreases near the wall

• Need to account for density changes

Ma = 10.3 (helium)
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Skin fric<on

Zero pressure gradient

Adverse pressure gradient
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⇢w increases with compression
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⇢w decreases with Mach number



• In a compressible flow, we have a choice of Reynolds numbers
• Friction Reynolds number

• Momentum thickness Reynolds number (freestream viscosity or wall viscosity)

• The inner layer thickness relative to the boundary layer thickness increases with Ma

Compressible turbulent flows and Reynolds number
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(Re✓ > 200Re✓w for Mach 10 helium flow)

<latexit sha1_base64="UrxjMq8SATK9z9MW3pMIqVfkrdM="></latexit>

(Re✓ > 10Re�2 for Mach 10 helium flow)



• The fric?on Reynolds number is o@en interpreted as a ra?o of length scales
• What about ?me scales?

• Outer ?me scale:                                 Inner ?me scale:

• Ra?o outer to inner: 

• Time scale ra?o decreases with Mach number

Compressible turbulent flows and <me scales
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What do we know or expect for the mean flow?

1. van Driest transforma0on collapses the mean 
velocity profile onto the incompressible form of the 
log law, and the incompressible form of the wake



1. van Driest transforma0on collapses the mean 
velocity profile onto the incompressible form of the 
log law, and the incompressible form of the wake

• In the overlap between the inner and outer scaling, 
we have a log-law 

• Best expressed as 

• Hence:

velocity scale
length scale
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u⇤ = u⌧

p
(⇢w/⇢)where

What do we know or expect for the mean flow?



1. van Driest transforma0on collapses the mean 
velocity profile onto the incompressible form of the 
log law, and the incompressible form of the wake

• In the overlap between the inner and outer scaling, 
we have a log-law 

• Best expressed as 

• Hence:
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Classic scaling
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<latexit sha1_base64="32c/nzDzEggv6AaFjVCoTGGAnTs=">AAAB4HicbVDLSsNAFL2pr1pfUZduBosgCCWx4mNXdOOyomkLbS2T6aQdOnkwcyOU0r0bETcKfpG/4N+YpEGo9cDA4Zwz3HuuG0mh0bK+jcLS8srqWnG9tLG5tb1j7u41dBgrxh0WylC1XKq5FAF3UKDkrUhx6ruSN93RTeo3n7jSIgwecBzxrk8HgfAEo5hI987jSc8sWxUrA1kkdk7KkKPeM786/ZDFPg+QSap127Yi7E6oQsEkn5Y6seYRZSM64JNswSk5SqQ+8UKVvABJps7lqK/12HeTpE9xqP96qfif147Ru+xORBDFyAM2G+TFkmBI0rakLxRnKMcJoUyJZEPChlRRhslNSln1qxTnv0UXSeO0Ylcr1buzcu06P0IRDuAQjsGGC6jBLdTBAQYDeIF3+DBc49l4Nd5m0YKR/9mHORifP9V1iVg=</latexit>

<latexit sha1_base64="pjBNE5oeAS6cRNFwyk4AjD6SCqc=">AAACGnicbVDJSgNBEO1xjXGLevTSGARBCDNi0GPQi8cIZoFMGGo6PUmTnp6hFyUM8x1e/BUvHhTxJl78GzvLQRMfFDzeq6KqXphyprTrfjtLyyura+uFjeLm1vbObmlvv6kSIwltkIQnsh2CopwJ2tBMc9pOJYU45LQVDq/HfuueSsUScadHKe3G0BcsYgS0lYKS50cSSOblmT+ENIUc+1zgqTjCJvA1GOsJEzzk+BRXK15QKrsVdwK8SLwZKaMZ6kHp0+8lxMRUaMJBqY7nprqbgdSMcJoXfaNoCmQIfdqxVEBMVTebvJbjY6v0cJRIW0Ljifp7IoNYqVEc2s4Y9EDNe2PxP69jdHTZzZhIjaaCTBdFhmOd4HFOuMckJZqPLAEimb0VkwHYWLRNs2hD8OZfXiTNs4pXrbi35+Xa1SyOAjpER+gEeegC1dANqqMGIugRPaNX9OY8OS/Ou/MxbV1yZjMH6A+crx+82qCg</latexit>
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Mach 7.5, air, Tw/Tr = 0.8

U+
V D

<latexit sha1_base64="SUeUmF0G6w7jfrq3p8LjpZv9tWM=">AAAB5nicbVBdSwJBFL1rX2ZfVo+9DEkQBLKrQT1K9dCjQauGmsyOszo4+8HM3UAW/0IvEb0U9HP6C/2bRt0XtQMDh3POcO+5XiyFRtv+tXJr6xubW/ntws7u3v5B8fCooaNEMe6ySEaq5VHNpQi5iwIlb8WK08CTvOmNbqd+84UrLaLwEccx7wZ0EApfMIpGeiLu80UvbdxNesWSXbZnIKvEyUgJMtR7xZ9OP2JJwENkkmrdduwYuylVKJjkk0In0TymbEQHPJ2tOSFnRuoTP1LmhUhm6kKOBlqPA88kA4pDvexNxf+8doL+dTcVYZwgD9l8kJ9IghGZdiZ9oThDOTaEMiXMhoQNqaIMzWUKprqzXHSVNCplp1quPFyWajfZEfJwAqdwDg5cQQ3uoQ4uMAjgDT7hyxpar9a79TGP5qzszzEswPr+A7HWi3I=</latexit>

<latexit sha1_base64="pjBNE5oeAS6cRNFwyk4AjD6SCqc=">AAACGnicbVDJSgNBEO1xjXGLevTSGARBCDNi0GPQi8cIZoFMGGo6PUmTnp6hFyUM8x1e/BUvHhTxJl78GzvLQRMfFDzeq6KqXphyprTrfjtLyyura+uFjeLm1vbObmlvv6kSIwltkIQnsh2CopwJ2tBMc9pOJYU45LQVDq/HfuueSsUScadHKe3G0BcsYgS0lYKS50cSSOblmT+ENIUc+1zgqTjCJvA1GOsJEzzk+BRXK15QKrsVdwK8SLwZKaMZ6kHp0+8lxMRUaMJBqY7nprqbgdSMcJoXfaNoCmQIfdqxVEBMVTebvJbjY6v0cJRIW0Ljifp7IoNYqVEc2s4Y9EDNe2PxP69jdHTZzZhIjaaCTBdFhmOd4HFOuMckJZqPLAEimb0VkwHYWLRNs2hD8OZfXiTNs4pXrbi35+Xa1SyOAjpER+gEeegC1dANqqMGIugRPaNX9OY8OS/Ou/MxbV1yZjMH6A+crx+82qCg</latexit>
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Van Driest scaling
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u⇤ = u⌧

p
(⇢w/⇢)where

Williams, Sahoo, Baumgartner & Smits (2018)
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What do we know or expect for the mean flow?

(See also Lee, Helm, Mar:n, Williams 2023)



2. Mach number effects act only through the mean 
density (temperature) variaSon, and effects due 
to density fluctuaSons (shocklets, for example) 
are negligible even at high Mach number

Smith (1989); Smith & Smits (1995)

Mie scaQering from acetone droplets

Ma = 2.82 

Ma = 0 

Falco (1977)

Smoke flow visualiza_on

What do we know or expect for the turbulence?



2. Mach number effects act only through the mean 
density (temperature) variaSon, and effects due 
to density fluctuaSons (shocklets, for example) 
are negligible even at high Mach number

What do we know or expect for the turbulence?
Mach 2.9, Req =78,000

Side 
view

Plan 
view

y

�
= 0.72
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Rayleigh scaQering (FRS):
• ScaQering from par_cles with d < l
• ~10 nm clusters of H2O, condensed in nozzle from 

naturally occurring water in air supply, or 
• ~10 nm clusters of CO2, condensed in nozzle from 

CO2 gas injected upstream (Miles & Forkey 1991)



3. Morkovin scaling collapses the turbulent stress 
profiles onto the incompressible data, at least 
for the overlap region and the outer flow

Scaling the turbulence

Mach = 8 Mach= 0

FRS – Baumgartner et al.  (1997) ; PLIF - Delo & Smits 1997)



3. Morkovin scaling collapses the turbulent stress 
profiles onto the incompressible data, at least 
for the overlap region and the outer flow

Morkovin’s hypothesis (1961):
• “The essenSal dynamics of these shear flows 

will follow the incompressible paYern”

u⌧ =
p

⌧w/⇢w
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Scaling the turbulence

Mach = 8 Mach= 0

FRS – Baumgartner et al.  (1997) ; PLIF - Delo & Smits 1997)



3. Morkovin scaling collapses the turbulent stress 
profiles onto the incompressible data, at least 
for the overlap region and the outer flow

Scaling the turbulence

Morkovin scalingClassic scaling
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Including all experimental data, up to Ma = 11, 
obscures any conclusion

Previous hot-wire measurements o\en suffer from 
• inadequate frequency response
• mixed-mode response/calibra_on
• inadequate spa_al resolu_on. 

Morkovin
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Including all experimental data, up to Ma = 11, 
obscures any conclusion

Previous hot-wire measurements o\en suffer from 
• inadequate frequency response
• mixed-mode response/calibra_on
• inadequate spa_al resolu_on. 

MorkovinWhat about PIV at high Mach number? 
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Raffel (2007)

• Direct measure of velocity 
• Provides spaSal informaSon
• ParScles need to follow the flow

• Image parScles using a laser and a fast, two-
image camera

• Correlate moSon of parScles in successive 
frames

4 1 Introduction

Light sheet optics Mirror

Light sheet

Laser

Flow with
tracer particles

Illuminated
particles

Imaging optics

Image plane

Flow direction

First light pulse at t
Second light pulse at t

tt

y

x

Fig. 1.4. Experimental arrangement for particle image velocimetry in a wind tunnel.

The experimental setup of a PIV system typically consists of several sub-
systems. In most applications tracer particles have to be added to the flow.
These particles have to be illuminated in a plane of the flow at least twice
within a short time interval. The light scattered by the particles has to be
recorded either on a single frame or on a sequence of frames. The displace-
ment of the particle images between the light pulses has to be determined
through evaluation of the PIV recordings. In order to be able to handle the
great amount of data which can be collected employing the PIV technique,
sophisticated post-processing is required.

Figure 1.4 briefly sketches a typical setup for PIV recording in a wind
tunnel. Small tracer particles are added to the flow. A plane (light sheet)
within the flow is illuminated twice by means of a laser (the time delay between
pulses depending on the mean flow velocity and the magnification at imaging).
It is assumed that the tracer particles move with local flow velocity between
the two illuminations. The light scattered by the tracer particles is recorded
via a high quality lens either on a single frame (e.g. on a high-resolution digital
or film camera) or on two separate frames on special cross-correlation digital
cameras. After development the photo-graphical PIV recording is digitized
by means of a scanner. The output of the digital sensor is transferred to the
memory of a computer directly.

For evaluation the digital PIV recording is divided in small subareas called
“interrogation areas”. The local displacement vector for the images of the
tracer particles of the first and second illumination is determined for each in-

(a)

obviously the correct signal on which to base measure-
ments. In both methods, the entire image is divided into
a grid of (usually overlapping) interrogation spots, and
the particle images in each spot are interrogated to ob-
tain the mean displacement of the particles within each
interrogation cell, which consists of the intersection of
the interrogation spot area, AI, and the thickness of the
light sheet, Dz0. Analysis of the auto-correlation method
(Keane and Adrian 1992) led to the definition of a sec-
ond dimensionless number, called the image density. It is
equal to the average number of scatterers in an inter-
rogation cell. This number proved to be very important
in describing the characteristics PIV systems and in
optimizing their design. The low image density limit
corresponds to particle tracking, because, in that limit, it
is improbable to find more than one image pair per spot.
The high image density limit corresponds to multiple
particle correlation PIV (Fig. 4).

In the first decade of PIV, the greatest challenge was
the interrogation of the images, simply because computer
capabilities were not adequate for the task. In 1985, the
DEC PDP 11/23 was a common digital computer in
many fluids laboratories. It typically had 128 KB of
RAM and a 30 MB hard drive. Imagine holding the
operating system, the executable program, and the data
in a RAM space that is the same size as the minimum
document file size used by current word processors.

Practically, it was impossible to perform two-dimen-
sional Fourier transforms or two-dimensional correla-
tion analysis on such machines. Therefore, there was
considerable interest in non-statistical methods, such as
tracking particles individually. Alternatively, several
groups seriously pursued the determination of two-
dimensional correlations by analog optical means
(Morck et al. 1993; Vogt et al. 1996). Particle tracking
implied operating with low image density so that the
probability of finding more than one pair of particles per
interrogation spot was small. Then, using the principle
that nearest-neighbor images corresponded to the same
particle (which is only approximate for small, but finite
image density), one could make successful measure-
ments. The difficulty with this method was that, at the
reduced image density that accompanied reduced particle
concentration, the number of vectors per unit area was
not large enough to resolve turbulent fields completely.

To improve the spatial resolution, various investiga-
tors sought to optimize the low image density method by
using interrogation windows of variable size, shape, and
displacement. This led to the implementation of adap-
tive windowing methods. Currently, adjustable window
methods enjoy use as a means of optimizing single-
exposed double-frame images obtained with digital
cameras.

At the time that Meynart performed his work using
Young’s fringes, the dynamic velocity range of the
technique, defined as the maximum velocity measurable
divided by the minimum velocity measurable, was
somewhere between 5 and 10. PIV was a velocity-mea-
suring instrument that had a 1-digit display! The
dynamic range was clearly far too small for the method
to be of value in serious fluid mechanics research. The
problem was that the dynamic range corresponds to the
maximum displacement of the images divided by
the minimum displacement that can be measured. In the
double-exposure images used at the time, the lower limit
was determined by the images overlapping when the
displacement was less than 1 image diameter. Thus, if
the maximum displacement was 10 image diameters, the
dynamic range was approximately 10:1.

The idea of applying an artificial spatial shift to the
second image was developed to improve the dynamic
velocity range and to provide a means of determining the
direction of the particle displacement from double-ex-
posed images (Adrian 1986b). In this method, the images
were recorded in such a way that the second image was
shifted precisely in a known direction so that the direc-
tion of flow could be determined unambiguously. Fur-
ther, the probability of two images from the same particle
overlapping was zero, and this solved the critical problem
of limited dynamic range. By eliminating the overlap of
particles images at small displacements, the dynamic
range immediately increased to somewhere between 100
and 200, where it remains to this day. Although
researchers continue to strive for a larger dynamic range,
it is now large enough to permit good measurements,
provided the PIV system is optimized.Fig. 4 Analysis of a grid of interrogation spots

162

(b)

Figure 3.1: (a): Basic 2D2C PIV setup for measuring a streamwise plane of a turbulent
boundary layer in a wind tunnel. From Ra↵el (2007) (b): Schematic illustrating the pro-
cessing of PIV images by separating them into interrogation regions and correlating the
movement particle images within them. From Adrian (2005).
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get good results (include inertia, 
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DNS Priebe & Martin 
(2011) 

○ ◇ ☆<latexit sha1_base64="YVl/Wxyn3+ziODkRbBhVKdpWK5Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz04NXcfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmrPkZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1buquveXlfpNHkcRTuAUzsGDa6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBkAo01</latexit>

180
<latexit sha1_base64="FJho63Cw6svmYbOXP52NkgUDxvM=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9VL3LXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs1qxbuouPfn5dpNHkcBjuEEzsCDK6jBHdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gBj/Y01</latexit>

216
<latexit sha1_base64="Xh8Qy4LH4+tNN2noIRevfSB7ghI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGJXoLevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh0r1ulcsuWV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjlT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0K2XvsuzeX5RqN1kceTiBUzgHD6pQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AcaeNPg==</latexit>

279

<latexit sha1_base64="JErLqzVUh9q4gpx+ZtaZar/B+DE=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclSQouhGKblxWsQ9oQplMJ+3QySTMQyihv+HGhSJu/Rl3/o3TNgttPXDhcM693HtPlHGmtOt+Oyura+sbm6Wt8vbO7t5+5eCwpVIjCW2SlKeyE2FFORO0qZnmtJNJipOI03Y0up367ScqFUvFox5nNEzwQLCYEaytFDzQXqCxufZ93+1Vqm7NnQEtE68gVSjQ6FW+gn5KTEKFJhwr1fXcTIc5lpoRTiflwCiaYTLCA9q1VOCEqjCf3TxBp1bpoziVtoRGM/X3RI4TpcZJZDsTrIdq0ZuK/3ldo+OrMGciM5oKMl8UG450iqYBoD6TlGg+tgQTyeytiAyxxETbmMo2BG/x5WXS8mveRc29P6/Wb4o4SnAMJ3AGHlxCHe6gAU0gkMEzvMKbY5wX5935mLeuOMXMEfyB8/kDjVSQtQ==</latexit>

Re⌧ = 2220

<latexit sha1_base64="SgXEMA7Wb+kKE038aYA+Y1BKQ/Q=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KklR9CIUvXisYj8gDWWznbRLN9mwOxFK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzwlQKg6777aysrq1vbBa2its7u3v7pYPDplGZ5tDgSirdDpkBKRJooEAJ7VQDi0MJrXB4O/VbT6CNUMkjjlIIYtZPRCQ4Qyv5D9DtIMuuq261Wyq7FXcGuky8nJRJjnq39NXpKZ7FkCCXzBjfc1MMxkyj4BImxU5mIGV8yPrgW5qwGEwwnp08oadW6dFIaVsJ0pn6e2LMYmNGcWg7Y4YDs+hNxf88P8PoKhiLJM0QEj5fFGWSoqLT/2lPaOAoR5YwroW9lfIB04yjTaloQ/AWX14mzWrFu6i49+fl2k0eR4EckxNyRjxySWrkjtRJg3CiyDN5JW8OOi/Ou/Mxb11x8pkj8gfO5w8ZA5B5</latexit>

Re⌧ = 202

<latexit sha1_base64="/IUnK8nIWNaU5nM03r0sLxXl+gI=">AAACDXicbVA7T8MwGHR4lvIKMLJEFARiqJIKBGMFC2OR6ENq0spxndaq4wQ/kCorf4CFv8LCAEKs7Gz8G5y2A7ScZOl0d5/t78KUEiFd99taWFxaXlktrBXXNza3tu2d3YZIFEe4jhKa8FYIBaaE4bokkuJWyjGMQ4qb4fA695sPmAuSsDs5SnEQwz4jEUFQGqlrH/oRh0j74p5L7Scmmt+ktTrOOpUsy7TqnGZdu+SW3TGceeJNSQlMUevaX34vQSrGTCIKhWh7bioDDbkkiOKs6CuBU4iGsI/bhjIYYxHo8TaZc2SUnhMl3BwmnbH6e0LDWIhRHJpkDOVAzHq5+J/XVjK6DDRhqZKYoclDkaKOTJy8GqdHOEaSjgyBiBPzVwcNoKlHmgKLpgRvduV50qiUvfOye3tWql5N6yiAfXAAToAHLkAV3IAaqAMEHsEzeAVv1pP1Yr1bH5PogjWd2QN/YH3+AE4vnPY=</latexit>p
u02

u⇤

<latexit sha1_base64="UPQ0IOcEKVywaKC0FZcjttEVL7A=">AAACDXicbVA7T8MwGHTKq5RXgJHFoiAQQ5VUIBgrWBiLRB9Sk1aO67RWnQe2U6my8gdY+CssDCDEys7Gv8FpM0DLSZZOd/fZ/s6LGRXSsr6NwtLyyupacb20sbm1vWPu7jVFlHBMGjhiEW97SBBGQ9KQVDLSjjlBgcdIyxvdZH5rTLigUXgvJzFxAzQIqU8xklrqmUeOzxFWjnjgUjmRjmY3KTU+SbvVNE1V0j1Le2bZqlhTwEVi56QMctR75pfTj3ASkFBihoTo2FYsXYW4pJiRtOQkgsQIj9CAdDQNUUCEq6bbpPBYK33oR1yfUMKp+ntCoUCISeDpZIDkUMx7mfif10mkf+UqGsaJJCGePeQnDMoIZtXAPuUESzbRBGFO9V8hHiJdj9QFlnQJ9vzKi6RZrdgXFevuvFy7zusoggNwCE6BDS5BDdyCOmgADB7BM3gFb8aT8WK8Gx+zaMHIZ/bBHxifP0+/nPc=</latexit>p
v02

u⇤

<latexit sha1_base64="Yr5tVo7BkCoJqXMIK9tZw+y/8gY=">AAACCXicbVDNS8MwHE3n15xfVY9egkMmgqMdih6HXjxOcB+wdiPN0i0sbUqSDkbp1Yv/ihcPinj1P/Dmf2O69aCbDwKP994vye95EaNSWda3UVhZXVvfKG6WtrZ3dvfM/YOW5LHApIk546LjIUkYDUlTUcVIJxIEBR4jbW98m/ntCRGS8vBBTSPiBmgYUp9ipLTUN6HjC4STc4frVHZJElcmlTRNkrh3lvZqad8sW1VrBrhM7JyUQY5G3/xyBhzHAQkVZkjKrm1Fyk2QUBQzkpacWJII4TEakq6mIQqIdJPZJik80coA+lzoEyo4U39PJCiQchp4OhkgNZKLXib+53Vj5V+7CQ2jWJEQzx/yYwYVh1ktcEAFwYpNNUFYUP1XiEdIV6N0eSVdgr248jJp1ar2ZdW6vyjXb/I6iuAIHINTYIMrUAd3oAGaAINH8AxewZvxZLwY78bHPFow8plD8AfG5w/ujZp6</latexit>

�u0v0

u⇤2

Morkovin

PIV results Ma =7.5



Increasing Re+
<latexit sha1_base64="iXx6j4eyCrDQ8H7MJolA6E/U9IU=">AAAB93icbVDLSgMxFL1TX7W+Rt0IboJFEIQyUwVdFt3orop9QKeWTJq2oZnMkGTEYai/4kbEjYJ/4S/4N6btbNp6IHA451xy7/EjzpR2nF8rt7S8srqWXy9sbG5t79i7e3UVxpLQGgl5KJs+VpQzQWuaaU6bkaQ48Dlt+MPrsd94olKxUDzoJKLtAPcF6zGCtZE69oE38MPn9FYQM6WY6I+Qh+7p42nHLjolZwK0SNyMFCFDtWP/eN2QxAEVmnCsVMt1It1OsdSMcDoqeLGiESZD3KfpZO8ROjZSF/VCaZ7QaKLO5HCgVBL4JhlgPVDz3lj8z2vFunfZTpmIYk0FmX7UiznSIRqXgLpMUqJ5YggmkpkNERlgiYk2VRXM6e78oYukXi65Z6Xy3XmxcpWVkIdDOIITcOECKnADVagBgRd4g0/4shLr1Xq3PqbRnJXN7MMMrO8/g8ySLg==</latexit>

DeGraaff and Eaton (2000)

DNS Priebe & Martin 
(2011) 

○ ◇ ☆<latexit sha1_base64="YVl/Wxyn3+ziODkRbBhVKdpWK5Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz04NXcfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmrPkZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1buquveXlfpNHkcRTuAUzsGDa6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBkAo01</latexit>

180
<latexit sha1_base64="FJho63Cw6svmYbOXP52NkgUDxvM=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9VL3LXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs1qxbuouPfn5dpNHkcBjuEEzsCDK6jBHdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gBj/Y01</latexit>

216
<latexit sha1_base64="Xh8Qy4LH4+tNN2noIRevfSB7ghI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGJXoLevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh0r1ulcsuWV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjlT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0K2XvsuzeX5RqN1kceTiBUzgHD6pQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AcaeNPg==</latexit>

279

<latexit sha1_base64="JErLqzVUh9q4gpx+ZtaZar/B+DE=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclSQouhGKblxWsQ9oQplMJ+3QySTMQyihv+HGhSJu/Rl3/o3TNgttPXDhcM693HtPlHGmtOt+Oyura+sbm6Wt8vbO7t5+5eCwpVIjCW2SlKeyE2FFORO0qZnmtJNJipOI03Y0up367ScqFUvFox5nNEzwQLCYEaytFDzQXqCxufZ93+1Vqm7NnQEtE68gVSjQ6FW+gn5KTEKFJhwr1fXcTIc5lpoRTiflwCiaYTLCA9q1VOCEqjCf3TxBp1bpoziVtoRGM/X3RI4TpcZJZDsTrIdq0ZuK/3ldo+OrMGciM5oKMl8UG450iqYBoD6TlGg+tgQTyeytiAyxxETbmMo2BG/x5WXS8mveRc29P6/Wb4o4SnAMJ3AGHlxCHe6gAU0gkMEzvMKbY5wX5935mLeuOMXMEfyB8/kDjVSQtQ==</latexit>

Re⌧ = 2220

<latexit sha1_base64="SgXEMA7Wb+kKE038aYA+Y1BKQ/Q=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KklR9CIUvXisYj8gDWWznbRLN9mwOxFK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzwlQKg6777aysrq1vbBa2its7u3v7pYPDplGZ5tDgSirdDpkBKRJooEAJ7VQDi0MJrXB4O/VbT6CNUMkjjlIIYtZPRCQ4Qyv5D9DtIMuuq261Wyq7FXcGuky8nJRJjnq39NXpKZ7FkCCXzBjfc1MMxkyj4BImxU5mIGV8yPrgW5qwGEwwnp08oadW6dFIaVsJ0pn6e2LMYmNGcWg7Y4YDs+hNxf88P8PoKhiLJM0QEj5fFGWSoqLT/2lPaOAoR5YwroW9lfIB04yjTaloQ/AWX14mzWrFu6i49+fl2k0eR4EckxNyRjxySWrkjtRJg3CiyDN5JW8OOi/Ou/Mxb11x8pkj8gfO5w8ZA5B5</latexit>

Re⌧ = 202

<latexit sha1_base64="/IUnK8nIWNaU5nM03r0sLxXl+gI=">AAACDXicbVA7T8MwGHR4lvIKMLJEFARiqJIKBGMFC2OR6ENq0spxndaq4wQ/kCorf4CFv8LCAEKs7Gz8G5y2A7ScZOl0d5/t78KUEiFd99taWFxaXlktrBXXNza3tu2d3YZIFEe4jhKa8FYIBaaE4bokkuJWyjGMQ4qb4fA695sPmAuSsDs5SnEQwz4jEUFQGqlrH/oRh0j74p5L7Scmmt+ktTrOOpUsy7TqnGZdu+SW3TGceeJNSQlMUevaX34vQSrGTCIKhWh7bioDDbkkiOKs6CuBU4iGsI/bhjIYYxHo8TaZc2SUnhMl3BwmnbH6e0LDWIhRHJpkDOVAzHq5+J/XVjK6DDRhqZKYoclDkaKOTJy8GqdHOEaSjgyBiBPzVwcNoKlHmgKLpgRvduV50qiUvfOye3tWql5N6yiAfXAAToAHLkAV3IAaqAMEHsEzeAVv1pP1Yr1bH5PogjWd2QN/YH3+AE4vnPY=</latexit>p
u02

u⇤

<latexit sha1_base64="UPQ0IOcEKVywaKC0FZcjttEVL7A=">AAACDXicbVA7T8MwGHTKq5RXgJHFoiAQQ5VUIBgrWBiLRB9Sk1aO67RWnQe2U6my8gdY+CssDCDEys7Gv8FpM0DLSZZOd/fZ/s6LGRXSsr6NwtLyyupacb20sbm1vWPu7jVFlHBMGjhiEW97SBBGQ9KQVDLSjjlBgcdIyxvdZH5rTLigUXgvJzFxAzQIqU8xklrqmUeOzxFWjnjgUjmRjmY3KTU+SbvVNE1V0j1Le2bZqlhTwEVi56QMctR75pfTj3ASkFBihoTo2FYsXYW4pJiRtOQkgsQIj9CAdDQNUUCEq6bbpPBYK33oR1yfUMKp+ntCoUCISeDpZIDkUMx7mfif10mkf+UqGsaJJCGePeQnDMoIZtXAPuUESzbRBGFO9V8hHiJdj9QFlnQJ9vzKi6RZrdgXFevuvFy7zusoggNwCE6BDS5BDdyCOmgADB7BM3gFb8aT8WK8Gx+zaMHIZ/bBHxifP0+/nPc=</latexit>p
v02

u⇤

<latexit sha1_base64="Yr5tVo7BkCoJqXMIK9tZw+y/8gY=">AAACCXicbVDNS8MwHE3n15xfVY9egkMmgqMdih6HXjxOcB+wdiPN0i0sbUqSDkbp1Yv/ihcPinj1P/Dmf2O69aCbDwKP994vye95EaNSWda3UVhZXVvfKG6WtrZ3dvfM/YOW5LHApIk546LjIUkYDUlTUcVIJxIEBR4jbW98m/ntCRGS8vBBTSPiBmgYUp9ipLTUN6HjC4STc4frVHZJElcmlTRNkrh3lvZqad8sW1VrBrhM7JyUQY5G3/xyBhzHAQkVZkjKrm1Fyk2QUBQzkpacWJII4TEakq6mIQqIdJPZJik80coA+lzoEyo4U39PJCiQchp4OhkgNZKLXib+53Vj5V+7CQ2jWJEQzx/yYwYVh1ktcEAFwYpNNUFYUP1XiEdIV6N0eSVdgr248jJp1ar2ZdW6vyjXb/I6iuAIHINTYIMrUAd3oAGaAINH8AxewZvxZLwY78bHPFow8plD8AfG5w/ujZp6</latexit>

�u0v0

u⇤2

Morkovin

• It is very difficult to measure the wall-normal 
component v’

• This is a general result for all experimental 
methods and almost all experiments

PIV results Ma =7.5



Duan, Beekman & MarSn (2011)

• DNS of turbulent boundary layers

• (small box DNS, ~10d, bigger box results soon)

• Matched Reynolds numbers (570 < Re+ < 377)

• 0.3 < Ma < 11.9 

• 1 < Tw/T∞ < 28

Morkovin

Morkovin

Morkovin

<latexit sha1_base64="2gGDM1AB3opYAu3NsuVf9SKNlhk=">AAACEHicbVC7TsMwFHV4lvIqMLJEVKhMVVKBYKxgYSwSfUhNqBzXaa06D+xrpMrKJ7DwKywMIMTKyMbf4LYZoOVIlo7OOdf2PUHKmQTH+baWlldW19YLG8XNre2d3dLefksmShDaJAlPRCfAknIW0yYw4LSTCoqjgNN2MLqa+O0HKiRL4lsYp9SP8CBmISMYjNQrVbxQYKI9eS9Ae4mJTm7SWlWyu1qWZVr1PMAq65XKTtWZwl4kbk7KKEejV/ry+glREY2BcCxl13VS8DUWwAinWdFTkqaYjPCAdg2NcUSlr6cLZfaxUfp2mAhzYrCn6u8JjSMpx1FgkhGGoZz3JuJ/XldBeOFrFqcKaExmD4WK25DYk3bsPhOUAB8bgolg5q82GWLTEJgOi6YEd37lRdKqVd2zqnNzWq5f5nUU0CE6QifIReeojq5RAzURQY/oGb2iN+vJerHerY9ZdMnKZw7QH1ifPy43npE=</latexit>p
u02

u⌧

<latexit sha1_base64="X5bW9XJL6GC8W8b5wNSxxl2PnvQ=">AAACEHicbVC7TsMwFHXKq5RXgZElokJlqpIKBGMFC2OR6ENqQuS4TmvVeWDfVKqsfAILv8LCAEKsjGz8DU7bAVqOZOnonHNt3+MnnEmwrG+jsLK6tr5R3Cxtbe/s7pX3D9oyTgWhLRLzWHR9LClnEW0BA067iaA49Dnt+KPr3O+MqZAsju5gklA3xIOIBYxg0JJXrjqBwEQ58kGAcmIdzW9SalzN7utZlqnUcwCnmVeuWDVrCnOZ2HNSQXM0vfKX049JGtIICMdS9mwrAVdhAYxwmpWcVNIEkxEe0J6mEQ6pdNV0ocw80UrfDGKhTwTmVP09oXAo5ST0dTLEMJSLXi7+5/VSCC5dxaIkBRqR2UNByk2Izbwds88EJcAnmmAimP6rSYZYNwS6w5IuwV5ceZm06zX7vGbdnlUaV/M6iugIHaNTZKML1EA3qIlaiKBH9Ixe0ZvxZLwY78bHLFow5jOH6A+Mzx8vyp6S</latexit>p
v02

u⌧

<latexit sha1_base64="HekF66CJrqQsmaHlWMRFsBrmfIc=">AAACEHicbVC7TsMwFHXKq5RXgZElokJlqpIKBGMFC2OR6ENqQuS4TmvVeWDfgCorn8DCr7AwgBArIxt/g9tmgJYjWTo651zb9/gJZxIs69soLC2vrK4V10sbm1vbO+XdvbaMU0Foi8Q8Fl0fS8pZRFvAgNNuIigOfU47/uhy4nfuqZAsjm5gnFA3xIOIBYxg0JJXrjqBwEQ58k6AcmIdndyk1EM1u61nWaZSzwGcZl65YtWsKcxFYuekgnI0vfKX049JGtIICMdS9mwrAVdhAYxwmpWcVNIEkxEe0J6mEQ6pdNV0ocw80krfDGKhTwTmVP09oXAo5Tj0dTLEMJTz3kT8z+ulEJy7ikVJCjQis4eClJsQm5N2zD4TlAAfa4KJYPqvJhli3RDoDku6BHt+5UXSrtfs05p1fVJpXOR1FNEBOkTHyEZnqIGuUBO1EEGP6Bm9ojfjyXgx3o2PWbRg5DP76A+Mzx8xXZ6T</latexit>p
w02

u⌧

What about DNS?

Profiles collapse in Morkovin scaling, for all 
three components, even at Ma = 12
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One-dimensional energy equation: h0 = h+
1
2U

2

Wu & Mar(n (2004)

DNS

Smith & Smits (1993)

<latexit sha1_base64="ilsivq/O3gDi60o70DryZibUXzc=">AAACAHicbVC7TsMwFL3hWcorwMDAYlEhmKoE8RorWBiL1JfURJXjOq1Vx4lsB6mKsvArLAwgxMpnsPE3uG0GaDmSpaNzzrV9T5BwprTjfFtLyyura+uljfLm1vbOrr2331JxKgltkpjHshNgRTkTtKmZ5rSTSIqjgNN2MLqb+O1HKhWLRUOPE+pHeCBYyAjWRurZh14oMckap3nmxSY4uSdr5HnPrjhVZwq0SNyCVKBAvWd/ef2YpBEVmnCsVNd1Eu1nWGpGOM3LXqpogskID2jXUIEjqvxsukCOTozSR2EszREaTdXfExmOlBpHgUlGWA/VvDcR//O6qQ5v/IyJJNVUkNlDYcqRjtGkDdRnkhLNx4ZgIpn5KyJDbBrRprOyKcGdX3mRtM6r7lX18uGiUrst6ijBERzDGbhwDTW4hzo0gUAOz/AKb9aT9WK9Wx+z6JJVzBzAH1ifP4uelwo=</latexit>

T 0

T

<latexit sha1_base64="2y7BEGGKE9j1Ks7VLsYmd1wCNLs=">AAACAHicbVA7T8MwGHTKq5RXgIGBxaJCMFUJ4jVWsDAWibSVmqhyXKe16tiR7SBVURb+CgsDCLHyM9j4NzhtBmg5ydLp7j7b34UJo0o7zrdVWVpeWV2rrtc2Nre2d+zdvbYSqcTEw4IJ2Q2RIoxy4mmqGekmkqA4ZKQTjm8Lv/NIpKKCP+hJQoIYDTmNKEbaSH37wI8kwll6kme+MMHinszL875ddxrOFHCRuCWpgxKtvv3lDwROY8I1ZkipnuskOsiQ1BQzktf8VJEE4TEakp6hHMVEBdl0gRweG2UAIyHN4RpO1d8TGYqVmsShScZIj9S8V4j/eb1UR9dBRnmSasLx7KEoZVALWLQBB1QSrNnEEIQlNX+FeIRMI9p0VjMluPMrL5L2WcO9bFzcn9ebN2UdVXAIjsApcMEVaII70AIewCAHz+AVvFlP1ov1bn3MohWrnNkHf2B9/gDBOJcs</latexit>

u0

U

<latexit sha1_base64="TPbVgFI+6dt/SuVAKLtPGEsQSBI=">AAACCnicbVDLSsNAFJ3UV62vqEs3o63gQmJStOpCKLpxI1SwD2hLmUwmzdDJg5mJGELXbvwVNy4UcesXuPNvnLZZaOuBC4dz7uXee+yIUSFN81vLzc0vLC7llwsrq2vrG/rmVkOEMcekjkMW8paNBGE0IHVJJSOtiBPk24w07cHVyG/eEy5oGNzJJCJdH/UD6lKMpJJ6+m7Hs8OH9AZhD5aN80NYSo46DmESwQtoGpXSsKcXTc McA84SKyNFkKHW0786TohjnwQSMyRE2zIj2U0RlxQzMix0YkEihAeoT9qKBsgnopuOXxnCfaU40A25qkDCsfp7IkW+EIlvq04fSU9MeyPxP68dS/esm9IgiiUJ8GSRGzMoQzjKBTqUEyxZogjCnKpbIfYQR1iq9AoqBGv65VnSKBtWxTi5PS5WL7M48mAH7IEDYIFTUAXXoAbqAINH8AxewZv2pL1o79rHpDWnZTPb4A+0zx8Bh5fp</latexit>

Mach 2.9, y/� = 0.6

<latexit sha1_base64="xYwWV4mh/z8DujlkiHaPWiQXe50=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPcUbcjkEvHiOYBZIh9PTUJE16Frt7hGHIT3jxoIhXf8ebf2MnmYMmPih4vFdFVT0vEVxp2/62lpZXVtfWSxvlza3tnd3K3n5Lxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9ka3E7/9hFLxOHrQWYJuSAcRDzij2kid7LTno9C0X6naNXsKskicglShQKNf+er5MUtDjDQTVKmuYyfazanUnAkcl3upwoSyER1g19CIhqjcfHrvmBwbxSdBLE1FmkzV3xM5DZXKQs90hlQP1bw3Ef/zuqkOrt2cR0mqMWKzRUEqiI7J5Hnic4lMi8wQyiQ3txI2pJIybSIqmxCc+ZcXSeus5lzWLu7Pq/WbIo4SHMIRnIADV1CHO2hAExgIeIZXeLMerRfr3fqYtS5ZxcwB/IH1+QPhwo/i</latexit>

y/�

<latexit sha1_base64="P9DCGlEgGScURJo+kiDPWxVmT5M=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx6j5AXJEmYnnWTI7OwyMyuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090VxIJr47rfTm5ldW19I79Z2Nre2d0r7h80dJQohnUWiUi1AqpRcIl1w43AVqyQhoHAZjC6m/rNJ1SaR7JmxjH6IR1I3ueMGis1zx67aVKbdIslt+zOQJaJl5ESZKh2i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2fnTsiJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+jd+ymWcGJRsvqifCGIiMv2d9LhCZsTYEsoUt7cSNqSKMmMTKtgQvMWXl0njvOxdlS8fLkqV2yyOPBzBMZyCB9dQgXuoQh0YjOAZXuHNiZ0X5935mLfmnGzmEP7A+fwBESmPaQ==</latexit>�RuT

Strong Reynolds Analogy between temperature and velocity
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Perfect gas with T 0
0 = 0 �! Trms

T
= (� � 1)M2 urms

U
,

RuT =
u0T 0

urmsTrms
= �1

Experiment



Meinhart &
 Adrian (1995) 

Re+ ⇡ 2600
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Adrian, Meinhart & Tomkins (1999)

• Number of UMZ’s scales 
logarithmically with Re+

• But not as fast as the 
number of hierarchies

de Silva, Hutchins & 
Marusic (2016) 

Unform momentum zones (UMZ)



Meinhart &
 Adrian (1995) 

Re+ ⇡ 2600
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Adrian, Meinhart & Tomkins (1999)

de Silva, Hutchins & 
Marusic (2016) 

Unform momentum zones (UMZ)

Incompressible flow
Mach = 0
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Re⌧ ⇡ 8000



Meinhart &
 Adrian (1995) 

Adrian, Meinhart & Tomkins (1999)

Unform momentum zones (UMZ)

Hypersonic flow
Mach 7.5

Williams, Sahoo, Baumgartner & Smits (2018)

Mach 7.5
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Re⌧ ⇡ 2600
<latexit sha1_base64="P9PVr22d1GEnaYejpozjFynGPWU=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaT46LLoxmUV+4AmhMl00g6dzISZiRhC/RU3LhRx64e482+ctllo64ELh3Pu5d57woRRpR3n21pZXVvf2Cxtlbd3dvf27YPDjhKpxKSNBROyFyJFGOWkralmpJdIguKQkW44vp763QciFRX8XmcJ8WM05DSiGGkjBXbljgSeRin0UJJI8QjrDSewq07NmQEuE7cgVVCgFdhf3kDgNCZcY4aU6rtOov0cSU0xI5OylyqSIDxGQ9I3lKOYKD+fHT+BJ0YZwEhIU1zDmfp7IkexUlkcms4Y6ZFa9Kbif14/1VHDzylPUk04ni+KUga1gNMk4IBKgjXLDEFYUnMrxCMkEdYmr7IJwV18eZl06jX3onZ+e1ZtXhVxlMAROAanwAWXoAluQAu0AQYZeAav4M16sl6sd+tj3rpiFTMV8AfW5w9xKZP/</latexit>

Re⌧ ⇡ 280



Superstructures (VLSMs)

Atmospheric boundary layer 
Hutchins & Marusic (2007)

Mach 2 
Ganapathisubramani, et al. (2006)

Spanwise spacing  ≈d (may increase 
with Mach number (Bross et al. 2021)

Mach 0.3 Mach 2.0



Beyond flat plate boundary layers

• Van Driest and Morkovin work well for flat plate boundary layers

• What about “real” world effects?
– Tripping effects
– TransiSonal effects
– Surface curvature
– Görtler vorSces

• What about complex flows?
– Shock wave boundary layer interacSons 
– Superstructures
– Görtler vorSces



Tripping effects

P40 grit sandpaper, 6mm 
and 10 mm threaded rod, 
matched Ret ≈ 11000 

Marusic et al. (2015)
Subsonic flow

Coles (1962)

Williams & Smits (2017)

Mach 7.6
Pin type s:mulator trip 

Optimum trip size



• Hyper-X tripping at Mach 6, a = 2o

Berry et al. (2001)

Cri=cal roughness

Effec=ve roughness

Tripping effects

No trip



Upstream history effects

• Periodic roughness upstream of the throat 
at Mach 2.3

• Vortex generation in subsonic flow
– Subsonic experiment, following development of 

streamwise vortices on a wind tunnel wall
– TG vortices form in the contraction, with l ≈ 2d, 

persisting into the working section through 
transition

– As the boundary layer grows, the vortices appear 
to pair so as to maintain l ≈ 2d, so their number 
decreases with downstream distance

d = 5 mm

d = 11 mm
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Dussauge & Piponniau (2008)

Mach 2.3
Smith (1993)

2d
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Re⌧ = 4100



Murphree et al. (2006)

M = 5, upstream boundary layer

TurbulentTransi:onalLaminar

M = 5, upstream of SWBLI

• Organized, longitudinal structures in 
turbulent boundary layer appear to 
originate at specific spanwise loca_ons

• Long-las_ng

• Organized, longitudinal 
structures ripple the 
separa_on line ahead of 
cylinder interac_on

Transi<onal structures in boundary layers

No tripping No tripping



Shock-wave boundary layer interac<ons (SWBLI)

• Pressure gradient

• Shock-induced separaSon

• Streamline curvature effects

• Transverse curvature effects

• Upstream history effects, iniSal condiSons

• Reynolds number effects

• Unsteadiness

• Three-dimensionality

• Asymmetry

Dolling 2001; Délery & Dussauge 2009; Babinsky & 
Harvey 2011; Gaitonde 2015

Bookey et al. (2001) 10o sharp fin at Mach 8

Gaitonde (2013)

Dupont et al. (2005) 9.5o reflected shock at 
Mach 2.3



• Intense shock unsteadiness

• Shock splits and ripples

• Strong shocks lead to separation

• Shock interacts with boundary layer to 
amplify turbulence

• Peaks occur in friction and heat transfer

Shock-wave boundary layer interac<ons (SWBLI)



Unsteadiness of SWBLI and superstructures

• Shock moSon in SWBLI increases with shock 
strength

• Can lead to severe unsteady pressure and heat 
loading

• In unseparated flows, VLSM + TG vorSces

• In separated flows, VLSM + shear layer 
instability + TG vorSces

Dolling & Or (1985)

24o

Mach 3



500 KHz sequen?al images of using 
FRS (Miles et al.)

MHz rate pulse-burst laser,
coupled with MHz rate
CCD framing camera (PSI)

side view

plan view

SWBLI at Mach 2.5 



FRS visualiza<ons 8o compression corner at Ma = 7.2

Images are 
6.5 x 1.8d 
(d = 11 mm)

Filtered 
Rayleigh 
Sca;ering

Bookey, Wyckham, Smits & Mar_n, AIAA 2005 



PIV data for 8o and 33o compression corners at Ma = 7.2

Schreyer, Sahoo, Williams & Smits, AIAAJ 2018 

8o corner 33o corner



• Progressively larger amplificaSon through the shock
• Morkovin scaling no longer works

PIV data for 33o compression corner at Ma = 7.2



• Progressively larger amplificaSon through the shock
• Morkovin scaling no longer works

PIV data for 33o compression corner at Ma = 7.2



Superstructures in supersonic flows

Mach 2 flat plate boundary layer  
Ganapathisubramani, et al. (2006; 2007)

Mach 2 compression ramp 20o

Ganapathisubramani, et al. (2007)
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corner

Bookey et al. (2005); Schreyer et al. (2011); Priebe & MarLn (2021)

FRS

Ma = 7.2
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Superstructures and SWBLI

DNS

Superstructures modulate the shock and 
cause unsteadiness (unseparated flows)

Mach 7.2 compression 
ramp 8o



Souverein et al. (2009, 2013); Piponniau et al. (2009)

Unsteadiness of separated SWBLI

• Shock moSon and unsteadiness in SWBLI 
increases with shock strength

• In unseparated flows, the superstructures 
appear to be the prime cause of the shock 
moSon (relaSvely high frequencies)

• In separated flows, there is a large-scale, slow 
pulsaSon of the separaSon bubble (relaSvely 
low frequencies)

• PulsaSon related to the entrainment of fluid 
into the mixing layer feeding the separaSon 
bubble

• Leads to a mass balance model of SWBLI 
interacSons and a separaSon criterion based on 
Ma, Re, and turning angle



• Convex curvature is stabilizing
• Expected to promote separaSon
• Slow recovery

• Concave curvature is destabilizing
• Expected to delay separaSon
• Non-monotonic flow recovery
• Appearance of TG vorSces

Effect of short regions of curvature on turbulent boundary layers

Smits, Young & Bradshaw (1979)

concave

convex

30o

downstream

upstream

concave
30o

30o

Concave streamline curvature and Görtler vor<ces



SWBLI Mach 2.9, 8o to 24o

SeUles et al. (1979)

Roshko & Thomke (1966)
Shamroth & MacDonald (1970)

Mach 3.2

Concave streamline curvature and Görtler vor<ces

Ginoux (1971)

Mach 5.8

“Therefore, although one can conceive that orderly arrays of pairs 
of counter-rotating vortices of the Gortler type, existing in the 
free shear layers as a result of streamline curvature, imply this 
type of flow attachment, one can also conceive that vortices are 
being developed as a result of this being the only possible type of 
attachment in the presence of any weak initial disturbance in the 
approaching boundary layer.” (Ginoux 1971)
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Turbulent boundary layer 
compression ramp interacSons (LES)

Helm & MarLn (2021)

Ma = 10
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Superstructures and separated SWBLI



Schulein & Tromifov 2011 (Mach 5)

• Longitudinal vorSces, iniSated at the leading 
edge, survive for long distances, O(104h)

• The total number, dimension and type of 
installed vortex generators define the number 
of vortex pairs generated downstream 

No trip Vortex generators



VG control for 33o compression corner at Ma = 7.2

Base case
(no VG)

Along LS1

Along LS2

LES

Schreyer et al. (2016, 2021)



Currao et al. (2020)

M = 5.8

• Boundary layer transi_ons to turbulent on shock 
impingement

• Taylor-Görtler vor_ces form almost immediately 
• Heat flux varies by ±15%
• Missed by RANSTemperature 

plan view

Separa<on by reflected shock Mach 5.8



Helium injec<on in Mach 8 turbulent boundary layer

• Streaks mark longitudinal structures that seem to 
be triggered by upstream disturbances

• Long-las_ng effects on downstream flows

Auvity et al. (2001)

Helium 
injec:on 
slot

J = 0 J = 0.13

J = 0.16

• Organized, longitudinal structures in turbulent boundary 
layer are formed in region of helium injec_on

• Taylor-Görtler vor_ces due to concave curvature caused 
by injec_on

M = 8
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Görtler number

You et al. (2021)

• Taylor-Görtler vor_ces in laminar, incompressible 
flows with concave streamline curvature are seen 
to occur when (Liepmann, Schlich_ng, Dryden)

<latexit sha1_base64="KVvEF9QzXlxiB2TIfjofe8atMbY=">AAACH3icbZDJSgNBEIZ73I1b1KOXxiB4kDAjGvWgiB70GIMxQmYIPZ2apLFnsbtGCMO8iRdfxYsHRcSbb2NnEdx+aPj4q4rq+v1ECo22/WGNjU9MTk3PzBbm5hcWl4rLK1c6ThWHOo9lrK59pkGKCOooUMJ1ooCFvoSGf3ParzfuQGkRR5fYS8ALWScSgeAMjdUqVs5aLnYBGT2kNfhiV98qzNxAMZ4NrTyr5Tl16RFtVrYOvFaxZJftgehfcEZQIiNVW8V3tx3zNIQIuWRaNx07QS9jCgWXkBfcVEPC+A3rQNNgxELQXja4L6cbxmnTIFbmRUgH7veJjIVa90LfdIYMu/p3rW/+V2umGOx7mYiSFCHiw0VBKinGtB8WbQsFHGXPAONKmL9S3mUmFTSRFkwIzu+T/8LVdtmplHcvdkrHJ6M4ZsgaWSebxCF75JickyqpE07uySN5Ji/Wg/VkvVpvw9YxazSzSn7I+vgEuX2iJQ==</latexit>

G✓ = Re✓

r
✓

R
> [6, 9]

• For turbulent, incompressible flows with concave 
streamline curvature, Tani (1962) suggested

DNS
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with ⌫T = 0.018U1�⇤ (Clauser)

• For turbulent, compressible flows with concave 
streamline curvature, Smits & Dussauge (2006) 
suggested incorpora_ng compressible forms of H and q

• For a given d, H increases faster than q decreases with 
M, so the Görtler number decreases with M

• Boundary layers more stable to concave curvature
<latexit sha1_base64="0lFXdrCCaUibi5Bqz70xdkMuz8A="></latexit>

still holds with ⌫T / U1�⇤i (Maise & McDonald)

Are these simple ideas correct? 



Separa<on on cylinder/flare Mach 5

Benay et al. (2006)

M = 5, axisymmetric flare/cone
• Taylor-Görtler vor_ces present in all casesOil flow visualization in natural transition
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What about turbulence modeling (RANS)?

Skin fric?on at Ma = 8

Roy & BloPner (2006)

Flat plate Sharp cone



Heat transfer at Ma = 8

Sharp cone

Flat plate

What about turbulence modeling (RANS)?

Roy & BloPner (2006)



34o compression corner at Ma = 9.2 (separated)

Wall pressure Heat transfer

Roy & BloPner (2006)



Summary

• Zero pressure gradient, smooth wall flows appear to follow Van Driest/Morkovin scaling for 
mean flow and turbulence

• Shock-wave boundary-layer interactions are inherently unsteady, with large fluctuations in wall 
pressure and heat transfer 

• SWBLI can cause very large amplifications of turbulence
• RANS models not reliable for SWBLI, especially at high Mach number



• Increasing Mach number generally coupled with decreasing Reynolds number
– perfect for DNS (or high-resoluSon LES)

• High Mach number experiments must be designed for DNS

• Experiment and DNS/LES must be done at the same Reynolds number

• Need to expand our interests to include 
– heat transfer, roughness, film cooling
– ablaSon, wall catalysis, pyrolysis, real gas effects, chemistry

– curvature, pressure gradient, three-dimensionality

• Diagnos?cs are crucial to everything (understanding, modeling, valida?on, etc.), 
especially for turbulence

– New diagnosScs for tw’, q’, species, reacSon rate?

Remarks



• Flows with pressure gradients
– What cons_tutes a canonical experiment?
– Is there one or more characteris_c parameters?
– Predic_on of separa_on on smoothly varying surfaces is s_ll a major challenge
– Data base is scaQered, not systema_c nor complete

• Turbulence Modelling
– LES for separated flows well-established
– RANS-DES easy for fixed separa_on point, hard for smoothly varying surfaces
– LES wall func_ons necessary to make progress – lots of work needed
– RANS for compressible flows, especially SWBLI (including transonic flows with possible separa_on)
– Hypersonic flows

• Reduced order modeling 
– Resolvent analysis (McKeon)
– Linear models (Gayme)

• Machine learning/AI
– Can only be effec_ve if there is a large-enough database

Opportuni<es



Incompressible turbulence

• Canonical turbulent flows
– Grid turbulence
– Jets and wakes
– Fully-developed flows (channel, pipe, CoueUe, Ekman, Taylor-CoueUe)
– Flat plate boundary layers, smooth or rough walls

• Perturba0ons in boundary condi0ons
– Roughness, heat transfer
– Step changes, impulsive changes

• Pressure gradients
• Complex flows

– Streamline curvature (convex and concave)
– Streamline convergence and divergence
– Rota=on (turbulent vortex flows)
– Stra=fica=on (stable or unstable)

• Bodies of revolu0on (concurrent complex flows)
• Separa0on

– Sudden (backward facing step, sharp edges)
– Gradual (slowly varying flows)

• Flows with chemistry (mixing)
• Noise genera0on and transmission
• Flow control

Applied CCM



• Canonical turbulent flows
– Grid turbulence
– Jets and wakes
– Channel, pipe
– Flat plate boundary layers, smooth or rough walls

• Perturbations in boundary conditions
– Roughness, heat transfer
– Step changes, impulsive changes

• Pressure gradients
• Complex flows

– Streamline curvature (convex and concave)
– Streamline convergence and divergence
– Rotation (turbulent vortex flows)
– Stratification (stable or unstable)

• Separation
– Sudden (backward facing step, sharp edges)
– Gradual (slowly varying flows)

• Shock-wave boundary layer interactions (2D and 3D)
• Flows with chemistry
• Noise generation and transmission

Compressible turbulence

Mach 5.6 (Canning, NASA-Ames)



Some opportuni<es in turbulence

• Scalar transport
- Contaminants, food or prey, pheromones

• Two-phase flows
- Par_cle/bubble tracking (Lagrangian dynamics)
- Cloud forma_on, plankton upwelling
- Sediment, dust transport 

• Atmospheric/geophysical flows
- Stable (night _me), unstable (convec_ve, day _me)
- Rota_ng flows (Coriolis)
- Heat, mass and momentum fluxes
- Step changes (leads and polynyas)

• StraSfied turbulence

Experiment, DNS, LES

Golden age of turbulence
Rapidly improving experiment and computaSon
DemocraSzaSon of experiment and computaSon

New faciliSes, new ideas
Need courage to move beyond canonical flows



Ques2ons?


