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LECTURE-27 TURBULENCE MODELS-2

@ Low Re; Two-Eqn model

@ High Re, Stress-Egn model
@ Low Re; Stress-Eqn model

© Algebraic Stress-Eqn model
@ Scalar Transport model

@ Eddy Diffusivity model
@ Turbulent Flux Model

© Modeling Combustion and Turbulence Interaction
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Low Re; e-e model L27( 55)

For low Re; = 11 /v
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Comments - L27( )

© Model constants? are sensitised to low Re, region near the
wall. They tend to high Re; values beyond sub-layers

@ The correction to Cp, is chosen to give values of 14 in
agreement with the Van-Driest mixing length formula

@ The correction to C, is selected from exptl. data on the
decay of isotropic turbulence at low Re; ( at large times,

e xt " wheren~ 2.5t0 2.8).

@ The correction to ¢ is introduced to account for the
non-isotropic contribution to the dissipation.

@ Wall-functions are no longer necessary and e and ¢ Eqns
can be solved with ey = €., = 0. However, to capture the
low Re; effects, very fine mesh ( > 60 grid nodes ) become
necessary in the y* < 100 region.

1Jones W P and Launder BL  The Prediction of Laminarisation with a
Two-Equation Model of Turbulence, Int. Jnl. of Heat and Mass Transfer, vol.
15, p 301, 1972
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Stress Eqn Model- L27( ) o

Six transport equations for the one- pomt correlation u; u are
derived from equation for B;; by setting separation &, = O (
lecture 23)

UM [ e 4
Dt a 17K Oxy PR 9%
{Pi}
8 AR p/ ’ ’
{Djj}
P an 8xi 5’Xk 6Xk
{PS;} {eij}
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. I 4
Modeling u; u; Eqn - L27( 1)

@ Invoking the idea of local isotropy at high Re; the
destruction rate is equally distributed among all its
components . Hence ¢; = (2/3) € §; where ¢ is obtained
from its egn.

@ Pressure-Strain Correlation PS; acts in two ways: Firstly, it
sustains the division of TKE ( e ) into its three components
ui’2 and secondly, it destructs the absolute magnitude of the
shear stresses. Hence, without further elaboration

€ —— 2 Pii
- PS” - Cpl E (Ui Vj - § e 5”) + Cp2 (P” - gu)
+ Cps (Pij ~3 P dj)+Cpae (a—xJ + 3_)(|) + PSy
63/2 € 2 ’ ’
PSW = E |:Cp1 E (Ui Vj — § e 5”) + sz (P” — P'J)

ouU — 0U .
L 2Ky 22K (qeenext clide)
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Contd ... - L27( 5)

This algebralc expressmn for PS; is derived from its exact Eqn?.
The term containing Cp; is called return-to-isotropy . The PS,
term is called the wall-reflection term which accounts for the
effects of pressure reflections from the wall. The recommended
constants are: Cpy = 1.5, C;; =0.12, Cp, =0.764, C, =
0.01, Cp3 =0.109, Cys =0.182, Lg = wall distance. Finally the
Triple Velocity correlation u; u; u, in the Diffusion term Dj; is

modeled from its exact Eqn and (p’/p) {8ui’/8x,- - auj’/(?xi} ~ 0.

T v i Whrar G Ui aria L
s T S - i Y k= 7%,
~ om num expts )
2Hanjalic K. and Launder B. E. A Reynolds Stress Model of Turbulence
and its Application to Thin Shear Flows, JFM.,52(4), p 609-638, 1972
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Algebraic Models (ASMs ) - L27( )

© Implementation of Stress-Eqn model requires solution of 6
differential eqns for u/ u/, 2 Eqns for e and ¢ coupled with
the 3 RANS Eqgns. This is a formidable problem.

© The modeled forms presented above show that spatial
gradients of ul_uJ occur only in the diffusion and convection
- these terms make the Eqns differential ones.

© Alg. Stress Models are developed using the idea that

7 Dﬁ
WY — Diff (uf uj) _ —(2/3) (1 = Cp1)dj + (P/ e)F
e %— Iﬁ() (P/G)—1+Cp1
- Pij Pi} e 8ui an
P = UGl ~Crp = Conp (G + 5x)
+ % (Cp2 + Cp3) 6 ( computational expense reduced)
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Low Re; ASM - L27(+5)

uu = —(2/3)ed+exF
Y Y 1
F = gt Sj +Cy —t (Sik Sik — 3 Sk Sk %)

1%
+ C —t (Qlk Sik + Qi Sik) + Cs 2t (Qlk Qi — 3 le Qi)

+ G ( ) (Skl Qy + Sy Qi) Sk

2
+ Cs ( SE (Qn Qim Smj + Sit Qim Qmj — 3 Sim Qmn Qi 65)
+ ( o (C6 Sjj Sk Su + C7 Sij Qua Q) ( see next slide )
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Low Re; ASM Contd - L27( &)

Qij = (aui/an — an /8xi) Sij = (aui/an + an /8x)
Ret )0_5 Ret :|

mo = f,Che?fe — f,=1—exp [_(% (90)

__ __y15
Ci = 03x(1+0.35 {max (S,Q)} )L

1 0.36
{ —o® {_exp (—0.75 max (S, Q) H
S = (e/€")4/0.5S; S; 52(9/6)\/m

Constants are: C; =-0.1, C, = 0.1, C3 =0.26, C, =- 10 (Cp)?,

Cs=0,Cs=-5 (Cj5)?and C; =5 (Cp)?. The model is tested for

very complex strain fields - swirling flows, curved channels and

jet-impingement on a wall ( Craft T. J., Launder B. L. and Suga

K, IJHFF, 17(12), p 108, 1996 )
0

X
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Scalar Transport - L27( =)

From Lecture 21,

of oaT| 04
Pm Cpm [E + % ] = % + ®, (Instantaneous)
Pm Cpm {E‘i‘ ox; } = —a_)(j(_kma_)(j+pmcpmujT)

+  pert Py + pm €

pm Com U T' must be obtained from
© Eddy Diffusivity model, or
@ Transport Eqn for u; T’

(Time averaged)

March 11, 2011
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Eddy Diffusivity model - L27( 12

© Analogous to ji, we define Turbulent thermal conductivity k;
so that

kt 8T oT 123 oT

—uT = - — = —

where Pry = Turbulent Prandtl number simeq 0.9 when Re;
is high.
@ Hence, energy Eqn will read as

DT 0

vtr_ 9 (i 4 ) Qgen

Dt  Ox Pr axk p Cp
where Qgen = et Py + pm €. Usually, pm e << et Dy .
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Comments on EDM - L27( 3

© The model is very convenient because 1 is obtained from
mixing length, or one- or two-eqn models and Prt is an
absolute constant

@ The disadvantage is that ox = 0 where 1, = 0. In several
flows, significant temperature gradients and hence heat
transfer exist in regions where 1, = 0.

© Like 14, oy is also isotropic . But, measurement of decay of
non-axi-symmetric temperature profiles in a fully developed
turbulent flow in a pipe suggests that the ratio of tangential
to radial diffusivities (ot g/arr ) >> 1 near the wall.

@ Therefore, in general, u; T must be obtained directly from
its differential transport equation.
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u, T'Eqn - L27(15

Eqn for u; T’ is derived by multiplying Eqn for T by ui' and Eqn
for 0; by T' - addition and time-averaging gives .

au‘/T/-i—u ou T Ty 8T+u_|_8u
ot “Toxe K oxe K 9%
{Pr}
0 — =7 p/T, : (9Ui/Tl
{Dr}
p° (0T’ 8u oT’
* p { OX; } (V + Oé) 8Xk an
{RDT} {DlST}
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Modeling u; T' Egn - L27(13
Q Like PS;j, Redistribution term RD+ is modeled as
€ —— — OU;
RDT = —CTlEUi T +CT2UkT 6_)(;

055 T T & (forpr »1
= —05-—u T — (forPr >

Pr+1
Pr

@ At high Re, or ( Peclet), the task of Destruction is
performed by RD+ . Hence, Dist = 0.

© In the diffusion term , effect of p’ is either neglected or taken
to be 0.2 xu; u, T’ where

= — {CT1+O.5( )} gui’T’ (forPr << 1)

— €
€

u u —— +u u
k (9Xj i Tk 6Xj

!/ ’ aﬁ ’ ’ aﬁ ]
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Solving u; T' Eqn - L27(33

© The model constants are: Cr; = 3.6, Ct, = 0.266
and C; =0.11.

© Required correlations are taken as

— 14 oT
_uiT:P_I’Ta_Xi and —Uiuj:VtSij

@ 1, is determined from e and ¢ Egns
© For complete range of Prandtl numbers, Prr is modeled as

Priil
Py :0.85+0.0309{ r+ }
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Algebraic Flux Model - L27( 12

@ Eqn for scalar fluctuations is derived as

DT?/2 9 ui’T’z_ai T
Dt N 8xi 2 8xi 2

where o (%—;/)2 —erx &T”

© The AFM is derived from

Du T’
Dt

|
/i

u; prod = diss assume
an

—Diff (W T') =

(P—é€)e+(P-— G)T/z] u T’
e

where C; ~ 1.6 for Pr > 1.
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Evidence from DNS - Pipe flow - L27( 18

4.5

3.0
/ T? 2

(aw/pcpuy
1.5

@ Mean T profiles for pipe

flow agreed with DNS © u'T’ budget is similar to

@ Location of peak T shows e-budget L
that production shifts @ v'T’ budget resembles u'v’
towards larger y* as Pr budget justifying Eddy Diff
decreases. model for this case.

March11,2011  18/21



Combustion and Turbulence - 1 - L27( iI

@ In Combustion it is necessary to solve differential egns for
all participating species k.

I(pm wk)  O(pm Uj w) 0 &uk
— 7 | pm Det R
a OX; ax; |™ e o TR

where Ry = rate of species generation/consumption.
Det = v/ScC + 14/SC; and SC; ~ 0.9 .

@ The simplest postulate is called the Simple Chemical
Reaction ( SCR ) that is written as
1 kg of Fuel + Rg; kg of Oxidant = (1 + R¢;) kg of Product
There are only three species Fuel, Oxidant air and Products
and Rs; = (A/F )stoich

©Q Rox = Rst X Ry and Ryr = —(1 + Rgt) x Ryy. In laminar flow

—E -
R T )wi wex (A and E are fuel-specific)
March 11,2011  19/21
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Combustion and Turbulence - 2 - L27( 13

@ In turbulent combustion, however, it is observed that outer
edges of flames are very intermittent and jagged.

@ Experimentally it is observed that even if time-averaged w,
and ey are high, Ry, rates are not as high as would be
expected from the Arrhenius formula

@ This is because, the fuel and oxidant at a given point are
present at different times. Clearly, therefore, time scales of
chemical reaction and turbulence are important. These are
characterised by S, /u,,.. where S, is the laminar flame
speed of the fuel.

© These ideas are captured? in

€

~ — Cep Wiy —
ebu Pm ue

€
Rty = — Cepu £Pm (wfu)z E

3Spalding D. B.  Development of Eddy-Breakup Model of Turbulent
Combustion, 16th Symposium on Combustion, p 1657, 1976
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Combustion and Turbulence - 3 - L27( %

@ In practical computing, the applicability of the EBU has
been enhanced by the following variant

e [ A A
Ry = —pm E Min {A Whu, = R., Wox, 75— 1+ Ry wpde}

where A=4and A" ~ 2.

@ In the next lecture, we shall discuss tow important aspects
of turbulent flows: ( a) Laminar-to-Turbulent Transition
and ( b)) Effect of Wall Roughness
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