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A numerical and theoretical framework is being used to
comprehensively evaluate the predictive capabilities an
limitations of Reynoldsaveraged (RA) mixing models

A Assess merits of lower and higher order closure models for turbulent mixing
T 2-, 3, 4equation
1 2 dissipation rateengthscale
T Reynolds stress
T multi-velocity

A Understand implications of using these models for calibration and initialization
1 derive and analyze expressions for safhilar growth parameters: calibration
T assess complexity of initialization with increasing number of model equations

A Assess predictions of models against a broad range of flows critically and objectiv
including seksimilar and norseltsimilar turbulent flows
1 constantgw I & f S A Jrkshokkedvii DK Y & S Ngheab
T variablegw !l @ f SA IK o€ I &fi2 Ml gSa3> &K
T combined instabilities

A Evaluate differences and advantages/disadvantages aid L-based models
T physicsnumerics

K129
o1

a
2 0 dzND dzf S

To achieve a good balance between predictive capability, model complexity, and robustness,
it is important to establish point of diminishing returneshere LES should be used instead of RA mode
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The turbulent kinetic energy and the dissipation
rate orlengthscaleequation can be expressed In a
concise form that unifies the models

A Turbulent kinetic energy and dissipation rdtigthscaleequation(Z=C,K" & with
K- eandK- Lmodels given byn=0,n= 1 andm = 3/2,n=-1), wherenormalized
mass flux ita; = p’ v/ /p Rrp(dts Sarkapressure dilatation model:

0 0 ov; VAL
K —(p K = p H 1 M
5t PE)+ 5 (PKT) 6% . i Gy H] - (1 4[N Cl/nmm
*aﬂ-* )a%]
0 0 ov;

80
—(PZ)+=—pZ7) = 1) - Si Z =
8t (p ) _|_ axj (p UJ) CZO aﬂjj CZl ’Lj 7 CZ3 p axj
CZQ le/n—H /“Lt o0z
H -

with turbulent viscosity, diffusivity, conductiv »7 = % —czt T pr_ Vi .z ¢

A Reynolds stress tensor is

2 ~ d;i OV, 2
Tij = 3 P 03 —2pf (Sz'j ——j—k) = gﬁK(qujJrTfj
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The normalized mass flux can be modeled
al%ebralcally (Zequation) or differentially
(>Z-equation model)

A Algebraic model fokbZ models:

P’U;-,: v{ 05 _  vf (85_ p 8]7)

a; =

5 0,6 0r;  0,p\dzx; 7P Oz,
A Modeled transport equation fokbZbab(b) models
9 sar+ -2 (Bav) = (1— op _ _ T 9p o9 _DE
m(pa@) + or, (pa;v;) = (1 —Cao)b (axi 5 o1, +pa; o, la; + (Ca2 — 1) v4]
_ 8 Cal ﬁZl/”ai _ 8 T/tZ 80,@- aCLj
TP 5:cj (a@ aj) C;/n Km/n+l +p8333 Ta 83:3.- + 8:01
A Requires an algebraic or differential model fian KbZbab(b) models
o, .. 8 . o _ . _ 9 Cy pZYV"b _, 8 [(vE b
—(pb)+=—Bbv;) =—(b+1) =—(Fa; o

A Rather than solving an equation foycan use an algebraic modeldiazZha
models(c> 0 prevents divergence At - 1 limit)

fi/(py +cp)+ (1 — f1)/(ps +cp) ]_1
191/ +¢p) + (1= f1) P/ (P2 + D)




Seltgimilar solutions of 2, 3-, and 4gquation
Y2ZRSta T2N wlet SAIKL ¢
progressively more complex expressions fat

A K- Lmodel

C,Crs (Cro — Cpra)*
a(Cy, CLs,0p,Cro, Cr2) = 805(1 — Cro)(1 — Cr2)

A K- .- amodel(generalization oMorgan Wickettexpression, but suppressid
andc dependence for clarity)
Cls (Cpo — Cpra)’
3 (1 — CLQ)[ZIOal (1 — CL()) + O (BGL() — (o — 2)]

a(Crs,Cro,Cro,Cor) =

A K- L- a-b model

Cro— Cra)?
O{(OLS’ Cro:Cr2, Cuo, Car, Cb2) = M

Crs—1
2Chs (CLD — l) /3+CL5 [20(10 — Z—CLU/3+ (2— 2C 0+ 1/3) CLZ]
4C,1 (Cro—1)+3(Cr2 — Cro) [2Ch2 (Cro — 1) + (Cra — Cro) Crs)

A Observations
T additional equations add (and subtract) coefficients, and there may be insufficient physical
constraints to completely determine all coefficients
T & andb equations do not apparently add new physics, but are required for closure (eajnd2
equation models can both be calibrated to predict a particular, constnt
1 models are all based on an isotropic eddy viscosity, Bathissinesanodel for Reynolds stress

*Joint work with summer student Tucker A. Hartland
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The evolution of the mixing layer parameters
Indicates that all of the models can be calibrated tc
_achieve selsimilarity with a specifieda ® 0.05

Mixing layer parametea(t) =h(t) / (At g ©) A Seltsimilar growth
05 parametersa can
045 W = Ke—  KLab - Dederved
04l K — K-L (C, = 0) | analytically for
035 L K-g-g —e— K-L-a (C/p=0) — _ constantg for each
03 1% KLa K-L-a-b (C;9=0) ——— |  model
Dbzg IR AAIIows_ models to
015 b NN be calibrated to
01 L N e , same latetime
005 |y . growth (at least for
0 | smallAt)

oc 01 02 03 04 05 06 07 08 09 1
A No longer true for

Time [s] complexaccelera
o _ tions such asg off,
Models approach seBimilarity at different rates g reversed, oig

acceldecelaccel
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TheKbemodel Is consistent withmiscible _
wlk et SATJKBLB CIl et 2 MBLbA mddal \§ 3
consistent withimmisciblemixing

Mixing layer parameter

Mixing layer parameter

Bubble (left) and spike (right) mixing layer parametgygt) =h, {t) / (At g &)
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RayleiglbTaylor mixing cases with several complex
accelerations were compared to determine If the
models could reproduce experimental and DNS da

A Models applied toAt T
constant

off:

reversed
acceldecelaccel

T

T
T
T

Mixing layer width

8 LT § 8 3 g 3

nop
9=-Go

whk 8t SA 3 Kgh=t20m EnANI Ft 2 ¢

(unstable

g=-g,fort <t.,4/2 (unstablg g = 0 fort >t /2 (neutral

Rocket rig experiments

stable
heutral
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(

2.5

g=-g,fort <t,, /2 (unstablg g=g,fort >t 42 ( )
g=-g,fort <t,,4/3 (unstablg g=g,fort, /3 ¢t ¢ 2t 43
)

g=-g,fort>2_.43 (unstablg
LI B B I 1 1 T
- DNS -
L =  Forward gravity
_ —_— Zero gravily
N Reversed gravity
AL L
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Time

complexg cases have lower widths than constantase
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Turning off, reversing, or alternating the sign of the
acceleration is reflected in the mixing widthghe Kbe
model results are consistent with expectations

Mixing layemidths A Results are not shown fébL, KbLba,
50 . - and KbLbabb models

clcmstantI .
a5 |- off T some versions dfbL and KbLbabb
model are able to prediaj off case

reversed
40 - accel/decel/accel

1 other cases fail or continue to grow

similarly to constang case

1 G, = 0 cases tend to fail more than

ol C,, O cases
10
5L : : : : : ; i : - . . ..
I8 A S S S S N N A Lequation does not allow sufficient
o “‘fr_ 0 00 0708 08 1 giabilizing mechanisms to inhibit
ime [s] growth ofL
all complexg cases have inhibited T in a model withG, = 0,L equation does

mixing layer widths not directly respond to changes ¢



Theebased models generally predict qualitatively
and quantltatlvely similar mixing widths for
reshockedv A OKU Y& SN aSaK] 20

aAEAY3I f1F &SN 6ARUIK Xk %ﬁdﬁas%eé(sonablywewif

—

0 P | __ capture pre and post
o K-c-a R R Y /4 S reshockgrowth
8 Kotmorb e -
7 experiment (£10%) —=— o gL A a-based models have
0 S R 9 steeper postreshock
D L9 growth rates and tend
: I Y % T to overpredictgrowth
; e o f/ £ 860 8NI {fi dAdiBSTENty gan bring
:] e g ~ Y Ma=150 predictions into closer
0 0.001 0.002 0.003 0.004 0.005 000s 2greement
Time [s] A g° 0.30 determined by
value ofG,, (i.e.,
eis slaved tK leading to similar;, and therefore to Cy=1.92)

similar widths
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Thel-based models also generally predict
gualitatively and quantitatively similar mixing

widths

f @SN gARGK Xp | 3 8/fen pncongjsteny:":

aAEAY 3 | "
10 | | | | | with ebased models
9L K-L-5-€5 L-basedmodels
K‘i'S‘ES{CLD =0) —— .
8 - Kf-g —— T overpredict pre
7+ K-L-a(Cpn=0) —— reshockwidths
0 Klab T underpredictpost
K-L-a-b(Cig=0 : -
2 r experiment{{tmmﬂfu% —_—— reshockwidths
3E R(t) ~t026 B s S S A e andL-based models
| . 7 A . j
21 st SO G SNI (T dzﬁ‘ﬁyé%ﬁf?gﬂ@'ﬁere”“y
1 s T e to interaction of reflected
_ _ , ‘Ma=1.50 ) :
0 ' | | | | rarefaction with layer
0 0.001 0.002 0.003 0.004 0.005 0.006
Time [s] A Adjustments can bring
predictions into closer
Lis slaved td, leading to similarg, andtherefore to agreement with data

similar mixing widths

A g° 0.26 determined by
value ofG,=-0.42
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TheKbemodel using the standard valueS, = 1.44 and
C, = 1.92 predicts the linear growth rate of the,/ v, =
0.6 BelbMehta (1990) air/air shear layer very well

{KSIFEN £t &SN 6ARUK gtaSR 2y p

Mixing layer width [cm]
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T I
K- model ——
Jexp Av (t- torf) ——

| A Mean shear momentum equation is

IT . vy,

(99N, Oty O T )
— U — U, = — = — —
Plot T 82)" T "o~ ox oz |HTHY By

A Initial mean shear velocity is

- v+ U2 v — Vs 2(x —x.)
SARES R )

T lower, upper velocities; = 900,v, = 1500 cm/s

| upper ——
lower

P B
¥

'y

j

1

*

\

T d = 5cmis profile widthy, = 125 cm is centerline

A K(x,0) = 0.01Dv)4/2, gx,0) =K(x,0)*2/L(x,0) with
L(x,0) = 0.44 cm (boundary layer thickness)

A Seltsimilar width of air/air shear layer is
h(t) = 0exp |AV| T, Oexp = 0.069

o

0.5 1 15 2

A Following early transient, upper and lower strear

*>  widths are nearly symmetric
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TheKbemodel using the standard valueS, = 1.44 and
C, = 1.92 predicts &(x;,;)/(Dv)? in reasonably good
_agreement with the BebMehta data

Normalized turbulent kinetic energy Shear layer growth parameters
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A K(x.)/(Dv)? reaches steady valuf0.032,
underpredicting data®0.035)~9%

A Layer width grows linearly in time, with
d~ 0.065, underpredicting data6%

A Shear velocity diffuses due to turbulence,
and becomes linear across layer

x[cm]
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