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Compressible flow relative to
incompressible flow

Hyperbolic potential flow (compared to elliptic
for incompressible flow)

Finite rate of propagation of pressure
— Zone of influence, Mach cone
— Velocity u, sound speed a

Possibility of shock waves for M=u/a>1

Continuity is no longer a constraint

Overview

* Partl
— Compressible flow fundamentals
— Core concepts in compressible boundary layers
— Canonical flows: boundary layer, channel and
mixing layer
* Part 2

— Applications, focusing on shock-wave/boundary
layer interactions

— Current start of the art
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External flow context

Airfoil at incidence; Euler solutions; Mach number contours
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Governing equations

* Mass, momentum and energy conservation
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* Note that density is now governed by a
transport equation

* Totalenergy E=T/[y(y —1)M°] + u_;::_.

Constitutive relations

e Compressible Newtonian fluid
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e Fourier heat conduction
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Normalised with respect to freestream conditions (velocity, density
temperature, viscosity)

Variable viscosity

e Sutherland’s law
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* Power law

For coefficients see for example the book by F.M.White ‘Viscous Fluid Flow’

Final form: Compressible NSE

» Perfect gas p=pRT
e Constant specific heats (calorically perfect)

* Temperature variation of properties using a
constant Prandtl number A?nnut\i

* For extended formulations suitable for
hypersonic flow see e.g. Anderson (1989)




Flux vector form of Euler terms

U +F,+G,+H, =0
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Form commonly used in CFD (note E;=E from earlier)

Chu & Kovasznay (1958)

Examples of bilateral interactions of linear modes in compressible flow

vorticity stretching ; sound generation (consistent with Lighthill) ;

acoustic
scattering

heat convection

acoustic scattering;
vorticity generation

7 wave steepening ;

Diagonalisation of Euler terms

* Primitive variable form of Euler equations

U, jou_ o, w v, o)

A=T'AT = diagonal form

A=(u, u, u+a, u-a)

 Classify as acoustic, entropy and vortical modes

* Application to characteristic boundary
conditions (zero out the rate of change of
incoming characteristics)

Reynolds averaging leads to additional
compressible terms

* e.g. E|QH\IZ\I~+6‘:‘

puv =puv +pu'v' +up'vi+vp'u + p'u'v’

* Resulting equations of motion become
cumbersome




Favre averaging

* Basic decomposition
f=f+f" with f
* Useful identities
pf =pf, f'=f—F, pf'=
* Leads to equations with similar form to low-
speed, e.g. continuity
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Mormentum Compressible turbulent boundary
layer flow
opu; N opu;l; mm _ 0 A b:“::v * High heating near wall leading to strong
ot OX mx\. OX temperature and density gradients
* Compressibility effect may be expected to
Ojj = Nthm - J.w»»&.@ ~ wtﬁm — % Skk9 w become significant at rms Mach number
M’=0.3
where S.. = 1oy _ mb — Measured M’ are around 0.2 at M_=2.9 (Spina et
7o2lox;  ox al, 1994)

— Don’t expect large compressibility effects until
M.is in the range of 4-5




Morkovin hypothesis

* The direct effects of density fluctuations on
turbulence are small if the rms density is small
compared to the mean density (Bradshaw,
1977)

— Boundary layers M<5
— Single stream jets M<1.5

* Acoustic and entropy modes negligible
e Can simplify equations accordingly

Compressible law of the wall

| Y’
e Van Driest (1951) NG
o= || 2| du*
Pw
0
— Reasonable collapse of measurements and DNS

back to incompressible law of the wall

* Crocco-Buseman mean temperature (see e.g.
White; Pr=1 assumed) from integration of

d°T

Reasonable agreement with experiments and DNS as we shall see later

Strong Reynolds Analogy (SRA)

* Application of Morkovin’s hypothesis to
temperature fluctuations
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=1 (useful for inflow
NT" Ay fluctuations in simulations)

* For more details see Bradshaw, 1977; Barre et
al, 2002

Mixing layer

e Collected experimental "*——— ——— -
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Strong compressibility effect compared
to boundary layer (not a mean density
effect)




Why is the mixing layer different?

* Large eddies span the whole mixing layer and are exposed
to the relative Mach number of the two streams

* Brown-Roshko roller structures are particularly affected

Early 1990s modelling attempts

 Dilatation dissipation

— Include additional dissipation attributed to eddy
shocklets (Zeman; Wilcox; Sarkar)

%Q = *Aiuv%

e Pressure dilatation

— Another explicit compressibility term (Sarkar)

Konrad, experiments 1976 (top and side

Sandham & Sandberg DNS
views)

with splitter plate 2009

BUT: These modelling strategies are
not supported by DNS of mixing layer

* Vreman et al (1996)

— Dilatation dissipation insignificant for M
— Pressure dilatation small

* Analysis of integrated equations of motion
showed that, for certain assumptions, mixing

layer growth rate was instead proportional to
the rapid pressure strain term

Eddy shocklets in mixing layers

2D (M_=0.8) 3D (M=1.2)
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developing mixing layer

(Vreman et al 1995)
(Sandham & Reynolds 1989)
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Physical mechanism related to
pressure fluctuations

* p’reduces with M_ 2

— Maximum p corresponds

to stagnation no:QEo:m/nqu
— Minimum p from a &,
compressible Oseen-
vortex model, limited to )

sonic eddies

0 0.5 1.0 1.5 2.0

— Absolute limiton p,;. is
P~ M)

p normalised with p, U 2

Connection between linear stability
and mixing layer growth rate

* Note similarity to experimental data
* Derivation by Morris et al (1990):

&
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* Useful turbulent flow physics from linear theory!

Structural changes in mixing layers

* Increasing three-dimensionality

— Loss of Brown-Roshko spanwise-coherent roller
structures (Sandham & Reynolds 1991; Clemens & Mungal 1995)

— Emergence of smaller scales with more
streamwise orientation

— Obligue vortices can retain subsonic eddy Mach
numbers and avoid strong eddy shock waves

Linear model:

» Effect of temperature
(density) and velocity ratio

A= C~ - QN
U +U,
— Compared to Brown &
Roshko
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Effect of Mach number

— Compared to
Papamoschou & Roshko

08

0.0

T — T T T
00 02 04 06 OB W 12 14 1B 1\ 20
Mc

Sandham & Reynolds 1990




Turbulent channel flow

* Coleman, Kim & Moser

— Simulations with M=1.5 and M=3 compared to
incompressible channel flow

— Isothermal (cold) walls

Structural changes

* Trend towards more coherent low-speed streaks

— (Coleman et al. channel flow)

Wall-normal vorticity contours

M
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Boundary layer DNS: Mach number
Turbulent channel flow
effects
* Mixed (semi-local) scaling scales the * Maeder & Kleiser M_=3, 4.5 and 6
fluctuations (Huang et al, Coleman et al) — laminar adiabatic wall conditions
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Checks on SRA (Maeder et al)
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Total temperature fluctuations not negligible.
Favre fluctuations in u and T not anti-correlated, except very
close to the wall (see also Pirozzoli et al).

Recent experiments show possible wave

Square Roughness Weak bow shocks

a) Side view of square roughness

Diamond Roughness

M Expansion
waves

.H-E__aw‘&mn

J\\\
\f//

Trailing-edge
flow shedding

b) Top view of diamond roughness

drag from rough surface (Ekoto et al, 2008)

Square Roughness Model

Roughness effects in compressible flow

* Goddard (1959) — wall density scaling

TF oe BE W g
Pugt

* But Berg (1979) found predictions a factor of three
out for square rods at Mach 6 suggesting additional
compressibility effects
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Brief overview of our D/LES approach

* Fourth order accurate space differencing
* Explicit in time RK3 or RK4

* Equation conditioning (entropy splitting, Laplacian
formulation of viscous term)

* No filtering or artificial dissipation for DNS
* local oscillations in DNS if flow under-resolved

* Mixed time scale sub-grid model
* plus explicit filtering for LES at higher Re

* Shock capturing applied as full-step filter
TVD+ACM+Ducros (not applied if no shocks present)

Outline of talk

Application challenge: scramjet intake

Bypass transition: turbulent spot and shock/spot
interaction

Shock-turbulence interaction
Shock/boundary-layer interaction
* impinging shock

* ramp

LES sub-grid scale model

Mixed-Time-Scale (MTS) LES model (Inagaki et al., 2005):

_ ~ SN2
Vi = Coskes T \mmw = A:N IQL

mts
-1 -1

NWIMH F + m ,
» E

es

v'Switches off in the laminar regions

v'Localised model

v'No additional damping functions needed near walls




Hypersonic Intake LCO1Kx

LAPCAT project
Cowl side
o s Modified intake
M=6 w S without bleed
C1 BN
Flow e (A.Mack)

Two corners V3,V4
Vehicle side spread ﬁjm
Vi pressure rise

» Laminar-turbulent transition along the first ramp (V1-V2).

» Shock-wave interaction with a transitional boundary layer (V2,C2)

» Shock-wave/turbulent boundary-layer interaction near a convex
corner (V3,V4).

Krishnan et al 2006

Transition on front ramp

Spot trip

Turbulent spot

Rapid lateral spreading of spot
near compression corner

Simulation details

L, (mm) | L, (mm) | L, (mm) N, N, N,
551.4 106.0 30 999 161 60
Mach Re T,/T. -
fref v Re=4.6 million based
6 8399 | 5.74 on intake length

Local trip (20% Amplitude), 30<x<34 13<z<17
activated for 6 ps at time intervals of 70 us
31 turbulent spots triggered.

RANS (tau)
Spot 3
Spot2 Spot 1
~ LES
3 \\ ;_
laminar




Flow structure inside the intake

Pseudo-schlieren
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Sonic line (M=1)
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Contours of v,

streamlines
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Simplified model problems

Flat plate turbulent spots

Spot/shock interactions

Shock impingement with laminar-turbulent transition

Shock/isotropic turbulence interaction

Shock/turbulent boundary layer interactions
— Compression ramp

— Shock impingement

— Flow over a bump

Cowl-side transition

400 420 440 460 480 500 520 540
X

Surface of second invariant

Compressible Turbulent spot DNS

Compressible Boundary layer

Laminar similarity edge
inlet profile

i il Grid stretched in the
—) T 4 y direction

22 to 50%10° nodes
=~ 5%103 Processor hours

===

M T /T, Re-. N
Spot initialization with two /T s \\\ Y
vortex pairs (Breuer and 2.5 1500 }1101 1M 191
Landahl, 1990) 3 1 1321 | 111 | 321

/|

88\
7.0 mmoo/ 801 | 141 | 201
Redford et al (2007) 1 3000 /@ 141 201




Transitional separation bubble arising from
shock impingement

Spot growth

* Most turbulence is created M
at the wing tip

— Destabilisation at wing tip
(Krishnan & Sandham 2006) sia)

0 150 00 28 0

Parameters:
M, ps/p4, Re, T, /T,

Laminar upstream
| Re. =3x10° _ boundary layer with

* Turbulence at the front of i Il disturb
Sma ISturbances

the spot is convected

Deficit region mn_n Differences to low-speed flow:

Streaks ﬂ. | o . S -
//_ — — density and compressibility affect stability
= W = characteristics

: — reduced upstream propagation of sound

New turbulence .
* none in freestream

* sound refraction inside boundary layer

1. Bypass transition: spot/shock interaction
Spot spreading angle Krishnan &S (2006)
Reflected 7::“_” ‘.‘..-\,J,,..,.f. OWA O
* Spreading angle % - , _ S “!
— Reduces with Mach \ Fischer Redford (2007) S , . &
number g | g
=) A
— Cold wall reduces the m 5l Krishnan & - o b
spread angle by 20-30% = * Sandham . S min ]
« Measurement variation £ ° . \ + L] - .”m”f.u. ®
c 93 .
— Jocksch & Kleiser studied  §F . L by
Reynolds number effects & + % N
— Differences in & 2 Jocksch & Kleiser M 1 mmw M2 Spot
31
measurement . | | _ <10
techniques 0 2 o 6 w,m
Omo 100 150 200 250
Axial distance X




2. Transition via convective instability

Yao et al (PhysFluids, 2007) laminar shock-induced separation bubbles
Re,, 2 x 10%, M=2, p,/p,=1.48, T,=T,, (DNS, LST, PSE, also M=4.5,6.85)

1.33
1.19
1.05
092
0.78
054

. 100]
Density: 1

3
(72}

y

Normalised turbulence intensit;

1 iietpl 1 1 L1 "
100000 200000 300000 400000 500000

(a) Re,
Re,

Disturbance strip with white noise forcing

3. Transition via absolute instability
stronger interaction case (Krishnan & S, TSFP 2007)

Second invariant

Transition now independent of upstream disturbance
amplitude (in agreement with LES of Teramoto, 2005)

Case with higher pressure ratio: P,/P, = 1.91

Long bubble with complex multiple-vortex structure.

Ly/h,=23.30, Ly/6g, = 1470; no spontaneous vortex shedding.

1004

30 380 380 400
X

Dilatation rate contours (not to scale)
White line: M =1

Streamlines (not to scale)

Shock/isotropic turbulence
interaction (Lee et al)

Isotropic decaying turbulence
superimposed on stream at
M=1.5, 2.0, 3.0

Decrease in turbulence
length scales after shock due
to compression

Amplification of turbulence
energy

Non-polytropic
thermodynamic variations
downstream of strong shocks

Vorticity contours o,




Shock/boundary-layer interactions

Ramp flow (Adams, 2000)

(a)
, Shock impingement  M=3, 18 degree ramp Pseudo-schlieren
Laminar or turbulent _ Turbulent i
T upstream conditions urbulent upstream
* Modelling conclusions: i
“ — Negligible dilatation E——
Ramp flow dissipation Experiment (25 degree ramp, M=2.9)
— Pressure dilatation only R T g _ _
significant in separated
() flow near shock flow
A Transonic flow over a bump ~ SRA questionable
Transonic flow over a bump Ramp flow (Wu & Martin)

M contours
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-120 -100 -80 -0 40 20 O

| T contours

20 40 60 80 100 120

Shock-induced separation, but LES susceptible to relaminarisation on
forward facing slope of bump (Sandham et al 2003)

* DNS show good

agreement with o

experiment

* Evidence for low-
frequency motions,
despite short run
times of simulations
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Shock impingement onto turbulent
_U°C5QNW< _m<mﬂ Touber & Sandham 2009

Shock system, prassure and turbulent kinetic energy fields [fj Sonic ine and maan seperation bubble contour [t /Lsep=000
- N 3 T T

05 o o0s
(x-Xsep)/Lsep

* |USTI experiment (Dupont et al.) — Boxsize
— M=2.3, 8 degree shock generator uu..mxﬁ..wxw.m
Res;=21000 at X, ,, P3/P;=2.5 — Grid points
451x81x73
— Low-f observed near reflected shock
foot — Resolution (wall
units) 40x1.6x13.5

* Previous LES by Garnier et al. 2002

Grid resolution (2x) and L, sensitivity
(0.5, 1.0, 5.0L, ;)

Ox X100 . . T Al
1 (ﬂ.
16F ™=+ I
14 /v.nn — Reference grid: Nxx Ny x Nz o AA Reference span
m.d 14 2 .. ® [Large span
1 A o Refined in y: Nxx 2 Ny x Nz o) /
& 1 4 © Small span
10 ... ====Refined in x: 2 Nxx Ny x Nz 2 10 ° * — Garnier et al. (2002)
? 7 y H
- 8 ® Refined in z: Nxx Ny x 2 Nz & _ 8
© : W o : /
5 . kY. 6 :
4 ’ i 4 _.. H
A (ENERD
_ Ol ooy bt _ \
o 3

i i i
220 240 260 280 300 320 340 360 380 400

X «q X

We get a longer bubble with the narrow box, but this configuration allows
long run times to study the low-frequency content of the flow

(cs normalized with properties upstream of interaction)

Inflow turbulence: mean and fluctuations

C+ C_‘—.:m.<—.3m./>\q.3m
gsf—— T T T T TTTTT T ™7
20
b4
—
15 o
Tz Th
5
10F v
—
— Synthetic Turbwence (Re= 2500)
st * Dugital Filter (e = 2500)
== Spalar! (1988) (Re=2000)
g IR T T 11
10° 10" 10°
+
¥

Digital filter and synthetic turbulence alternatives

LES (wide domain) vs PIV (Dupont et al)

U {mis) == PIV [codormap) vs LES (Dlack nes) V (m/s) —— PIV (colormap) vs. LES (black lines)

¥ (mm)

320 330

30 350 960
=N %o

'™ g

<u="? mig) - PIV jeniormap) vs. LES (Diack ines) PIV feolonmiap) vs. LES (black fines)

30 30

330 40
X {mn)

330 30 370

LES (x,y,z): N=451x81x361  L=71.9x11.2x19 (5,))

A*=40,1.6,13.5




Time traces of wall pressure

Experimental wall-pressure signal (near reflected-shock foof)

14 _ I _
13 ’ .. I 1 1 — i —
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LES wali-pressure signal (near reflected—-shock foot)
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Spatial variation of the power

spectrum
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low-f is spatially confined to the foot of the reflected shock

Power spectrum of wall pressure
under reflected shock foot
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Conclusions

* Hypersonic intake
* Multiple examples of compressibility influences
* Delayed transition
* Shock-wave/boundary-layer interaction
* Model problems give more insight
* Strong compressibility effect on turbulent spot growth
e Shock amplification of upstream turbulence

* Lack of upstream influence changes separation bubble
behaviour compared to low speed flow (Al transition for
strong interactions)

* Ramps and shock impingement cases show low-
frequency unsteadiness

* Explicit compressibility terms generally small
contributors to time average
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