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SOME BACKGROUND

® RANS: Most commonly used prediction method

» Variable density extensions incompressible forms

® Compressibility models
o Dilatation models
» Influence and role of pressure fluctuations

® Reduced mixing-layer spreading rate with convective Mach
number motivated early research

o Early studies assumed changes in density distribution
important
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Schematic of self-similar mixing layer longitudinal mean velocity profile, and variation of
spreading rate with Mach number Us = 0: e, values for incompressible flow, and other sym-
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bols for compressible mixing layers. (Birch and Eggers, 1972)
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SOME BACKGROUND

1.2

A Exp. Data
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Growth rate from different experimental mixing layer studies selected by Barone et al. (2006).
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OUTLINE
Data from DNS of ZPG Supersonic BL Flow, M., = 2.25

» Without Shock

Equilibrium modeling considerations
Mean velocity, thermodynamic variable distributions across BL

Turbulent velocity, thermodynamic and scalar flux correlation
distributions across BL

Kinetic energy, energy dissipation rate, temperature variance and
scalar flux budgets across BL

® With shock
# Non-equilibrium modeling considerations
o Strength of impinging shock/flow separation
» Streamwise relaxation effects
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PHYSICAL PARAMETERS

Adiabatic Isothermal
® Freestream Mach Number ® Freestream Mach Number
Moo =2.25 Moo =2.25
® Freestream unit Reynolds number # Freestream unit Reynolds number
Re/m. =25 x 10° Re/m. =25 x 109
® Momentum Thickness Reynolds ® Momentum Thickness Reynolds
number Regy = 3706 number Regy = 3798
® Shape factor H = 3.40 ® Shape factor H = 2.65
O g, =0 T =342k, T =323k, B T, = 230K, Tauw = 342K,
Too = 170K, r = 0.89 Tw/Taw = 0.67, Too = 170K
® (-B,, M;)=(0.0,0.077) ® (-B,, M;)=(0.017,0.079)
qw Ur
By = —,  M,=-"

P CpUr Loy Cw
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SHOCK CASE: DIAGNOSTIC POSITIONS

- = Incident Reflected
i Shock-Wave Sﬁogﬁ-\%ave
1.5
w 1_0:_ Upstream Turbulent
> l |»—*Boundary Law
05 :‘ ﬁ" : \ ; "- 3
i 2L T ot
00+ o - o
40 T-z.o ‘ 'o.OI ‘ '2.0T'4.0 ‘ Te.o
P01 P02 P03 P04
X /5

Diagnostic plane positions (z;, impingement position of incident shock-wave; 62, boundary
layer thickness at station P01).
Plane xpos = (x — x;) /02
Adiabatic  Isothermal

P01 —2.9 —2.9
P02 0.4 0.4
P03 3.0 3.0
P04 5.6 5.6
P05 8.2 8.2
P06 16.7 16.7
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MEAN VELOCITY RELAXATION
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WALL AND SEMI-LOCAL SCALING

® Proper choice of scaling dictated by collapse of correlation data
# Usual viscous normalization

Ur = V Tw/ﬁw? 7’w :Hw/pw

® Semi-local viscous normalization

Urs = \/Tw /P, v=1/p

® Need to account for density variations across boundary layer
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REYNOLDS STRESS DOWNSTREAM RELAXATION

Adiabatic Isothermal
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Turbulent Reynolds stress distributions across boundary layer
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TURBULENT KINETIC ENERGY BUDGET

—Ag + Pk + g + Tk + Dx — e+ Mg =0,

Ax = pu; (%) Advection (negligibly small)
J

Px = —p7isS): Production

Ik = p's), Pressure-dilatation

a — // // /!
T = — U % Uy + p’uld;r | Turbulent transport
a$k 2
a ﬁ . . .
Dg = ——— [aikui} Viscous diffusion
(9:13’]€

€ = 0,5, Dissipation

My = p'u,

— Mass fl
o, 8xk) ass flux
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TURBULENT STRESS ANISOTROPY EQUATION

(€)
Db;; Dk [ (t—p) P IHg Mg bi; dz‘j
Dt K [” J € + € i € T i T
1 20, 20,
— | I;; — —=L1IT M;: — —M
K K 7773 K) +< N K)]
2 5@'

—3 (gzg — ?§11> + (bikﬁ?kj — Wz’kbkj>

- (bikgkj + §7;kbkj — % [b:AS/} 5733')

where

B D 5 € O
gl—m — g i K glo — Zig _ Yig
ij De 30 K/ i T 9¢ 3
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Dbij

TURBULENT STRESS ANISOTROPY EQUATION

Dy [ (t—p) Px g Mg € [ ,(e)
-l | = | T b g [+ b
Uy my Mk )
B R
—3 Sij_?Sii ‘|‘<bz’kaj_Wz’kbkj>

— (bikgkj + §7Lkbkj — ; [b;AS/} 5@']’)
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PRESSURE CORRELATION TERMS

® Pressure-strain rate correlation

) y R F
pli; = gP'spdij +2 (P’Séj - ?720'8%0

2_ _
= SPlloi; +pll;
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PRESSURE CORRELATION TERMS

® Pressure-strain rate correlation

_ 2 —— 0 ———
pll;; = gp/S;Qk&ij + 2 (p’sfij — ?jp’sgfk>

2_ _
= SPlloi; +pll;

o Pressure-variance equation

1D (p? op w23
pll = —— — p'u’ — —85;; + hot.
P 2 Dt ( 2 > b uj (%zj c2 = ho

( p'? P2z
azqg | — — 1| peM; + az.— Ski Zeman (1991)

p? D

| s peM? + agey Sk M7 Sarkar (1992)

pll =
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PRESSURE CORRELATION TERMS

® Pressure-strain rate correlation

) y R F
pli; = gP'spdij +2 (P’Séj - EJP’S%Q

2_ _
= SPlloi; +pll;
» Convective wave equation
G, M, 017 9
M2 = ~ g o /
{ t lat o (Mt> 5%‘] &L‘jaxﬂ}p

o (Mg [[0w i) ] (MY [ 0ui 04
N Mt @a:j @a:z Mt P @a:j (95[32

", .1 o1

—o M 1,0
+05E28$] [IO(UZUJ uzuj)+puzuj} 9
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PRESSURE CORRELATION TERMS

® Pressure-strain rate correlation

) y R F
pli; = gP'spdij +2 (P’Séj - ?720’5216)

2_ _
= SPlloi; +pll;

# Poisson equation — time derivative of density in forcing term

_8%0:132 N _8:132-8:133-
6% a(puy) , (9?71 (9@7 D2p/

aﬂfj 8:132 + P (9xj (9:132 Dt?

pu; U — pu; U,

(92]9/ 0? (_/,,\7, 1 //)

+2
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PRESSURE-STRAIN RATE CORRELATION

® Solution for fluctuating pressure field from convective wave equation
t
p(x,t) = / dt’/d?’X’G(x—x’,t—t’)f(x’,t’)
0

piet) = [ Gt —)fet)

where f(x’,t') is right side of wave equation

/ a 1/ a 1/
1. 6) = (G 1,0) (L x0) 4 5 wfx)) )
J 1
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PRESSURE-STRAIN RATE CORRELATION

® Pressure-strain rate correlation from convective wave equation

M 00 T 27
Mt 0 0 0

k1 Sin [Eni (K, 0, ¢; b ) ki + Enj(k, 0, @5 bmn) kil

Bykib) = 20 (5 i)+ 2 (b ) (5 + iy
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SOLENOIDAL DISSIPATION RATE BUDGET
® pec = pe+peqg+ per

—— — T7h,/ =,
PE = W, Wy, = [Aw,;w;
4

Tty
0% (ulu',) ) ou'.

e — 9T it _ ) 27

Per . [ 8967,6333 aSEk (uk 8$3>]

» Contributions involving fluctuating viscosity negligible

PEd =
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SOLENOIDAL DISSIPATION RATE BUDGET

Do
—A€+P€1+P§+P§+T€+D€—T+B€+Fg+%FZ:0

P&.1 = 2U [(w;w;ﬂ Sk — wiw, gkk) — (w;s;k Qp — WiSTp Q. )}

Production mean shear, dilatation, vorticity

P2 = -2 (ujw)) — Gradient production
&Ek
P’ =7 (ngw;- St — w;w;s%k) Production due to vortex stretching
O(ujwiw;
1T, = —U ( g i) Turbulent transport
Lk

I D,
J

/ .
D. = 2v ) [wr ( 00@k>] Viscous diffusion
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SOLENOIDAL DISSIPATION RATE BUDGET

Do
—A€+P€1+P§+P§+T€+D€—T+B€+Fg+%FZ:0

/ .
T = 2v 0 “r erjq;% : Viscous destruction
Oxr \ p 0z

® Compressibility terms

! dp O
B, = —2v “r em;j—p b Baroclinic term
P> Oz Ox;
! dp Oo;
F. = 2?(%) [erji P Uk] . Viscous force term
0 Ox; Oxy,

® [astterm on right known
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SOLENOIDAL DISSIPATION RATE BUDGET
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Pl =2v [(w;w;{; Sik — wiw, gkk) + (w,ﬁs;k Qr — Wi s) Q; )}
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o () (o 525)
I (R € i
oxr \ p ox

P? relatively unaffected by change in wall condition

T =2

<
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DISTRIBUTION OF TEMPERATURE (TOTAL) VARIANCES

0.020 w w ‘ 0.012

—=— Adiabatic 0.010 —=— Adiabatic

Isothermal - —=—Isothermal =
0.015| = |sotherma ] s

< 0.010F
-

0.005

0.000 - ‘
10° 10’ 0% 108

® Temperature variance
# Reduction of temperature fluctuations

» Relatively constant over log-layer region

® Total temperature variance
# Overshoot in buffer layer
# Relatively constant and lesser in amplitude log-layer region
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TEMPERATURE VARIANCE BUDGET

—AT—|—PT—|—TT—|—DT—8T—|—C%—|—C%:O,

[ T oT" o1 L oT" OT L oT" o1
T = Cp L 0z Ox T 921 Oy T 0x1 Oy

Thermal dissipation rate

—— 9T
Pr = —pu/T" . Thermal production
Lk
//T”2
T = O [ P Thermal transport
aSEk 2
T’ T oT"
Dt = 7\ 9 ko T”a + kT — or + kT — Thermal diffusion
¢, | Oxy (9:13k 0xy, Oxy,

1 _ (7 7 0 z oT 2 _ _ (L
Cr = (Cp) [T aa?k (kTaack)], Cr = (Cp>

Thermal conduction Pressure-dilatation, viscous dissipation

T (p% — Ok auz
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TEMPERATURE VARIANCE BUDGET
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TIME SCALE RATIO

= (5)/ (%)

1.0I

0.8

—m— Adiabatic
—e— Isothermal
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DISTRIBUTION OF HEAT AND MASS FLUX

0.0150
0.0100
0.0050
=0.0000 fe
Q
. . -0.0050 . .
.0.02 —= Adiabatic uT | —=— Adiabatic pu
' —=— Isothermal uT —a— Isothermal pu
0.03 —e— Adiabatic vT ] -0.0100 o Adiabatic pv
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-0.04 : : -0.0150 : :
10° 10 107 10° 10° 10’ 107 10°
Yy Y
— —
/ 1/ /
p’u- ul!lT! p’u-
7 — 7 _'_ 1

® Heat and mass flux
# Reduction of streamwise heat flux component

o Minimal effect on —v"T" and p/v" components
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HEAT FLUX BUDGETS
—Arpi + Pf, + P2+ ®r; + Dy —epi + Cpy =0,

the production due to the mean temperature and velocity gradients,

1 = YT = e _) /1 o] '
PTZ' — —PTik . pukT” . (Cp> [pui Skk u, aijkj

Production mean temperature, velocity gradients

1

P?. = (l) [u” O Shy — Wi P’ 5%4 Production fluctuating strain rate

Pressure — scrambling

Op
Oy, = — |17
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HEAT FLUX BUDGETS

—Ari+ Pp; + P74+ @7+ Dry —eri + Cry =0

AT /

0T (9:1: © Oy T 5o 0T
aa [pu”T” . ngT”}
Lk

Turbulent, viscous — thermal transport

e

I A Ou; 1" Y oul! OT L oul! OT"
T U0y Oxy Oy, Oxy, T Oy O,

Turbulent, viscous — thermal dissipation

—Jo; .
=T 80 4 (l> [u”ﬁij + ug sy, (T — ]_Dékj)} Compressibility
Ll Cp
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HEAT FLUX BUDGETS
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RANS MODEL DEVELOPMENT

® Higher-Order Velocity Correlation Models
» Pressure-strain rate, pressure-dilation and solenoidal dissipation
# Variable density extensions for other unknown correlations
» Wall-proximity modifications

® Temperature Variance Models
# Variance dissipation rate model
o Numerous unknown correlations
» Wall-proximity modifications

® Thermal-flux Models
# Pressure-scrambling term important
# Numerous unknown correlations
» Wall-proximity modifications
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RANS MODEL DEVELOPMENT

® Low-Order Velocity Correlation Models
» Wide variety of two-equation models

» Heat flux vector
& Gradient transport models - wall proximity corrections
& Variable Pr, effects
& Variable time scale ratio
® Hybrid Methods
o Simplest level - provides RANS solution where LES is deficient

» Complex level - provides linkage between DNS/LES and RANS
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