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•  General comments  on high-speed turbulent flows 

•  Compressibility effects in shear layers 
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•  Summary 



 
 

Introduction:   High-speed turbulent flows  

•  Common place in aerospace applications - 
       from transonic, supersonic and hypersonic aerodynamics  
        to propulsion, rocket launch, reentry and descent 
•  RANS CFD has dominated engineering analysis and design 
•  Turbulence resolving simulations are impacting recent 

developments (in 10+ years)   

Kawai & Lele 2010, AIAA J, Vol. 48 Morgan, Duraisamy & Lele, JFM, 2013 

Olson & Lele, Phys. Fluids, 25, 110809 (2013); doi: 10.1063/1.4819349 



A Glimpse of other compressible turbulent flows 
 

Solar convection 
Supernova collapse 
Intersteller density fluctuations 
Inertial confinement fusion 

Inertial confinement fusion by shock-induced 
implosion of a deuterium/tritium capsule 

Source: lasers.llnl.gov/programs/nic/icf/ 

Source: flash.uchicago.edu 

Supernova explosion 



Compressibility Effects on Turbulence - Fundamentals  
Flow Physics of Supersonic Mixing         
Suppression of mechanical mixing    
Brown & Roshko (1974), Bogdonoff (1983), Papamoschou & Roshko (1986) 
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FIGURE 12 Turbulent shear layer. ( a )  Stationary frame of reference, (0) convective frame of 
reference with sketches of streamlines after Coles (1981). 

Since large structures are also present in compressible turbulent shear layers, a frame 
of reference moving with U,. where U, is the velocity of the dominant waves and 
structures, appears to be the most suitable one in which to discuss the flow. 
Accordingly, we define the convective Mach numbers of a turbulent shear layer as 
follows : 

An idealized view of the large-scale structure, shown on figure 12(a), leads to 
Bogdanoffs (1983) formulation of a pressure boundary condition by which the 
convective U, is calculated. It is implicit in Cole's (1981) sketches of streamlines in 
the moving coordinates of the large structures, depicted on figure 12 ( b ) ,  and was first 
suggested to us by P. E. Dimotakis (private communication and 1986). In this 
coordinate system, there is a saddle point between the structures; it is a common 
stagnation point for both streams, thus implies equality of total pressures in the two 
streams in that systemn. For equal static pressures and assuming steady flow this 
results in 

For M,, and MC2 not very large and y1 and y2 not greatly different, (5) can be 
approximated by 
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FIGURE 15. Model for visual growth of incompressible shear layer. Circle and square data points 
from Brown & Roshko (1974) for p2/p ,  = 7 and 3 respectively ; triangle from Dimotakis & Brown 
(1976) for p2/p1 = 1 .  
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M,,, starting at  subsonic values of M,,. This contrasts with some earlier views that 
the decline of growth rate would come abruptly, immediately after some relative 
Mach number becomes supersonic (Cosner 1976). The general features of this curve, 
particularly the flattening a t  large values of M,,, are similar to those of 
Gropengiesser 's curve (figure 1 1 ) . 

Assuming that (15) is approximately valid, a t  a given value of M,, the effects of 
density ratio and velocity ratio on the growth rate are similar to those in an 
incompressible shear layer, given by (14) : the growth rate is smaller when the heavier 
gas is on the high-speed side and greater when the heavier gas is on the low-speed 
side; the growth rate increases with decreasing velocity ratio, i.e. with increasing 
free-stream-velocity difference. 

The same type of correlation used with the present growth rates can be applied to 
the growth rates measured by previous investigators. The experimental data are 

36 M. D. Slessor, M. Zhuang and P. E. Dimotakis

This proposal was corroborated by the results of linear-stability analysis by Ragab
& Wu (1987, 1988, 1989), who correlated shear-layer growth with the most-unstable-
mode eigenvalue, i.e.

�↵i,max / �0(x), (4)

over a limited free-stream-density-ratio range. They concluded that the convective
Mach numbers proposed by Papamoschou & Roshko (1986, 1988),

Mc,1 =
U1 � Uc

a1
and Mc,2 =

Uc � U2

a2
, (5)

where Uc is an appropriate convection velocity of turbulent structures, provide useful
compressibility-scaling parameters and correlate shear-layer growth rate and com-
pressibility. Sandham & Reynolds (1989) proposed that shear-layer growth could
be modelled in terms of the most-unstable eigenvalue for a particular shear-layer
base-flow profile. Further linear-stability analyses by Zhuang, Dimotakis & Kubota
(1990a), Zhuang, Kubota & Dimotakis (1990b) and Zhuang (1990), for a range of
flow parameters and geometry, provided additional support for this proposal.

An issue in the parametrizations above is the choice of the convection velocity,
Uc, which is not unique. For nearly matched free-stream specific-heat ratios, i.e.
for �1 ' �2, equation (5) yields Mc,1 ' Mc,2 ' Mc, if the convection velocity is
estimated using the isentropic pressure-recovery model of Papamoschou & Roshko
(1988). Other choices have also been argued for. They include the phase speed of
the (linearly) most-unstable mode (Ragab & Wu 1989), its phase speed at a point in
its (linear) evolution corresponding to neutral stability (Sandham & Reynolds 1989),
its phase speed as modified by reflected-/resonant-wave systems in bounded shear
layers (Tam & Hu 1989; Zhuang et al. 1990b), or, for more complicated mixing-
layer flows, e.g. shear layers with wake components, the phase speed of the most
unstable mode, in each case (Zhuang & Dimotakis 1995). Finally, for supersonic
shear layers that can support shocks between convected turbulent structures and the
respective free streams (Papamoschou 1989; Dimotakis 1989, 1991a, b; Papamoschou
& Bunyajitradula 1996), models for the convective speed of turbulent structures in
the presence of shocks (Dimotakis 1991b) provide yet another alternative.

Estimates for �0
0(x) = �0(x;Mc ! 0), the incompressible-flow growth used to

normalize the compressible-flow growth rate, have typically relied on the Brown
(1974) temporal-growth model, or the Dimotakis (1986) spatial-growth model, i.e.

�0
0(x; r, s) ' C�

(1 � r)(1 + s1/2)

2(1 + s1/2r)

⇢
1 � (1 � s1/2)/(1 + s1/2)

1 + 2.9(1 + r)/(1 � r)

�
, (6)

where C� is assumed to be a constant (independent of r and s). The Brown (1974)
temporal-growth model yields a similar estimate, with the exception of the term in
braces, which stems from spatial-growth asymmetries.

The Brown & Roshko (1974) experimental data provide a good assessment of
density-ratio e↵ects, with values for �0

0 reported for 1/7 6 s 6 7 and 0 6 r 6
p

1/7.
The velocity- and density-ratio dependence prediction of the two models (filled and
open symbols) are compared and tested against the Brown–Roshko growth-rate data
in figure 1. The model predictions were computed as �0

0/C� (cf. equation (6)), i.e.
assuming no particular value for C� . The model predictions are seen to be close to
each other and to provide reasonably good estimates of incompressible shear-layer
growth, with no systematic deviation from the experimental values as a function of
the free-stream density ratio, s. The straight line in figure 1 is a least-squares fit

Factor of 5 

Mc    = (U1 – U2)/(C1+ C2) 
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Compressibility Effects on Turbulence - Fundamentals  
Absence of significant effects in Supersonic/Hypersonic TBLs 
Morkovin (1962), Bradshaw (1977), Smits & Dussauge (1986) 
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Figure 4. Van Driest transformed velocity for different free-stream Mach number cases.

PIV measurements at such a high Mach number, and this is the first direct comparison
between a DNS and an experiment at Mach number greater than 5.

3. Turbulence statistics
For all cases, averages are computed over streamwise and spanwise directions of

each field; then an ensemble average is calculated over fields spanning over more
than 20δ/uδ , with uδ being the boundary-layer edge velocity. Using periodic boundary
conditions, the change in (δ∗, uτ , Cf ) across the fields for ensemble averaging is less
than 5 % and the flow can be viewed as a good approximation of a boundary layer
at a static station (see Xu & Martı́n 2004).

3.1. Mean flow

Figure 4 plots the van Driest transformed velocity ŪV D , for different Mach number
cases, which is defined as

ŪV D =
1

ūτ

∫ U

0

(Tw/T )1/2 dU. (3.1)

The profiles of ŪV D for various Mach number cases collapse extremely well. The
log region can be very well described by (1/κ)logz+ + C, with κ = 0.41 and C = 5.2.

One of the commonly used temperature–velocity relationships for zero-pressure-
gradient boundary layers is Walz’s equation or Crocco’s relation (Walz 1969):

T̄

T̄δ

=
T̄w

T̄δ

+
T̄r − T̄w

T̄δ

(
ū

ūδ

)
+

T̄δ − T̄r

T̄δ

(
ū

ūδ

)2

. (3.2)

Figure 5 shows the comparison between (3.2) and DNS results. It is shown that
there is excellent agreement for all the Mach number cases.

3.2. Turbulence quantities

Figure 6(a–f ) plots turbulence intensities and density-weighted intensities in
streamwise, spanwise and wall-normal directions across boundary layers for different
free-stream Mach number cases. It is shown that turbulence intensities decrease with
free-stream Mach number for all directions, and a much better collapse of the data
is achieved by Morkovin’s scaling, which takes into account the variation in mean
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Case Mδ ρδ (kgm−3) Tδ (K) Tw/Tδ Reθ Reτ Reδ2 θ (mm) H δ (mm)

M0 0.30 0.0900 220.0 1.00 1514.7.6 569.9 1515.2 2.76 1.41 23.0
M3 2.97 0.0910 219.9 2.51 3028.6 486.9 1586.7 0.619 5.09 8.85
M4 3.98 0.0902 219.2 3.83 4093.7 438.2 1587.4 0.658 8.01 12.0
M5 4.90 0.0962 224.4 5.31 4931.7 416.5 1578.0 0.682 11.29 15.1
M6 5.81 0.0990 230.7 7.02 5775.1 412.8 1582.2 0.730 15.4 19.7
M7 6.89 0.0929 224.2 9.49 7207.3 391.7 1586.4 0.838 20.2 28.1
M8 7.70 0.0990 232.8 11.2 7508.3 397.5 1577.5 0.861 24.2 31.8
M12 11.93 0.0906 228.0 27.6 11356.4 376.8 1577.5 1.33 46.1 84.7

Table 1. Dimensional boundary-layer edge and wall parameters for the DNS database.

the turbulent kinetic energy budget are given in §§ 4 and 5, respectively. The effect
of compressibility is investigated in § 6. Turbulence structure analysis is given in § 7.
Finally, conclusions are drawn in § 8.

2. Simulation details
2.1. Flow conditions

To study Mach number effects, we use a DNS database of turbulent boundary
layers (Martı́n 2004, 2007) with nominal free-stream Mach numbers ranging from
3 to 12, with an additional incompressible reference case. The boundary-layer edge
conditions and wall parameters for the DNS database are given in table 1, which
provides boundary-layer edge Mach number, density and temperature, Mδ , ρδ and Tδ ,
respectively, and boundary-layer properties, namely momentum thickness θ , shape
factor H = δ∗/θ , with δ∗ being the displacement thickness, boundary-layer thickness δ,
and different definitions of Reynolds number, where Reθ ≡ ρδuδθ/µδ , Reτ ≡ ρwuτ δ/µw

and Reδ2 ≡ ρδuδθ/µw . We have used subscripts δ and w to denote quantities at the
boundary-layer edge and at the wall, respectively. Here uτ is the friction velocity
defined as uτ =

√
τw/ρw , with τw being the wall shear stress. For all cases, the wall

condition is isothermal and prescribed to be nearly the adiabatic temperature.
To isolate the effect of varying free-stream Mach number, it is desirable to match

the Reynolds number of the different cases. Here, we keep Reτ and Reδ2 nearly
constant, with insignificant variation of Reθ across the cases.

2.2. Numerical simulation parameters

Following Martı́n (2007), the computational domain size and grid resolution are
determined based on the characteristic large length scale, δ, and the characteristic
small, near-wall length scale zτ , respectively. The computational domain must be large
enough to contain a good sample of the large scales, while the grid resolution must
be fine enough to resolve the near-wall structures. The domain size (Lx ×Ly ×Lz),
the grid size (%x ×%y ×%z) and the number of grid points (Nx ×Ny ×Nz) are
given in table 2. We take the streamwise, spanwise and wall-normal directions to
be x, y and z, respectively. Uniform grids are used in the streamwise and spanwise
directions as %x+ and %y+, where the superscript (+) indicates scaling with inner
or wall values. Geometrically stretched grids are used in the wall-normal direction,
with zk = z2(αk−1 − 1)/(α − 1). The governing equations, numerical method, boundary
conditions and initialization procedure are given in Martı́n (2007). The working fluid
is calorically perfect air.

DNS  Duan & Martin, JFM (2011) 
026102-2 A. Trettel and J. Larsson Phys. Fluids 28, 026102 (2016)

U
+
VD =

⌅ u+

0

 
⇢̄

⇢w

!1/2

du
+, (2)

where u
+ = u/u⌧. The transformation adjusts the velocity gradient by the factor

p
⇢̄/⇢w, which

is derived by dimensional reasoning in the log-layer. The transformed velocity is then used in
Equation (1) with the coordinate y+ = y ⇢w

p
⌧w/⇢w/µw.

Who exactly developed what is now called the Van Driest transformation is a matter of debate.
Several pioneering researchers, most notably Van Driest,10 developed roughly similar trigonometric
transformations during the early 1950s. These forms all derive from the log-law but di↵er in their
velocity-temperature couplings. The integral form came later. By the early 1960s, several textbooks
(for example, Dorrance18 and Kutateladze and Leont’ev19) contained this integral equation but inter-
preted it as part of a skin friction formula. The modern interpretation of this integral as a velocity
transformation came from Danberg,15 who realized that it represented the ultimate generalization of
the velocity transformation work of Van Driest10 and others.

A. Accuracy of the Van Driest transformation for adiabatic and cooled walls

The status of the Van Driest transformation as the current state-of-the-art stems from its
accuracy in boundary layers over adiabatic walls. An example of its ability to restore approxi-
mate universality—that is, that the velocity transformed according to Equation (2) satisfies the
law-of-the-wall—is shown in Figure 1. The collapse between the di↵erent cases in the inner layer
(in the viscous sublayer, the bu↵er layer, and the log-layer) is clear. More broadly, the validity and
accuracy of the Van Driest transformation for adiabatic walls up to Mach 20 has been confirmed in
many experiments23–25 and direct numerical simulations (DNS).20,26–31 The collapse in the log-layer
specifically means that the Van Driest transformed velocity follows an approximately universal
log-law, with von Kármán constant  and log-law intercept C that do not depend on the Mach
number.15

The accuracy of the Van Driest transformation deteriorates for increasingly non-adiabatic walls
(that is, walls with heat leaving or entering the fluid). Most practical applications have cooled
walls, where the wall heat transfer rate qw < 0. The relevant dimensionless measure of the wall heat
transfer rate for wall-turbulence is13

FIG. 1. Van Driest transformed velocity U+VD for boundary layers over adiabatic walls. Mach 4 boundary layer at Re⌧ = 505
from DNS of Pirozzoli and Bernardini20 (dashed line), Mach 4.8 boundary layer at Re⌧ = 1549 from experiment of Voisinet
and Lee21 (72020205) (circles); compared to incompressible reference at Re⌧ = 578 from DNS of Jiménez et al.22 (solid
line).
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Figure 6. Turbulence intensities and density-weighted turbulence intensities of the (a, b)
streamwise, (c, d ) spanwise and (e, f ) wall-normal fluctuating velocity components for different
free-stream Mach number cases.

The improved performance of Huang’s version of the modified Reynolds analogy
is also demonstrated by the simulations of Guarini et al. (2000) and Maeder et al.
(2001).

Figure 11 plots the correlation between temperature and velocity fluctuations across
the boundary layer for different Mach number cases. It is shown that −Ru′′T ′′ is not
a strong function of free-stream Mach number. Through most of the boundary layer,

Local density scaling 

DNS 
Duan & Martin, JFM (2011) 
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Sonic limitation in highly compressible shear layer 
turbulence★ 

INCITE 2019 and ALCF Discretionary Allocation for Computer time 
    NSF Graduate Fellowship   

★Matsuno, K and Lele, S. K., (2021) J. Fluid Mech. Vol. 907  



 
Compressible shear layer mixing 
   Kristen Matsuno & SKL 
 

Mc = ΔU/(C1 + C2) 2.0 

ρ2/ρ1 = s 7.0 

Computer time through INCITE 2019 

Varied Mc, Density ratio 



Compressible shear layer mixing    
    

Mc = ΔU/(C1 + C2) 

ρ2/ρ1 = s 

Kristen Matsuno & SKL 



Compressible shear layer mixing    
    

Mc = ΔU/(C1 + C2) ρ2/ρ1 = s = 1 

Kristen Matsuno & SKL 

Mc = 0.2 Mc = 2.0 

Favre avg. mean x velocity 

Transverse velocity correlation with transverse separation 

At high Mc shear layer develops layers of independent eddies! 
Internal regulation è Correlation scale & Effective velocity Uδ    
    

Uδ 



Compressible shear layer mixing    
    

Mc = ΔU/(C1 + C2) ρ2/ρ1 = s = 1 

Kristen Matsuno & SKL 

Mc = 0.2 Mc = 2.0 

Transverse velocity contours scaled by Uδ (plan view) 

At high Mc shear layer develops layers of independent eddies 
Internal regulation è Correlation. scale & Effective velocity Uδ    
Eddy scale shrinks in all directions (approx. same aspect ratio)     
    

Mc = 0.8 

Arrows mark the correlation scale 



Compressible shear layer mixing    
    

Mc = ΔU/(C1 + C2) ρ2/ρ1 = s = 1 

Kristen Matsuno & SKL 

Mc = 0.2 Mc = 2.0 

Transverse velocity contours scaled by Uδ (top view) 

Mc = 0.8 
At high Mc shear layer develops layers of independent eddies 
Internal regulation è Scaling of Corrln. scale & Effective velocity Uδ    
Eddy scale shrinks in all directions (approx. same aspect ratio)     
    

Arrows mark the correlation scale 



Compressible shear layer mixing    
    

Kristen Matsuno & SKL 

No complete theory yet. 
 
Working hypothesis:  
Acoustic communication limits the eddy scales 
 
Briedenthal R. E. (1992) Sonic eddy - A model for compressible 
turbulence   AIAA J. vol. 30. 

At high Mc shear layer develops layers of independent eddies 
Internal regulation è Scaling of Corrln. scale & Effective velocity Uδ    
Eddy scale shrinks in all directions (approx. same aspect ratio) 
Why?  implication for modeling?  
    
    



Compressible shear layer mixing    
    

Mc = ΔU/(C1 + C2) ρ2/ρ1 = s 

Kristen Matsuno & SKL 

Working hypothesis:  
Acoustic communication limits the eddy scales (internal regulation) 
Supporting evidence for internal regulation 
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Compressible shear layer mixing    
    

Mc = ΔU/(C1 + C2) ρ2/ρ1 = s 

Kristen Matsuno & SKL 

Working hypothesis:  
Acoustic communication limits the eddy scales (internal regulation) 
Supporting evidence for internal regulation 

TKE production & Dissipation Scaled TKE production & Dissipation 
Asymptotic scaling at high Mc 

Other terms in TKE and variance budgets 
e.g. pressure-strain corrln also scale well 



Compressible shear layer mixing    
    

Mc = ΔU/(C1 + C2) ρ2/ρ1 = s 

Kristen Matsuno & SKL 

Working hypothesis:  
Acoustic communication limits the eddy scales (internal regulation) 
Supporting evidence for internal regulation 

M
t =

 q
/C

 

M
g =

 S
 L

/C
 

What does saturation of Mt or Mg imply? 

Gradient Mach number is also a 
ratio of eddy scale to sonic scale 



Summary and Open Issues 

 Simulation data at high Mc show: 
•  Trends in growth rate and turbulence consistent with experiments 
•  Correlation scales shrink as a fraction of overall flow scale 
•  Trend of active overturning scale is supportive of sonic limitation 
•  Effective velocity scale (mean velocity difference across actively overturning scale) 

     provides good scaling 
                      for Reynolds stress, pressure fluctuation, TKE dissipation, Pressure strain 
 
  
 
   Theoretical framework still insufficient 
         How does acoustic communication impact vortex dynamics? 

  Causal vortex dynamics 
         Engineering models incorporating physics of variable-density and compressibility 
 
    Limited experiments with detailed turbulence measurements  
    Confirmation of phenomena and scaling laws observed in idealized simulations 
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Single and twin Rectangular Jet Screech using LES* 



Overview 
Goals 
 
Improve scientific understanding of jet screech and twin jet plume resonance 
 
Objectives 
 
Develop computational modeling capable of predicting the amplitude and mode-
switching of jet screech and twin jet coupling 
 
 
Naval Relevance 
Jet screech (when present) is acoustically significant part of jet noise 
Jet screech and twin jet coupling are responsible for structural fatigue of nozzles and 

airframe 
Closely coupled propulsion and airframe increase possibility of screech and jet to 

jet coupling (twin engines and distributed propulsion) 



Problem Setup 

 
Numerical Software 
§  Charles by Cascade Technologies 
§  Voronoi Mesh 
§  Built-in FW-H tool 
 
Single Jet Nozzle Geometry 
§  Rectangular Exit, 1:4 aspect ratio 
§  Circular cross section transitioning to Rectangular 
§  Md = 1.44, NPRdesign = 3.37 
§  Experiments done at FSU 
       (Prof. R. Kumar) 

Operating points 
§  NPR = 4.01,  
§  NPR = 4.86,  
§  NPR = 5.57,  
     Under-expanded cold jet 

xy plane 
h = 10 mm 

xz plane 
w = 40 mm 



minor axis 

𝑦		

𝑥		

Problem Setup (cont.) 

Twin Jet Nozzle Geometry 
–  Twin rectangular exit, 1:2 aspect ratio 
–  Circular cross section transitioning to 

rectangular 
–  Sharp converging-diverging sections 
–  Md = 1.5, NPRdesign = 3.67 
–  Experiments done at U of Cincinnati 
      (Prof. E. Gutmark) 

Operating points (thus far) 
 
Case 1: NPR = 2.5,   Mj = 1.22  (Over-expanded) 
Case 2: NPR = 3,      Mj = 1.36  (Over-expanded) 
Case 3: NPR = 3.67, Mj = 1.5    (Design Condition) 
 

(Figures not drawn to scale) 

major axis 

𝑧		

𝑥		

𝑧		 𝑥		

𝑦		



Mesh Summary  

 

 
 

Main Design Consideration 
−  Refinement windows at nozzle wall, exit, jet shear layers, potential core, 

and in between the twin plumes 
−  Avoid sharp grid transition in critical regions, which increases numerical 

dissipation 
 

Screech 
Case Mesh Size 

Internal 
Nozzle Wall 
Resolution  

Potential Core 
Resolution 

Jet Plume 
Resolution 

Time 
step 

Sampling 
step Avg. Time 

Single Jet 140M 0.01 – 0.02h 0.02-0.04h 
(0 ≤ x/h ≤ 30) 

0.08 – 0.16 
(30 ≤ x/h ≤ 150) 0.002 0.1 700-1400 

Twin Jet 190M-210M 0.005-0.01h 0.01-0.04h 
(0 ≤ x/h ≤ 24) 

0.04-0.08h 
(up to 50h) 0.001 0.05 500-1000 



Single Jet Screech Results 



Velocity Profiles along Jet Centerline 

Mean Streamwise Velocity  

RMS of Spanwise Velocity Fluctuations  

LES 

EXP 

LES 

EXP 

−  NPR = 4.86, ​𝑀↓𝑗 =1.69 
−  Max Screech  



Acoustics 

Blue: EXP, Red: LES 

𝑟/ℎ≈270 

Minor-axis plane Major-axis plane 



Screech Tone and Associated SPOD Modes 

𝟐 ​𝒇↓𝒔  𝟑 ​𝒇↓𝒔   ​𝒇↓𝒔  

 𝐑𝐞{​
𝐩↓𝐬𝐩
𝐨𝐝↑′ }  

 ​
𝒑↓𝑭
𝑾−𝑯 
↑′   



Coherent Structures at Screech Fundamental Frequency 

Upstream-travelling Waves (v’) Pressure Standing Waves (p’) Downstream-travelling Waves 
(v’) 

​𝑞↓1 (𝑡)=𝛼​𝑞↓2 ( 𝑡−𝜏)+𝑛(𝑡) 
Reference signal is taken at the nozzle exit 



Quantification of Waves – Key Observations 

 
§  External acoustic waves originate from spatially distributed phased array of sources 

 
§  Internal upstream acoustic mode is modulated by shock structures and reaches maximum amplitude at the end of jet 

supersonic core 

§  K-H wave is non-modulated by shock (Edgington-Mitchell et.al. 2019) and peaks at the end of the potential core 

§  Average streamwise phase velocity is related to ​𝑈↓𝑗  by a relatively constant factor across the 3 cases considered 

§  On-going Works: 

›  Quantification of screech feedback mechanisms 

›  Acoustic source modelling for screech tones 
 
 



SPOD Energy Spectra 



 p’ SPOD  

St = 0.2343 

St = 0.2176 

St = 0.2511 

Upstream-travelling Downstream-travelling 



Twin Jet Screech Results 



Instantaneous Velocity Field (NPR = 3) 
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LES EXP 

NPR = 2.5 

NPR = 3 

NPR = 3.67 

Mean Axial Velocity Field – Major Axis 



NPR = 2.5 

NPR = 3 

NPR = 3.67 

Mean Axial Velocity Field – Minor Axis 

LES EXP 



Mean Axial Velocity Profiles 

NPR	=	2.5	 NPR	=	3	 NPR	=	3.67	



Turbulent Kinetic Energy – Major Axis 
LES EXP 

NPR = 2.5 

NPR = 3 

NPR = 3.67 



Turbulent Kinetic Energy Profiles 

NPR = 2.5 NPR = 3 NPR = 3.67 



Far-field Spectra: NPR = 2.5 

Major axis 

Minor axis 



Far-field Spectra: NPR = 3 

Major axis 

Minor axis 



Far-field Spectra: NPR = 3.67 

Major axis 

Minor axis 

*For NPR = 3.67, FW-H data are collected over 500 acoustic times (Jeun et al., AIAA Paper 2021-1290) 



Twin Jet Interaction – SPOD-​𝑝↑′  

Jet 1 

Jet 2 

Mode 1 at ​𝒇↓𝒔  

Mode 1 at ​𝒇↓𝒔  

Mode 1 at ​𝟐𝒇↓𝒔  

Mode 1 at ​𝟐𝒇↓𝒔  



Twin Jet Interaction – SPOD-​𝑝↑′  

𝒚>𝟎 

𝒚<𝟎 

Mode 1 at ​𝒇↓𝒔  Mode 1 at ​𝟐𝒇↓𝒔  

Mode 1 at ​𝒇↓𝒔  Mode 1 at ​𝟐𝒇↓𝒔  



Findings and Conclusions 

Single Jet Screech Case 
§  Further validated LES data with newer EXP measurements of flow velocity and 

acoustics 
§  Modal analysis reveals dominant coherent structures producing screech 
§  Internal mode appears to play an important role in screech feedback 

 
Twin Jet Screech Case 
§  LES database of 3 different cold jets involving screech are obtained 
§  Basic statistical quantities (near/far fields) agree favorably with U. Cincinnati 

experiments 
§  Over-expanded jets present anti-symmetric twin-jet coupling in the minor direction 

that is aligned with intense jet flapping motions in this direction 
§  Flapping in the major direction is not obvious 
§  Over-expanded jet screech tones are intermittent   



Summary 

•  Two examples of ongoing research  
on high speed shear layer turbulence and  
Jet aeroacoustics (screech and twin jet coupling) 
 

•  Turbulence resolving simulations are being used in many ways 
•  Fundamental understanding 
•  Engineering modeling improvements and reduced order modeling 
•  Multi-fidelity approaches for analysis, design and optimization 
•  Noise mitigation concepts 
•  Team efforts – Experiments + Modeling + High Fidelity Simulations 



Thank you! 
 
Any questions, comments? 



 
Flow Physics of Supersonic Mixing  -- Observations II 
 
Explanations/Hypotheses: 
 
 Dilatational/Shocklet dissipation Zeman (1990), Sarkar et al (1991) 
 
 Damping via Acoustic Radiation 
  
 Suppression of linear instability  
Sandham & Reynolds (1990), Ragab & Wu (1989), Grosch & Jackson (1989), Lu & Lele (1993) 

 
Turbulence structure change Vreman et al (1996), Pantano & Sarkar (2002) 
 
 
Sonic Eddy Hypothesis Briedenthal (1992) AIAA J. 

       
 



Compressible shear layer mixing    
    

Mc = ΔU/(C1 + C2) ρ2/ρ1 = s 

Kristen Matsuno & SKL 

Working hypothesis:  
Acoustic communication limits the eddy scales (internal regulation) 
Supporting evidence for internal regulation 

Ratio of correlation scales  Shear stress regulation 



Compressible shear layer mixing    
    

Mc = ΔU/(C1 + C2) ρ2/ρ1 = s 

Kristen Matsuno & SKL 

Working hypothesis:  
Acoustic communication limits the eddy scales (internal regulation) 
Supporting evidence for internal regulation 

Normal stress regulation 



Compressible shear layer mixing    
    

Mc = ΔU/(C1 + C2) ρ2/ρ1 = s 

Kristen Matsuno & SKL 

Working hypothesis:  
Acoustic communication limits the eddy scales (internal regulation) 
Supporting evidence for internal regulation 



Compressible Turbulence - Fundamentals  
Three Modes of fluctuations     Yaglom (1948), Moyal (1952), Kovasznay (1953) 
         
v  Vortical mode or Gust Mode -- Solenoidal velocity, no pressure or density variations 
v  Acoustic mode – No vorticity, irrotational velocity, pressure, density fluctuation-isentropic 
v  Entropic mode – No velocity or pressure, density and temperature fluctuations 
 
Linearized modes of uniform state 
Evolve independently at first order in amplitude  
            mode coupling: due to mean gradients and nonlinearity 
 
Incompressible turbulence – Nonlinearly interacting vortical modes 
Not just gust modes; (incompressible) Pressure effects (non-locality) important 
 
Variable density turbulence (low M reacting flow, low M mixing) 
Compressible turbulence – density of fluid parcel changes in response to pressure 
    Low Mt  -- Pseudo sound (Ristorcelli,1997) Coerced dilatational motions 
 
Linearized modes of non-uniform state?  Linear stability analysis; non-linear interactions 
Primary Instability à Secondary Instability à Transition to turbulence 
Useful framework but not well suited for broadband turbulence dynamics 
                             Global modes/DMD/POD/Resolvents useful for modeling large-scale dynamics 



Compressible Turbulence - Fundamentals 
Decomposition of variables: Favre decomposition (mass weighted velocity) 
 

 
Energy Transfer pathways  (coupling of momentum with thermodynamics)   
  Favre (1965),  Huang et al (1995,JFM), …    
 

Kinetic Energy of Mean motion 

Turbulent kinetic energy 

Internal Energy of Mean state 

Pressure work 



 
Flow Physics of Supersonic Mixing  -- Observations III 
Freund, Lele & Moin, JFM (2003)       
 

238 J. B. Freund, S. K. Lele and P. Moin

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0 1 2 3
r/ro

p ŕm
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Figure 6. Transverse large-eddy lengthscale.

To examine this hypothesis, we define a transverse large-eddy lengthscale for the
mixing layer, `, in terms of the two-point correlation of radial velocity at r = ro,

v0
r(ro � `/2)v0

r(ro + `/2)

v0
r(ro)v

0
r(ro)

= 0.1. (3.2)

Figure 6 shows that there is a clear decrease in this lengthscale with increasing Mach
number. Changing the threshold of 0.1 in equation (3.2) to 0.05 or 0.2 has little e↵ect
on this trend. Fluctuations at r = ro rescaled with Uj`/�m are plotted in figure 7.
Clearly, the large suppression of p0p0, v0

rv
0
r, and v0

xv
0
r has been removed. Poor statistical

convergence of the data is blamed for the bumpiness of the curves.
There remain, however, some questions concerning how these terms can scale as they

do and be consistent with the observed growth rate. For example, the Uj`/� scaling
does not explain how v0

xv
0
x/U

2
j can remain nearly constant while other components

are suppressed; it also does not explain why v0
xv

0
r should scale with U2

j `
2/�2

m rather

than U2
j `/�m as might be expected given the v0

xv
0
x scaling. In addition, we note that

the growth rate does not scale with either `/�m or `2/�2
m ([`/�m]1.5 is perhaps the

best fit but there is no physical basis for this). An analysis of the Reynolds-stress
equations is necessary to understand the interrelation of these turbulence quantities
and the growth rate. In the following section, it will be shown that these apparent
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Figure 4. Passive scalar concentration in the Mc = 0.21 mixing layer at �m = 0.2ro. Black is pure
ambient fluid and white is pure interior fluid. The end views are from x = 1

3Lx,
2
3Lx, and Lx.

Figure 5. Passive scalar concentration in the Mc = 0.99 mixing layer at �m = 0.2ro. Black is pure
ambient fluid and white is pure interior fluid. The end views are from x = 1

3Lx,
2
3Lx, and Lx.

these structures, but they are less prevalent and do not cause such deep penetrations
across the mixing region. A similar suppression with increasing Mach number was
observed by Clemens & Mungal (1995). There is no evidence of these structures in
the Mj = 1.80 case (side view, figure 6) and there are no associated fluid intrusions.

The end views in figures 4 to 6 are remarkably similar, given the very di↵erent
nature of the side views. There is perhaps more mixed fluid (grey) in the higher-
Mach-number cases, but the structures appear remarkably similar. In all cases, there
is evidence that counter-rotating streamwise vortices expel jet fluid as mushroom
shaped ejection into the ambient flow. Similar structures have been observed in
subsonic jets by Liepmann & Gharib (1992) and Fatica, Verzicco & Orlandi (1994).

4.3. Mixture fraction probability density functions

P.d.fs of mixture fraction, calculated using 26 bins, are shown in figure 7 for the
Mc = 0.21, 0.99 and 1.80 cases at the �m = 0.2ro point of layer development. These
cases were selected to represent the changes that occur in the flow with increasing
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these structures, but they are less prevalent and do not cause such deep penetrations
across the mixing region. A similar suppression with increasing Mach number was
observed by Clemens & Mungal (1995). There is no evidence of these structures in
the Mj = 1.80 case (side view, figure 6) and there are no associated fluid intrusions.

The end views in figures 4 to 6 are remarkably similar, given the very di↵erent
nature of the side views. There is perhaps more mixed fluid (grey) in the higher-
Mach-number cases, but the structures appear remarkably similar. In all cases, there
is evidence that counter-rotating streamwise vortices expel jet fluid as mushroom
shaped ejection into the ambient flow. Similar structures have been observed in
subsonic jets by Liepmann & Gharib (1992) and Fatica, Verzicco & Orlandi (1994).

4.3. Mixture fraction probability density functions

P.d.fs of mixture fraction, calculated using 26 bins, are shown in figure 7 for the
Mc = 0.21, 0.99 and 1.80 cases at the �m = 0.2ro point of layer development. These
cases were selected to represent the changes that occur in the flow with increasing
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Figure 6. Passive scalar concentration in the Mc = 1.80 mixing layer at �m = 0.2ro. Black is pure
ambient fluid and white is pure interior fluid. The end views are from x = 1

3Lx,
2
3Lx, and Lx.

Mach number. Again, the Mc = 0.21 case was chosen over the Mc = 0.1 case because
4 realizations were available. Ensemble averaging was also used for the Mc = 0.99
case. The Mc = 1.80 case has a more ‘jagged’ appearance because only one realization
was available.

In all cases, the initial condition for the scalar was a laminar profile (no per-
turbations), and so the initial p.d.f. was a delta function that moved (marched)
monotonically from one pure stream to the other as a function of the radial location.
The Mc = 0.21 p.d.f. (figure 7a) has developed from its initial marching form, into a
non-marching form and the most probable scalar concentration jumps discontinuously
from ⇠ = 1 to ⇠ = 0 with increasing r. The behaviour in figure 7(a) is qualitatively
similar to p.d.f.s observed in incompressible or nearly incompressible experiments
(Konrad 1976; Koochesfahani & Dimotakis 1986; Frieler 1992; Karasso & Mungal
1996). Though most experimental measurements of p.d.f.s are unreliable owing to
poor resolution (Koochesfahani & Dimotakis 1986; Karasso & Mungal 1996), mea-
sured p.d.f.s typically have a more distinct bump at a concentration midway between
the pure concentrations.

Karasso & Mungal (1996) have concluded, based upon indirect evidence and p.d.f.s
inferred by others with resolution-free methods (Frieler 1992), that after the layer has
undergone three vortex pairings, the true incompressible p.d.f. should change from
a non-marching type to a ‘tilted’ type, where the bump at an intermediate mixture
fraction is biased toward the mean concentration. They estimated the three vortex
pairing point based upon initial shear layer instability modes. The central bump in
figure 7(a) is not distinct enough to draw any conclusions about non-marching versus
tilted behaviour, and it is not clear that the same rule should apply to the annular
mixing layer.

In a time-developing incompressible plane mixing-layer simulation, Rogers & Moser
(1994) observed both marching and non-marching p.d.f.s depending upon the initial
conditions. Their layer with the largest initial forcing developed large roller structures
and braid regions and had a non-marching mixture fraction p.d.f. They proposed that
pure fluid engulfed by the large structures caused the observed p.d.f. behaviour. Our
p.d.f. for the Mc = 0.21 simulations is similar to their most highly forced case and so
we adopt their conclusion that large structures are responsible for engulfing significant

Mc = 0.2 

Mc = 1.0 

Mc = 1.9 

Passive tracer cuts 

Transverse length scale 
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Figure 29. Gradient Mach number at r = ro.

6.3.4. A heuristic interpretation of Mg

The timescales discussed above o↵er an explanation for why ` decreases with
increasing Mach number. If ⌧d is significantly shorter than ⌧a, the large eddies are
being deformed more rapidly than sound can propagate across them. Since the sound
speed plus flow velocity locally sets the peak speed for ‘information’ to propagate, it is
impossible for eddies having ⌧a > ⌧d (with appropriate constants assumed) to remain
coherent. This restricts `. Some studies have considered separate incompressible
and compressible contributions to the pressure (e.g. Sarkar 1995), which would
allow large eddies to remain coherent since a Poisson equation is solved for the
incompressible portion of the pressure, but this is purely a kinematic decomposition.
This ‘communication’-limited dynamics of large structures across the mixing layer,
which is inherent in the deterministic model of Vreman et al. (1996) and the sonic
eddy concept of Breidenthal (1990), suggests that the gradient Mach number should
saturate with increasing Mc, a trend observed in the simulation data.

This reasoning is also in line with a discussion presented by Lighthill (1955)
who pointed out that in a compressible turbulent flow the required incompressible
‘readjustment of pressure has changed by the time the signal arrives’. He used this to
explain aspects of sound generation and compressible turbulence, and also proposed
a mechanism based on pressure fluctuations for the suppression of turbulence in jets
with increasing Mach numbers which was dependent upon dissipation of acoustic
waves. As seen in § 5.1, we do not observe a significant dynamic role played by the
increase in the dissipation. It was also verified that the sum of all energy budget terms
was nearly zero, which indicates that the radiated acoustic energy was negligible.

6.3.5. Pressure-variance scaling revisited

The pressure variance is seen (figure 30) to scale well as either

p0p0 = Kg⇢̄
2

✓
@v̄x
@r

◆4

`4 / M4
g , (6.4)

or

p0p0 = Ktr ⇢̄
2(v0

rv
0
r)

2 / M4
tr
, (6.5)

where Kg and Ktr are proportionality constants set to match the simulation data at
Mc = 0.2. Also shown for reference in figure 30 is p0p0 = Ku⇢̄

2U4
j with Ku also set to

match the data at Mc = 0.2. Evidently, the suppressed pressure fluctuations can be
interpreted as either due to saturation of v0

r owing to compressibility (parameterized
by Mtr ), or due to eddy-acoustic timescale limitation parameterized by Mg . However,

Gradient Mach Number 


