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Chapter 10 Numerical Simulation for Turbulent
Flow and Heat Transfer

10.1 Introduction to turbulence

10.2 Time-averaged governing equation for
incompressible convective heat transfer

10.3 Zero-equation and one-equation model

10.4 Two-equation model

10.5 Wall function method

10.6 Computer implementation of k-Epsilon model
and wall function method

10.7 Low-Reynolds number k-epsilon model

10.8 Brief introduction to recent developments y
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10.1 Introduction to turbulence

10.1.1 Present understanding of turbulence

10.1.2 Classifications of turbulence simulation
methods

10.1.3 Definitions of Reynolds time-averages
and their characteristics
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[ 10.1 Introduction to turbulence]

10.1.1 Present understanding of turbulence

1. Turbulence is a highly complicated unsteady flow,
within which all kinds of physical quantities are
randomly varying with both time and space.;

2. Navier-Stokes are valid for transient turbulent flows;

3. Turbulent flow field can be regarded as a collection

of eddies ({jE) with different geometric scales .
Remarks:

(1)Eddy vs. vortex (Jigi#): Eddy is characterized by
5/114
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turbulent flow with randomness, and 1t covers a wide
range of geometric scales;

Vortex Is caused by a flow phenomenon
characterized by recirculation, for example flow across
a cylinder. Such vortex flow can be laminar or

turbulent.

I — ks Turbulent
b[::mg;‘;; _ Laminar Lransition ~ boundary
layer boundary . : layer

¢ layer
| 8 3
/ — > I —
SCp'drali()n I Sepzu'u‘ion . i
: |
5 . 5
Re <2x10° ——Laminar Re > 2x10° ——Turbulent
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Vorticity i1s a physical quantity defined by:

5 — 6 ><\7 Curl (e BE)of velocity vector

For a practical flow, either laminar or turbulent,

nEAN,
Only for ideal fluid and potential flow @ = 0

(2) A dispute (F1¥)happened in the later half of last
century on whether N-S equations are valid for
turbulent flows. The great success of direct numerical
simulation of turbulent flow gives a positive answer.

71114
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(3) Bifurcation(43%%;), chaos(J&i#), strange attractor
(ABE 5| F) and turbulence (Jigiit) are regarded as

the four non-linear phenomena in the 20t century.

10.1.2 Classifications of of turbulence
simulation methods

Numerical methods for turbulence based on
continuum assumption and Euler method can be
divided into three categories: direct numerical
simulation, DNS (E3Z#i#)), large eddy simulation,
LES(R L)) and Reynolds time-average N-S Eqs.
method, RANS( FigH 1) .

8/114
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N-S equation

LES

Second moment closure

RANS Algebraic stress model

Boltzmann eq.

Turbulence modeling

Turbulent viscosity model

—_—
Mixing length theory

One-eguation model
Two-eguation model

Non-linear model. etc. 9/114
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1.DNS |n DNS very small time step and space step
are needed to reveal the evolutions (##E4k) of eddies with
different scales. Required computer resource Is very

high. Often high-performance computers are needed.
For a fully developed mixed

Ho convection in a square duct
., ‘H (L=6.4H), when Re=6400,
L T Gr=10* ~10° DNS is
V //)_ " conducted with 4.194x10°
i/i nodes(=256x128x128), and
wn W7 8x10° time steps are

needed for statistical
average. 10/114


C:/
C:/

CFD-NHT-EHT
CENTER

2. LES

Basic idea: Turbulent fluctuations are mainly
generated by large scale eddies, which are non-
isotropic(4% ] 5tk and vary with flow situation;
Small scale eddies dissipate(¥t{) Kinetic energy (from
mechanic to thermal energy), and are almost isotropic.
The N-S egs. are used to simulate the large scale eddies,
and the behavior of small scale eddies Is simulated by
simplified model.

LES requires less computer resource than that of
DNS, even though still quite high, and has been used
for engineering problems

For the above problem when simulated by LES

only128x80x80=819200 grids are needed. "
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3. Reynolds time average N-S Eqs. methods

EXxpressing a transient term as the sum of average
term and fluctuation(fkzlj) term. Time average is
conducted for the transient N-S equations, and
the time average terms of the fluctuations is expressed
via some function of average terms.

10.1.3 Reynolds time averages and their
characteristics

__ | __iHAt
¢=p+¢ ¢=—- | o0t

t
At is the time step, which should be large enough
relative to the fluctuation but small enough with respect

to the period of time average quantity.
12/114
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Unsteady Quasi-steady
Characteristics of time averages

1.4 =0, 29=4 3.g+¢ =¢; 4 4 =44 =0

5. 5T = (p+d)(T+f)=pT+4f 6.00_09.

L _Ox ox
o9 _ o4 _, 8. 041) _a(t) agt)
" OX  OX OX OX OX
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10.2 Time-averaged governing equation for
incompressible convective heat transfer

10.2.1 Time average governing equation

10.2.2 Ways for determining additional terms

10.2.3 Governing equations with turbulent
viscosity
14/114
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10.2 Time-averaged governing equation for
incompressible convective heat transfer)

.

10.2.1 Time average governing equation

1. Continuity eq.

BU+U) O(V+V) Bw+w) Ou Ov ow du v ow
+ + =t —+—+—+—+ =0

OX oy 0z OXx oy o0z oOXx oy o0z

L& ~N AS NV d

Both time average velocity and time average
fluctuation velocity satisfy continuity condition.

2. Momentum eq.  Taking x-direction as an example:
15/114
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o(u+u) . o(u+u')? N o(U+u)(V+V) . o(u+u ) (wW+w) _ 1 o(p+p) N

ot OX oy 0z O OX
2 (1 ' 2 (s ' 2 (01 '
V[a (u+2u)+a (UJ;u)+a (utu)]
OX oy 0z

According to the above characteristics, yielding
ou o(u’) ouv ouw o) auV) ouw
u. (u)+ uv  ouw (u) N (UV)+ (uw) _
ot OX oy 0z OX 07

2 2. 2.

:_ia_pﬂ,(@ 2’ L0 LZJ e l;) Moved to right hand A
p OX OX" oy" 0" | side and combined with
the corresponding

VISCOUS term

_ _, _
ou o(u) ouv oJuw
+ + + =

ot OX oy 0z \_ Y
1p 0, 00 —5, 0. 0U ——= 0. 0Uu ——
— + —(u) ]+ —(uv)]+ —(uw
X 8X[V8x (u)] ay[vay (uv)] 8z[vaz (uw)]
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Rewritten in a tensor form in Cartesian coordinate:
d(pu) d(puiu;) aE ou;
+ =— ——puu.) (=123
ot OX. OX. 8 (77 P ) ( )

J ' ] J

3. Other scalar (f5=) variables

opd) , Apuid) _ 0 04
ot OX. OX:  OX;

J J I

pU¢)+S

4. Discussion on the time averaged quantity

(1) Linear term remains unchanged during time
average, while product term (FefH i) generates
product of fluctuations, representing the additional

transport caused by fluctuation.
17/114
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(2) Equations are not closed: for 3-D problem, there
are five equations, with 14 unknown variables:

Five time average variables—  U,V,W, p, ¢,
Nine products of fluctuations

uu (i, j =1,2,3); ud (i=12,3)

In order to close the above equations, additional
relations must be added. Such additional relations are
called turbulence model, or closure model ( PRI

10.2.2 Ways of determining additional terms
18/114
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1.Reynolds stress method

For the nine additional variables deriving their
own governing equations.

However, In the derivation process new
additional terms of higher order (product of three
variables, four variables, etc...) are introduced.; If
we still go along this direction then equations for
much higher order products should be derived.,,,,.,.
Thus we have to terminate such process at certain
level. Historically some complicated models with
more than 20 equations have been derived.

19/114
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In the Reynolds stress models, the second

moment model is quite famous and has been applied
In some engineering problems. In the second moment
model, for the product terms with two fluctuations
their equations are derived, while for the terms with
three or more fluctuations models are used to relate
such terms with time average variables.

Prof. L X Zhou (J&7347) in Tsinghua university
contributed a lot in this regard.

2. Turbulent viscosity method

The product of fluctuations of two velocities is

expressed via turbulent viscosity
20/114
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(1) Definition of turbulent viscosity

In 1877 Boussinesq introduced following equation, by

mimicking(kEk 1) the constitution equation (A4 5 #2) of
laminar fluid flow:

. ou.. 2
(Ti,j)t:_/)ui _( pt )+77t(—+5x )‘gﬂﬁ leU

} %p[(u')z + (V)2 +(W)*] = %pk k= 5[(u')2 +(v)*+(w)]

(2) Definition of turbulent diffusivity of other scalar
variables

Pr,---turbulent Prandtl

—pu¢ r, a¢ T, =t number, usually treated as

O P, a3 constant.

21/114


C:/
C:/

CFD-NHT-EHT
CENTER

‘BI‘IEf review of 2017-11-20 lecture key points \

1.Basic idea of turbulence

3D unsteady flow with all parameters being varying
randomly with tme and space; N-S egs. are valid; Can
be egarded as a collection of eddies of different scale

2.Reynolds time average

Apt) _o(gt) o t)
5. pf =(¢+¢)(f+f)= ¢f+¢f 8.~ ox T ox

3. Turbulence model

During the time-average process some additonal
terms occur; In order to close the governing equations,
some relations must be added which relates the
additional terms with time average parameters. 22/114
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C, 7 C,7) (Cp77|) Pr,

Similarly: I'y =4, =n.c_ /Pr,
Therefore for turbulent viscosity model its major task
Is to find 7, Pr..

The name of engineering turbulence models comes
from the number of PDE(gs. included in the model
to determine turbulence viscosity.

10.2.3 Governing equations of viscocity models

1. Governing equations
23/114
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For simplicity of presentation, the symbol of time

average “bar” is omitted hereafter:

’%:0
OX,,

< ou, _l_a(pukui):_apeff N
ot OX, OX.  OX,

\ a(p*¢) + 6(p*uk¢) 8 [(F _|_1—~ ) ¢]_|_ S
ot OX,, X X, OX,,
1_‘eff

2. Differences from laminar governing equations:
(1) u;, p,¢ -Time average;(2) Replacing ' by I' . =T +T,

(3)Replacing pPby P (4)In source term S of U,

the additional terms caused by time averaging are '”C'Z‘i%‘f?-

Mef
a [(77|+77t 8” ]+S peff_p+pt
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In the Cartesian coordinates, the source terms of
the three components are-

d d
u: S= (7]eff u)+ (%ff )+az(77€ff -
v: S= —(77eff )+ (77eff )+3z(77€ff o)
w: S= (Veffau)-'- (ﬂeffav)‘Faz(?]effaz)

In laminar flow of constant properties, all source
terms are zero, but for turbulent flow they are not zero.

3. Turbulent Prandtl number

Its value varies within a certain range, usually iIs
taken as a constant
F _ Cpnt

S
25/114
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10.3 Zero equation model and one equation
model
10.3.1 Zero equation model
1. Turbulent additional stress of zero equation model

2.Equations for mixing length
3.Application range of zero eg. model

10.3.2 One equation model

1. Turbulent fluctuation kinetic energy as dependent
variable

2.Prandtl-Kolmogorov equation
3.Governing equation of turbulent fluctuation

Kinetic energy
4.Boundary condition

26/114
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10.3 Zero Equation Model and One Equation Mod

10.3.1 Zero equation model

1. Turbulent additional stress of zero equation model

In zero eq. model no PDE is involved to determine
turbulent viscosity. The turbulent stress is expressed as:

[Turbulent kinetic
VISCOSIty

dul du, [ F——/
7, =—puu, pUV—pV(—) Pl = (—) —/ [o

" aud
[From dimensionality
consideration From Newton
Cause of momentum exchange shear stress eq. 7/114
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where | 1s called mixing length, whose determination is
the key of zero-eq. model.

2.Equations for mixing length
(1) Flow and HT over aplate | /5 vs. y/s Isaslope

function (&t R %) -
Atylo=Alx 1,=40 @v—

Authors, x A ool =26 |
Cebeci | 0.41 0.08
o138 =x(y15)]
P-S | 0.435 0.09
0 Al 0.5 T 3o

[ |m =KY o thicknessofB.L. ...,
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(2) Turbulent HT in a circular tube--- Nikurads eq.

|,/R=0.14-0.08(1-y/R)*-0.06(1- y/R)"  cocomespeeecss
Application range:Re=1.1x10° ~ 3.2x10° . rrrrrrrrrrrr
(3) Fluid in a duct corner

1 1 1

TR |_,1. from above egs.

m a b

(4) Modification caused by molecular
viscosity —van Driest eq.

= wyli-exp(- e )y eylt-exp(- L) A=26

Correction caused by For yf =6, its value=0.997
molecular viscosity 29/114
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3. Application range of zero eg. model

(1) Boundary layer flow & HT (Flow over a wing before
separation)

(2) FF &

HT in straight ducts;

(3) Boundary layer type flow with weak recirculation.

Drawbac

Ks of zero eg. model:

(1) At duct center line velocity gradient equals zero but
turbulent viscosity still exists.

(2) Effects of oncoming flow turbulence is not considered.

(3) Effects of turbulent flow itself is not considered

Li ZY, Hung TC, Tao WQ. Numerical simulation of fully developed turbulent flow and heat
transfer in annular-sector ducts. Heat Mass Transfer,2002, 38 (4-5): 369-377

30/114


C:/
C:/

5 S
10.3.2 One-equation model

1. Turbulent fluctuation kinetic energy is taken as a
dependent variable

The most important feature of turbulence iIs
fluctuation. Fluctuation Kinetic energy K Is an
appropriate quantity to indicate fluctuation intensity(fik
zhom ). 1t is taken as a dependent variable for
reflecting the effects of turbulence itself.

2.Prandtl-Kolmogorov equation

Mimicking ($i1})the molecular viscosity caused
by the random motion of molecules, which is:

31/114
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Molecular viscosity 17, oC oUA

Then the viscosity caused by turbulent fluctuation
(turbulent viscosity) can be expressed by

77t o pk1/2| — 77'[ :Cl;lpk1/2|

where | is the fluctuation scale, usually different
from mixing length;

—Prandtl-Kolmogorov equation
Coefficient C, iswithin 0.2 to 1.0;

In order to get the distribution of k a related PDE

IS required.
32/114
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3.Governing equation of turbulent kinetic C energy K

Starting from the definition of k =0.5(u.u ) ,conducting
time-average operation for N-S equations, and introducing
some assumptions, following governing equation for k can

be obtained: source
ok 5k ok au_aT oy ke
P AU ox [(77. )ax 1+n, ox (a X') p(Cp —)
- —|—L |k : : _I_
transient|convection diffusion productmn dissipation

whereo, is called turbulent Prandtl number of k, and its

Introduction can increase the application range of the
model.

4. Boundary condition treatment: wall function method

A A4 B T R



C:/
C:/

CFD-NHT-EHT
CENTER

10.4 Two-Equation Model

10.4.1 Second variables related to |
10.4.2 k — £ governing equations

10.4.3 General governing equation for K — ¢
model

10.4.4 Remarks

34/114
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l 10.4 Two-Equation model l

10.4.1 Second variables related to |

1. There are several physical variables related to |

Z-variables k12/] k32 /1 kl k/1?
Proposed Rodi, Id-
L | Kolmogorov | Chou ( il 3% | i, Spa Spalding[ 39]
by [32] %)[19] ing [38]
Symbol f g kl W
Phvsical | Fddv Enerov Product of |Mean square
" v L. 2) . energy and |root of verticity
meaning | frequency | dissipation | ... . flactnation

35/114
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This is the modeling definition(BL#l & X). It can be
regarded as the dissipation rate of fluctuation

kinetic energy of unit mass; C, is a dimensionless
constant.

2. Two definitions of dissipation rate
(1) Strict definition

ou. ., ou,
E=v,(— '
It represents dissipation rate of isotropic small eddies,

and is used in the derivation of it%governing equation.

(2) Modeling definition ¢=C_, —
I 36/114
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Understanding of its meaning: energy transit rate
from larger eddies to small eddies for unit volume is

proportional to ,Ok , and 1/t , where the transit time t is

proportional to | / kY2 thus

I k3/2 k3/2
PE ~ pk/(m ~p|—:CDp |

This definition is used in the derivation process for
simplifying treatment of some complicated terms.

10.4.2 kK — & governing equations
(1) & equation ou; ., ou,
Starting from strict definition, & ="1(5 (5.7
conducting time average operation for N-S equkation,

and adopting some assumptions (including modeling
definition), yielding

37/114
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d(pe) Odlpue) o 7, \ 0 g Ou; ou; ou &
= ) =1+C, - )~C,p—
"o o o e e G T TP
B N - I
transient || convection diffusion source
(2) k equation After introducing ¢ T
K equation can be re-written as —p(Co T)
o(pk)  dlpuk) 0 no.ok, ou; ou ou. |
— T = + + + — PE
ot ox,  ox. L ak)axj] " ox (axi axi) p
. " I
C,,C, are empirical coefficients Source term
Introducing: G = 7, O (8ui n ;| called as unit mass

p OX; OX; 0% production function

8uj 8uj

ou.

Then source term of keq. 7, (
OX. OX

_|_

)— pE

0X; 38/114
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can be re-written as: | pG — pe

(3) Determination of turbulent viscosity of k —& model
k1/2+3/2'/ |

n,=C.,pk"1 =C,Cpp — 2= C pk®/¢e
“(\:Dk /' ﬂk3/2
C,C,—~C, £=C, |

10.4.3 General gov. eqg. of K — £ model

o(p9) + diV(pa¢) = diV(F¢grad¢) + S¢
ot

grepresents: U, V, W, T K, &

Most widely accepted values of model constants

C, GC, C, o o, o

1.44 1.92 0.09 1.0 1.3 0.9-1.0 39/114
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r,,S, depend on
variable and
coordinate:
u,v,w, T,k, ¢

For Cartesian
Coordinate:

Text book,
Page 350

But in our new
G.Eqgs. for temp.:

I =4 =n.C, / Pr,
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U d 3¢ d a¢
3(810x¢) a(g;ﬁ) (.UI:‘}S) (I‘ )+5;(F%,)+

Xt u, v, w, k, e, T XY BHRET H:

9,2
3.(3,)*S

e

# |u, v, w: '=ng=7+ 7 i :
Diffusion
Tl S
7T a coefficients —
= e:F=77+—Z7£ / Z,u
O¢ T, W
/3
T: I'= PT+O'T
u: §=-2242 (veff ot ks (ﬂeﬂ - (77eff @)
) dxr Jdx dx dx dz dx
P) )
vV S= 5-5 ax(neff ) a (neffa ) az(veﬁ_w)
] 2 2
- w: S=—52 (ﬂeff u) (ﬂeffaz) az(ﬂeff ==) -
k: S= oGy - pe >Source
term

€3 =‘Z—(C1PGk CZPE)

T:S ?E;&l‘%llﬂ%ﬂﬁﬁ%
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10.4.4 Remarks
(1) Expansion of G term for 2D case

ou, ou. 8u ou;

G = Utaul(au j):nt( | )_
p OX; OX;  OX OX; OX; 8x OX.
717, ,0U ouU 8u8u 8v8v OV oV ouou ouov ovou ovov
L ( (ot ——t——t——)

L OX OX ayay axax ayay) OX OX 0Oy OX oOxoy oyoy

7, ou 6V2
G = {2[( )+(ay)] + aX)}

There are 18 terms for 3D case.
(2) The above model is called standard K —& model. It
can be applied to vigorously developed (HEE: ‘R 2 )

turbulent flow , also called as high-Re k — ¢ model./
41/114
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10.5 Wall Function Method

10.5.1 Two ways for grid settlement near wall
in turbulence simulation

10.5.2 Fundamentals of wall function method

10.5.3 Boundary conditions of K,< for
standard kK — & model

10.5.4 Cautions in implementing wall function
method

42/114
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| 10.5 Wall Function Method l

10.5.1 Two ways for grid settlement (55 5%
‘H )near wall in turbulence simulation

1.Setting enough number of grids in viscous sublayer
(>10 grids)

For this treatment k e N
equation can be used from . number
vigorous turbulent flow to wall : of nodes
and k,=0 for its boundary should

. . be set in
condition. 02 ) —

This treatment will be + =3/ 4 sub-layer.
used in low Re K — & model. ;L

43/114
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2. Set the 15t inner node outside the viscous sublayer

In this treatment
velocity distribution near
the wall should be assumed,
and it is adopted in the high
VISCOUS

Re k—g model. sub-layer.

10.5.2 Fundamentals of WFM

1) Assuming that the
dimensionless velocity and

temp. distributions outside "The 1%tinner node
the viscous sub-layer are of Is set outside viscous
logarithmic law(%f %) type. | sub-layer y,

44/114
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(1) Logarithmic law in fluid mechanics
*x
i = Y B = Lin(y )+ B = 2in(Ey")
V* Kk V K K

=,/ p, K=04~042, B=50-~55

(2) Logarithmic law in turbulence model

In order that the logarithmic law can reflect some
characteristics of turbulence the law Is reformed as
follows:

1/4y,1/2
Replacing v* by C1/4k1/2 v = Y(Cﬂ k™)
to define y v

Introducing c¥k*2 . u _ u C,'k” u(C,'k")
into y* definition " Cyr oy* oyx

T ! Paspiia
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When dissipation and production of fluctuation
Kinetic energy are balanced, the above definitions are
Identical to conventional definition in fluid mechanics.

(3) Logarithmic law of temperature: mimicking
definition of ut*:
LI\/Iimicking (T -T,)(C. k™)

velocit
. wl P Required by dimension
[I\/Ilmlckmg stress consistency

(4) Logarithmic laws of V & T in turbulence model

For y* >11.0 following distributions are adopted:

0 =2y, LIn(E)=50~5.5

K K
46/114
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T = ﬁln(Ey+) 4 PGt P = 896(ﬁ_1)(ﬁ)—1/4
K O O,

o, =Pr:o,=Pr Ifo,=o,then T" =u"
Then this is Reynolds analogy (§ g b)) .
For YV <11.0 ,itis regarded as laminar sublayer.

2) Placing the 15t inner node P outside the viscous sub-
layer, where logarithmic law valid (Ys >11.0)

3) The effective turbulent viscosity and thermal
conductivity between the 15t inner node and the wall

should satisfy following equations:

U, —u T, —T
TW:nB P Wqu:ﬂ“B P W
Ye Ye 47/114
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The equations of effective viscosity and thermal
conductivity between the 15t inner node and the wall
can be derived as follows:

(1) Equation forz, : At point P, u* satisfy :

U Cl/4k1/2 Cl/4kl/2
)Ly, ()

t,lp K 1%
This equation can be re-written as follows:

T = According to

W 14,172 _ —
LinfEy, e e qlPon? Yr

K V
Tls equation can be obtained from this equation

1/41,1/2 > 0
S 1o oA
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/(C1/4k1/2 . %‘
B

1/4y,1/2

Linfey, ooy Y
K V

1/4,1/2
Mg :[

yP (C,u kP

_ Yo
p =
—In(Ey;) Up
+ K
R i

In the vigorous region , Y, >> U above equation shows:

turbulent viscosity is Yp /U5 times of laminar viscosity.
1
For example y. =100, u, = lIn(lOO) +B = ﬁ4'605+5'0 =16.5
K .

Then: Ng = (100/16.5)77| = 6.0677|
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(2) Equation for 4 : At point P, T* satisfy :

T _T WCY4KY?
(P w)( g P ):Gt In(Ey;)+c7tP

. /
From which: ! P " »

. _pcp(TﬁW)(Ci"‘ké’Z) Accordingto | _ 4 (TP/TW)
= v = Ay~

’ tln(EyP)+o-P Point 3
(C1/4k1/2)yp ,OC

Ay = 4 ) Pr, 4,
+ A Ot In
Y % " %
[ ncy This is equwalent to magnlfy the
A molecular conductivity by(T )Pr

times. " 50114
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The molecular

Pr =5.0,Pr, =1.0,y; =100, T
~or Pr { Yp conductivity Is

yielding 1 =405 22pr = 100 '50-12.3 magnified by 12.3
To 40.5 times!
Why wall viscosity and conductivity 775,45 should
be magnified? This is because the 15t inner node is far

from wall, leading to reduced wall gradient determined

by FD method. yb u, -0 .
<< actual gradient
In WFM the magnified Ye
transport properties J
compensate (7R#}) the — ——yP
reduced gradients so that Vel | o -

A Pl T777777 9‘/ 7777777777 ‘/6)(77
2 1

their products will be
approximately close to the | Wall functions refer to the
true values. expressions of ;A
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4) The boundary condition of k equation: %)W:O
N

Because outside the sublayer the production of
fluctuation kinetic energy is much larger than diffusion
towards wall, hence diffusion to the wall is
approximately taken zero.

5) The dissipation of fluctuation Kinetic energy at 1%t
Inner node Is determined by the model equation:

C k3/2 C3/4kp3/2
g — D _ _H
" |
KYp

For the 15t inner node dissipation rate is specified by
above equation, and computation is limited within the
region surrounded by the 15t inner nodes.

(see page 355 of text book)

52/114
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10.5.3 Boundary conditions of K,& for
standard kK — ¢ model

1. Inlet boundary

1) k: (1)Adopting test data; (2)Taking a percentage of
Kinetic energy of oncoming flow .For fully developed

flow In ducts:0.5~1.5%0;

C3/4k3/2
2)e: (1) Using model equation: g =—#
#EOHR KyP
(2)U3|n9 N, = Cﬂl[)k2 | & al, _T‘;’ e _ amjfﬁ

LSS
/]

elding 7, with L 'l
ylelding 7 with inlet u Lr |
and L. ’/////////////)&///////////////g,[/

|
assuming 2L _ 100 - 1000 @Q

14
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2. At central line: K _9¢ _,

on - on
3. Outlet: Adopting local one way coordinate assumption

3. Solid wall: Adopting wall function method
(1)Velocity— Velocity normal to wall %)W =0;
Velocity parallel to wall ¢,, =0,
And wall viscosity determined by WFM.

Remarks: here velocity iIs the dependent variable to be
solved not the one in the nonlinear part of convection
term, for which wall velocities always equal zero: u=v=0.

(2) k— Adoptlng = —O implemented via setting ', =0
54/114
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(3) &— Specifying the 15t inner node by C 34130
Then cutting connection with boundary ¢ = -

KYp
10.5.4 Cautions in implementing wall function
method

1) Approximate range of y_ xJ

11.5~30<(y.,x2) <200~ 400

2) Underrelaxation | Logarithmic law is valid in this range 1

In the iteration process 7,,K,& must be under-relaxed.
And It Is organized within the solution process.

3) &p should be specified by large coefficient method
55/114
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4) Source term treatment of k,g
Clng C2,08 Cl,OEG Cng

@/E

5) Treatment of solid located within fluid region

S. =

&

See pages 358 — 359 of textbook.
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" 10-6 Turbulent flow and heat transfer in duct
with a stepwise inlet velocity distribution

\_ ---k-epsilon turbulence model with WFM

10-6-1 Physical problem and its math
formulation

Known: A stream with a central jet goes Into a
parallel channel; Flow is in turbulent state, AMU =
10—6 and Pr=0.7.

Find: Adopt the standard k-Epsilon model and the
wall function method to determine velocity and
temperature fields in the channel.

57/114
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F,

Q
4

58/114
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Governing equation is:

div(pug) = div(T",gradg) + S,
where ¢=U,V, T, K, &, P, p'

The diffusion coefficients are:

NF= 1 2 3 4 5 6 7 8 11
Variable U vV PC T K & AMUTGEN P

. 7]
L', T}, T, / : :
Gk Gg

(94 08 0.8 1.0 0.6 0.6 0.6

In our new governing equation for temperature:

Lo =A =mc, I Pr 59/114
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(Veff )+ (77@{; )+3z(77€ff

Sy = ax(veff )+ (77eff )+az(77€ﬁ 3y

Sw = (77effau)+ (77eff )+az(77effaz)

f: S= oGy~
€ : S=—£—(leﬂk—(;2m)

6 =2 {2 (3)'+ (32)+ (32) ]+ (32 22)

9y dy dx
- 2
(8u+3w) +(3v+3w) }
e dx dz 3y

60/114
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Boundary conditions are:

(1) Inlet:
k -taking 1% of kinetic energy of
oncoming flow;

Epsilon - determined by following eq.

2
o C, oK
7,
where 7, is determined by Re_ = PV (2Ly) =100
Mett

(2) Wall: WEM;

(3) Outlet: local one —way;
61/114
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(4) Atsymmetric —= u=0, all others have their first
order normal derivatives equal to zero!

10-6-2 Numerical method

(1) Source term treatment for K — ¢

E
S, =16 — pe=nG - ([k)* )k
Se S,

S

_cenG  cpet cenG (Cng*
©T K k k k
Sc Sp

)&

62/114
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(2) Lift (3&£F) of outlet velocity

In order to avoid negative outlet velocity during
iteration, adopt method for lifting temporary (& B} 1))
outlet velocity:

FACTOR = FLOWIN

Z[(\/.M2+|Vm.n|) *RHO, y, * XCV (1)]

— FACTOR ® (Vi o+ Vinin )

— /T/I/T | outflow
Outlet ﬂ\l—/l/$ vmin |
g |

Interface

63/114
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(3) Source term treatment of momentum equation

o, du, o0, ov
S =—(u —)+—(u, —
u aX(ut ax) @y(ut 8)()

XDLE(/) I
1 L]
U |
¢ y —— 'V |
At di l:..*“f
e KT e 4| L
Yq/(j){ ——Z: * #’u’“ S {,-)j — U.'f,j .
" ‘ J 1
B ]%’—/.‘ Toe V..
® J——l- ‘y
®
_tr‘_.. j I — e .-:—- _—
Xcvo-1) ) XCV(r)
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(3) Treatment of source term in u-momentum equation

%, ou O OV XDIF(i)
S, :_(:ut _)'I'_(:ut —) - _L____I—:___]_ L
OX ~OX oy  OX T |
V.‘-Ajul Viijet I
i( 6_u)_ 1 ‘““—Jr—"]”i—*_ + -
OX H ox  XDIF(i) Y‘”O"{ T ® T
LG | E T
L u(i+1 ) -u(i, g R
GAM (1. — _
{ (1) xcv(i) e

GAM (l _1, J) U(I, J) 'U(l '1’ J)}
xcv(l -1)
Because no u(l,j) Is involved, the above term is taken

as Sc of u-equation! 14
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i(IL[ @ — 1 #XDIF()
oy T ox”  YCV()) R N
v(i, 1+ -v(i—-1, |+1 L e e
{u . (1, ) +1) (_ J )—'.__ s y *M‘
XDIF (i) vw{%--wrwﬁ~J
T ey % Tl T
v(i, j)-v(i-1 j) SRR
Hi se - } J il ol
XDIF(') Xevo-) Y Xevii)

Also, taken as Sc of u-equation!

(4) Flow field and temperature are solved separately

Because velocities are not coupled with temperature,
the turbulent flow field can be solved first, then the

fluid temperature.
66/114
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10-6-3 Program reading

VIV VIV VI VIV VIV VI VIV UV V. VUV VI VIVIVIV. VI VIV U V.V VIV V. V.V VIV U VL U UL O
MODULE USER_L
C***************************************************************
INTEGER*4 1,J
REAL*8 CMU, C1, C2, PRT, PRK, PRD, PRPRT, PFN, CMU4,
1 AFL, VMIN, REL, AMT, ALOG, GAP, GAMM, DUDX, DUDY, DVDX,
1 DVDY, DISS, AMU, PR, FLOWIN, FL, FACTOR
END MODULE
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCecee
SUBROUTINE USER
C****************************************************************
USE START L
USE USER L
IMPLICIT NONE

C************************************************************************

C  Turbulent fluid flow and heat transfer in a parallel duct with stepwise

C inlet velocity distribution
C********************************************************************56??{5114
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ENTRY GRID
TITLE(1)=* VEL U.' )
TITLE(2)=* .VEL V.
TITLE(3)= .STR FN.’
TITLE(4)=* . TEMP .
TITLE(5)="KIN ENE' > LAll are titles for printing
TITLE(6)=* .DISIPA.’
TITLE(7)="TURB VI'
TITLE(11)="PRESSURE"
TITLE(12)=* DENSITY'_/

68/114
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RELAX(1)=0.8
RELAX(2)=0.8
RELAX(5)=0.6
RELAX(6)=0.6
RELAX(13)=0.6 ! NGAM=13 for turbulent viscosity
LSOLVE(1)=.TRUE. T\
LSOLVE(5)=.TRUE.
LSOLVE(6)=.TRUE.
LPRINT(1)=.TRUE.
LPRINT(2)=.TRUE.
LPRINT(3)=.TRUE.
LPRINT(4)=.TRUE.
LPRINT(5)=.TRUE.
LPRINT(6)=.TRUE.
LPRINT(7)=.TRUE.
LPRINT(11)=.T

>. lAll logical values for
solving and printing

LAST=55 Regarding AMUT
Sos as 7t element of
L1=7 F(I’j’ NF)

M1=9

5,

CFD-NHT-EHT
CENTER

S EE R
Loy
| [
e o
o]
Loy
Ao S L
L
o]
| I
Al Bl
L
JoJd L
Loy
| [
a_d1_1_
o
| [
| L_!
|
[
[

CPCON=1000. ! C, in the Gama expression for temperature

CALL UGRID
L= -

RETURN n.c, ! Pr,
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ENTRY START
DO 100 J=1,M1

DO 101 I=1,L1

U(1,3)=0.

V(1,9)=10. 1% of inlet Kinetic ener
V(1,J)=0. 2 b4
V({1,2)=10. n, :determied form

IF(1.GT.4) V(1,2)=100.

T(1,3)=100. \V (2L

T(1,9)=0. Re = pV(2Ly,) =100

IF(1.GT.4) T(1,1)=400. Mest

AKE(1,J)=0.005*V/(1,2)**2 100 %10

DIS(1,J)=0.1*AKE(],J)**2 C1x x1. B
101 ENDDO 100 = 7, =10
100 ENDDO T

£ = Cﬂ,ok2 [n, =0.09x1xk?® ~0.1k"
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AMU=1.E-6 | Attention, very small values
CMU=0.09 —,

Cl=1.44
C2=1.92
PRT=0.9 ~— | Constants of Standard K-Epsilon

PRK=1.0

PRD=13 —

PR=0.7 ' _
PRPRT=PR/PRT I Pfunction of WFM for T
PFN=9.*(PRPRT-1.)/PRPRT**.25 o o
CMU4=CMU** 25 P=9.0(=-1)(=)"*
RETURN O, O,

ENTRY DENSE
RETURN

71/114
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ENTRY BOUND

IF(ITER = = 0) THEN

FLOWIN=0.

DO 310 1=2,L.2

FLOWIN=FLOWIN+RHO(I,1)*V(1,2*XCV(l) | Flow rate at inlet
310 ENDDO

ELSE

FL=0. FACTOR =+ FLOWIN

AFL=0. .
VMIN=0. Z[(Vi,MZ + |Vmin |) *RHO; ,, * XCV (1)]
ENDIF i—2

DO 301 1=2,L.2

IF(V(1,M2)< 0.) VMIN=DMAX1(VMIN,-V(1,M2)) ! Search for Vmin
AFL=AFL+RHO(I,M1)*XCV(I) :
FL=FL+RHO(I,M1)*V(I,M2)*XCV(I) ! DMAX1 () is
FACTOR=FLOWIN/(FL+AFL*VMIN) more accurate than
301 ENDDO AMAX1( )
DO 302 1=2,L.2
V(1,M1)=(V(1,M2)+VMIN)*FACTOR
302 ENDDO

DO 303 J=2,M2 .
AKE(L1,J)=AKE(L2,J) ! Equivalent to fully developed;also

DIS(L1,J)=DIS(L2,J) : )
303 ENDDO decoration forprint out

RETURN 72/114
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ENTRY OUTPUT

IF(ITER= =0) THEN

PRINT 401

WRITE(8,401)
401 FORMAT(1X," ITER'6X,'SMAX",6X,'SSUM',5X,"V/(6,6)",

1 4X,'T(5,6)",4X,'"KE(5,6)")

ELSE

PRINT 403, ITER, SMAX, SSUM, V(6,6),T(5,6), AKE(5,6)

WRITE(8,403) ITER,SMAX,SSUM,V(6,6),T(5,6),AKE(5,6) 403
FORMAT(1X,16,1P5E11.3)

ENDIF

IF(ITER>=50) THEN | Switch off the solution valuables:
LSOLVE(4)=.TRUE. 7 | Flow is not coupled with
tggt&gggfgﬁtgg temperature ! After obtaining

L SOLVE(6)= FALSE. — E:Sogg/ﬁ/régded flow field temperature
ENDIF

IF (ITER==LAST) CALL PRINT

RETURN
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- ENITRY GAMSOR
IF(NF==3) RETURN
IF(NF==1) THEN
REL=1.-RELAX(NGAM) _ _
DO 500 J=1,M1 I NGAM=13 for turbulent viscosity
DO 501 1=1,L1
AMT=CMU*RHO(I,J)*AKE(1,J)**2/(D1S(1,J)+1.E-30)
IF(ITER==0) AMUT(1,J)=AMT ! Initial values
AMUT(1,J)=RELAX(NGAM)*AMT+REL*AMUT(1,J} Underrelaxation
501 ENDDO
500 ENDDO
FACTOR=1.
ELSE _ _
IF(NF== 4) FACTOR:CPCON/PRTI Pr=pc, [ 4, A=uc, [Pr
IF(NF==5) FACTOR=1./PRK n n
IF(NF= = 6) FACTOR=1./PRD |(1, +—) —fork; (m +—)—fore
DO 520 J=1,M1 Oy o,
DO 521 1=1,L1
GAM(1,J)=AMUT(1,J)*FACTOR ! Laminar part is omitted
IF(NF/=1) GAM(L1,J)=0.! Symmetric line, u=0
GAM(I1,M1)=0. Local one way for outlet
521 ENDDO
520 ENDDO 74/114
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WFM implementation!

DO 530 J=2,M2 w
SELECT CASE (NF) ' Foru, p*k, epsilom 11:4
CASE (L3801 | i oLt iner mo, thus et e+ |
GAM(1,J)=0e— connection to its boundary. All lead to GAM=0 I
CASE (2) ! For velocity v anf temp., WFM should be used! M
GAM(1,J)=AMU ! First laminar viscosity is given for the left wall 5
XPLUS(J)=RHO(2,J)*SQRT(AKE(2,J))*CMU4*XDIF(2)/AMU E
IF(XPLUS(J)>11.5) GAM(1,J)=AMU*XPLUS(J)/ >m
1 (ALOG(9.*XPLUS(J))*2.5) ! Turbulence viscosity ;
CASE (4) ! For temperature, WFM for temperature T
GAM(1,J)=AMU*CPCON/PR! First laminar thermal conductivity A
IF(XPLUS(J)>11.5) GAM(1,J)=AMU/PRT*XPLUS(J) T
1/(2.5*ALOG(9.*XPLUS(J))+PFN) ! Turbulence thermal conductivity / E)
ENDSELECT PR
530 ENDDO o = 2X(CLKT) -
£ 75/114
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IF(NF==1) THEN g — O
u
DO 590 J=2. M2 OX

DO 591 1=3,L.2 _—

{SOU Irce term }l
CON(I,9)=(GAM(1,9)*(U(I+1,J)-U(1,9))/ XCV(l) calculation

1 -GAM(1-1,2)*(U(1,9)-U(1-1,9))/XCV(1-1))/XDIEHA) for u- eq.
GAMP=GAM(1,J+1)*GAM(I-1,J+1)/(GAM(1 4+1)+GAM(I-1,J+1)+1.E-30)
GAMP=GAMP+GAM(1,)*GAM(I-1,))/(GAM(I,J)+GAM(1-1,J)+1.E-30) >
GAMM=GAM(I,J-1)*GAM(I-1,J-1)/(GAM(1,J-1)+GAM(I-1,J-1)+1.E-30)
GAMM=GAMM+GAM(1,J)*GAM(I-¥/(GAM(1,J)+GAM(I-1,J)+1.E-30)
CON(1,J)=CON(1,J)+(GAMP*(V/(1,J+1)-V(1-1,J+1))

ou O oV
(/ltzé;g)'+';§§;(/Jt;§;z) -\\

1 -GAMM=*(V(1,9)-V(1-1,))/(YCV(I)*XDIF(1)) I .
| M
AP(1.J)=0. |t e
: (1,J)=0 ) (6%),  (6X),. WJ[I{F"_%; _Lf} e,
)91 ENDDO GAMM_Dn—e = (5y) -+ (5y) g jE% B g ﬂ1’i 4
500 ENDDO n n 1 AR
RETURN I I e e aall
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509 IF(NF= =2) THEN

DO 594 J=3,M2 N
DO 595 1=2,L.2
CON(1,9)=(GAM(1,3)*(V(1,+1)-V(1,3))/YCV(J)-
1 GAM(1,J-1)*(V(1,9)-V(1,3-1))/YCV(J-1))/(YDIF(J))
GAMP=GAM(I+1,J)*GAM(I+1,J-1)/(GAM(I+1,J)+GAM(1+1,J-1)+1.E-30)
GAMP=GAMP+GAM(1,J)*GAM(1,J-1)/((GAM(I,J)+GAM(1 J-1)+1.E-30) >
GAMM=GAM(I-1,3)*GAM(I-1,J-1)/(GAM(I-1,J)+GAM(I-1,J-1)+1.E-30)
GAMM=GAMM+GAM(1,)*GAM(1,J-1)/(GAM(1,J)+GAM(1,J-1)+1.E-30)
CON(1,J)=CON(1,J)+(GAMP*(U(1+1,J)-U(1+1,J-1))
1 -GAMM*(U(1,3)-U(1,3-1)))/(XCV(1)*YDIF(J))

AP(1,3)=0.
595 ENDDO Source term /
calculation
594 ENDDO for v- eq,
RETURN

ENDIF 771114
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IF(NF= =4) THEN
DO 596 J=2,M2
DO 597 1=2,L.2
CON(1,J)=0.
AP(1,J)=0.

597 ENDDO
586 ENDDO
RETURN

Source term
calculation
for T- eq.

|

F,

CFD-NHT-EHT
CENTER
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I Following part is for the source term of k- eq.:

E
Sy =16 — pe =1,G —(/k)* )k

I Most part is for calculation of GEN term

ELSE IF(NF==5) THEN

DO 598 J=2,M2

DO 599 1=2,L.2

DUDX=(U(1+1,3)-U(1,3))/XCV(I)

DVDY=(V(I,J+1)-V(1,))/YCV(J)

IF(J= = 2) DUDY=(0.5*(U(1,J+1)-U(1,3))+0.5*(U(I+1,J+1)-
C U(1+1,9)))/YDIF(J+1)

79/114
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IF(J= =M2) DUDY=(0.5*(U(1,J)-U(1,J-1))+0.5*(U(1+1,J)-U(1+1,3-1))) /YDIF(J)
IF(J/=2.AND.J/=M2) DUDY=(0.5*(U(l,J+1)-U(1,J-1))+0.5*(U(1+1,J+1)-

1 U(1+1,J-1)))/(YDIF(J)+YDIF(J+1))

IF(1= =2) DVDX=(0.5*(V(1+1,3)-V(I-1,3))+0.5%(V(I1+1,J+1)
1-V(1-1,J+1))/(XDIF(1)+XDIF(1+1))

IF(1= =L2) DVDX=(0.5*(V(1,J)-V(1-1,3))+0.5*(V/(1,J+1)
1-V(1-1,3+1)))/XDIF(I)

IF(1/=2.AND.1/=L2) DVDX=(0.5*(V(1+1,J)-V(1,))+0.5*(V(1+1,J+1)
1-V(1,J+1)))/XDIF(1+1))

GEN(1,0)=2.*(DUDX**2+DVDY**2)+(DUDY+DVDX)**2 | GEN term

CON(1,J)=GEN(I,J)*AMUT(1,J)
AP(1,3)=-RHO(1,9)*DIS(1,J)/(AKE(1,J)+1.E-30) g;f e }

598 ENDDO
599 ENDDO e
RETURN S, :ntG—pgzﬁ—(k* )k

ENDIF

80/114
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S — cenG Cngz _ cenG (Cng*)g

¥ K K K K
DO 600 J=2,M2
DO 601 1=2,L.2 o 1|
CON(1,J)=C1*GEN(I,J)*CMU*RHO(I,J)*AKE(l,J '.‘:“:‘4,‘:“‘|L
AP(1,3)=-C2*RHO(I,J)*DIS(I,J)/(AKE(1,J)+1.E-30 ot
® .
601 ENDDO i
| | | .
600 ENDDO _.-:-Jl--:-}--!-
DO 602 J=2,M2 > o | ! L
I (NN [ [ -
DISS=CMU*AKE(2,J)**1.5/(0.4*CMU4*XDIF(2)) o | !} r
CON(2,J)=1.E30*DISS -.-i--i-1l-i--|—
AP(2,3)=-1.E30 | 1elel
602 ENDDO 3\ Adopt large source £ I T
term method for 1t
RETURN inner node where Source term
END =2 calculation for
81/114
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10.6.4 Results analysis

F,

COMPUTATION IN CARTISIAN COORDINATES

*hkAhkkkhkkkhkkhkkhkhkkhkhhkkhikkikkhkkkhkkhkhhkkikkikkikihkikihkiikk

ITER SMAX SSUM  V(6,6) T(5,6)

0 0.000E+00 0.000E+00 1.000E+01 1.000E+02 5.000E+01

9.610E+00 1.192E-05 5.691E+01 3.871E+02
9.514E+00 -2.146E-06 5.821E+01 3.925E+02
1.631E+01 -2.623E-06 6.358E+01 3.929E+02
1.852E+01 -3.219E-06 6.502E+01 3.922E+02
7.633E+00 1.669E-06 6.859E+01 3.888E+02
3.936E+00 2.921E-06 7.270E+01 3.844E+02
2.899E+00 8.047E-07 7.596E+01 3.811E+02
2.467E+00 -1.520E-06 7.880E+01 3.781E+02
9 1.233E+00 3.767E-06 8.126E+01 3.754E+02
10 5.827E-01 8.019E-07 8.348E+01 3.730E+02
11 4.670E-01 -3.013E-07 8.535E+01 3.708E+02
12 2.132E-01 -1.404E-06 8.684E+01 3.690E+02
13 1.752E-01 2.645E-06 8.799E+01 3.67/5E+02
14 2.045E-01 7.786E-07 8.881E+01 3.663E+02
15 1.997E-01 1.352E-06 8.936E+01 3.654E+02

0O NO Ok WN P

KE(5,6)

5.723E+01
6.918E+01
8.412E+01
1.001E+02
1.158E+02
1.306E+02
1.450E+02
1.588E+02
1.720E+02
1.848E+02
1.974E+02
2.098E+02
2.219E+02
2.334E+02
2.443E+02

CFD-NHT-EHT
CENTER
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ITER SMAX  SSUM \/(6,6) TG6)  KE®5,6)

16 1.952E-01 -3.356E-06 8.968E+01 3.647E+02 2.543E+02
17 1.732E-01 -5.886E-07 8.983E+01 3.642E+02 2.633E+02
18 1.515E-01 1.214E-06 8.985E+01 3.639E+02 2.711E+02
19 1.275E-01 2.459E-06 8.978E+01 3.637E+02 2.778E+02
20 1.135E-01-1.770E-07 8.966E+01 3.636E+02 2.836E+02
21 9.660E-02 1.088E-06 8.950E+01 3.635E+02 2.884E+02
22 8.860E-02 1.376E-06 8.932E+01 3.635E+02 2.924E+02
23 8.655E-02 4.222E-06 8.913E+01 3.635E+02 2.958E+02
24 8.673E-02 1.618E-06 8.894E+01 3.635E+02 2.987E+02
25 8.763E-02 6.519E-08 8.874E+01 3.635E+02 3.011E+02
26 8.823E-02 -1.248E-06 8.855E+01 3.636E+02 3.032E+02
27 8.634E-02 1.515E-06 8.837E+01 3.637E+02 3.050E+02
28 8.221E-02 -9.155E-07 8.820E+01 3.637E+02 3.066E+02
29 7.629E-02 -4.168E-07 8.803E+01 3.638E+02 3.079E+02
30 6.849E-02 4.278E-06 8.789E+01 3.639E+02 3.090E+02
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ITER SMAX  SSUM \/(6,6) T(56)  KE(5,6)

31 6.000E-02 -1.577E-06 8.776E+01 3.639E+02 3.100E+02
32 5.131E-02 -1.215E-06 8.764E+01 3.640E+02 3.109E+02
33 4.320E-02 1.020E-06 8.753E+01 3.640E+02 3.117E+02
34 3.870E-02 -1.668E-06 8.744E+01 3.640E+02 3.125E+02
35 3.469E-02 -1.627E-06 8.736E+01 3.641E+02 3.132E+02
36 3.132E-02 2.183E-06 8.728E+01 3.641E+02 3.138E+02
37 2.813E-02 -1.673E-06 8.722E+01 3.641E+02 3.145E+02
38 2.516E-02 -2.713E-06 8.715E+01 3.641E+02 3.151E+02
39 2.318E-02 7.274E-07 8.710E+01 3.641E+02 3.157E+02
40 2.092E-02 5.514E-06 8.705E+01 3.642E+02 3.163E+02
41 1.954E-02 -5.197E-07 8.700E+01 3.642E+02 3.169E+02
42 1.805E-02 -7.967E-07 8.695E+01 3.642E+02 3.174E+02
43 1.683E-02 3.801E-06 8.691E+01 3.642E+02 3.179E+02
44 1.575E-02 -3.199E-06 8.687E+01 3.642E+02 3.184E+02
45 1.476E-02 2.365E-06 8.684E+01 3.642E+02 3.188E+02
46 1.418E-02 2.495E-06 8.680E+01 3.642E+02 3.192E+02
47 1.367E-02 4.471E-06 8.678E+01 3.643E+02 3.196E+02
48 1.321E-02 5.106E-07 8.675E+01 3.643E+02 3.199E+02
49 1.282E-02 1.093E-06 8.672E+01 3.643E+02 3.202E+02

50 1.222E-02 -4.708E-07 8.670E+01 3.643E+02 3.205E+02 84/114
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0 by 2 A 5%/’ CFD-NHT-EHT
5% AAAZ CENTER

*hkkkkhkkhkkkhkkhkkkikkkikikkiihkkikkikkikkiikkiik VEL U Khkkkhkkikkhkkkhkkhkkihkkkiihkkkikkikkikkikiikkiik

u —
I
N
w
I
o1
D
\l

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
0.00E+00 1.56E-02 3.75E-02 3.84E-02 2.04E-02 0.00E+00

0.00E+00-1.65E+00-2.68E+00-2.78E+00-1.33E+00 0.00E+00
0.00E+00-2.37E+00-3.56E+00-3.57E+00-1.63E+00 0.00E+00
0.00E+00-2.38E+00-3.88E+00-3.98E+00-1.66E+00 0.00E+00
0.00E+00-1.39E+00-3.33E+00-3.86E+00-1.45E+00 0.00E+00
0.00E+00 3.74E+00-3.47E-01 -2.75E+00-8.62E-01 0.00E+00
0.00E+00 4.44E+00 6.55E+0 0-2.87E+00-6.77E-01 0.00E+00
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

—
—
—

R NN W b O1 OO N 00 ©
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AR R R R R P e R R P R R P e P P P e P T VE L V AR R R R R T P R P e P R P P e P e P P T P

1 2 3 4 S| 6 7

o

0.00E+00 8.87E+00 3.18E+01 4.59E+01 6.52E+01 7.82E+01 1.00E+01
0.00E+00 8.87E+00 3.18E+01 4.59E+01 6.52E+01 7.82E+01 1.00E+01
0.00E+00 4.16E+00 2.89E+01 4.56E+01 6.93E+01 8.20E+01 1.00E+01
0.00E+00-2.61E+00 2.55E+01 4.56E+01 7.48E+01 8.67E+01 1.00E+01
0.00E+00-9.41E+00 2.12E+01 4.53E+01 8.15E+01 9.14E+01 1.00E+01
0.00E+00-1.34E+01 1.56E+01 4.38E+01 8.83E+01 9.56E+01 1.00E+01
0.00E+00-2.70E+00 3.98E+00 3.69E+01 9.37E+01 9.81E+01 1.00E+01
1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+02 1.00E+02 1.00E+02

N WS OO N 00 O

il
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Khkkkhkkikkhkkkhkkhkihkkkhihkkkikkkikkikkiiikkiik

o

N WS OO N 00 O

ZSENT &

2 3 4 S 6 I

0.00E+00-1.77E+00 -8.12E+00-1.73E+01-3.03E+01-4.60E+01 7
0.00E+00-1.77E+00 -8.14E+00-1.73E+01-3.04E+01-4. 60E+01
0.00E+00-8.31E-01 -6.61E+00-1.57E+01-2.96E+01-4.60E+01 /
0.00E+00 5.21E-01 -4.58E+00-1.37E+01 -2.87E+01-4. 60E+01§
0.00E+00 1.88E+00 -2.36E+0 0-1.14E+01-2.77E+01-4. 605+01f,
0.00E+00 2.68E+00 -4.55E-01 -9.22E+00 -2.69E+01-4. 60E+01/
0.00E+00 5.39E-01 -2.57E-01 -7.64E+00 -2.64E+01-4.60E+017,
0.00E+00-2.00E+00 -4.00E+00-6.00E+00 -2.60E+01-4.60E+01
>

AT

|
|
|
|
|
|
f" lll
T

CFD-NHT-EHT
CENTER

ST R F N *hkkkkikkkkhkkhkkhkihkkkhkhkkikkikkkiikkiikkiikk

Stream function increase along this direction
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*hkkkkikkhkkkhkkhihkkkihkkhkkihkkkikkikkiiikkiik T E M P *hkkkkhkkhkkkhkkhkkkikkhkkikikhkhikkkikkikkiikkiik

1 2 3 4 S 6 7

o

.00E+00 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02
.00E+00 3.01E+02 3.26E+02 3.39E+02 3.60E+02 3.80E+02 1.00E+02
.00E+00 3.00E+02 3.21E+02 3.35E+02 3.63E+02 3.85E+02 1.00E+02
.00E+00 2.93E+02 3.10E+02 3.26E+02 3.64E+02 3.89E+02 1.00E+02
.00E+00 2.80E+02 2.93E+02 3.11E+02 3.67E+02 3.92E+02 1.00E+02
.00E+00 2.65E+02 2.69E+02 2.88E+02 3.72E+02 3.95E+02 1.00E+02
.00E+00 2.52E+02 2.36E+02 2.53E+02 3.79E+02 3.97E+02 1.00E+02
.00E+00 1.29E+02 1.16E+02 2.01E+02 3.90E+02 3.99E+02 1.00E+02
.00E+00 1.00E+02 1.00E+02 1.00E+02 4.00E+02 4.00E+02 4.00E+02

R NDWPA OO N 00 OO

. Given wall temp Given inlet temp.
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KAhkkkhkkikkkhkkhkkkhkkikkkikihkkkhkkkikikkkiikkiikk K I N E N E KAhkkkkrkkkhkkhkkhkhkihkkkikihkkkikkkikikkkikikikkiikk

|G
I
-
N
w
N
&
o
~

5.00E-01 5.00E-01 5.00E-01 5.00E-01 5.00E+01 5.00E+01 5.00E+01
5.00E-01 1.59E+02 4.93E+02 4.65E+02 3.53E+02 2.15E+02 2.15E+02
5.00E-01 1.90E+02 5.34E+02 4.85E+02 3.35E+02 1.74E+02 1.74E+02
5.00E-01 2.20E+02 5.83E+02 5.22E+02 3.20E+02 1.37E+02 1.37E+02
5.00E-01 2.39E+02 6.06E+02 5.46E+02 2.94E+02 1.06E+02 1.06E+02
5.00E-01 2.15E+02 5.40E+02 5.31E+02 2.54E+02 8.23E+01 8.23E+01
5.00E-01 1.15E+02 3.30E+02 4.69E+02 2.06E+02 6.62E+01 6.62E+01
5.00E-01 1.88E+01 1.03E+01 3.22E+02 1.46E+02 5.55E+01 5.55E+01
5.00E-01 5.00E-01 5.00E-01 5.00E-01 5.00E+01 5.00E+01 5.00E+01

L NN W b~ 01 OO N 00 ©
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KEhkkkkrkkhkkhkkikkhAkikkkikhkkkikkkikkikkkiiikiik . D I S I F)A *hkkkAhkkhkkkhkkhkkkikkkikikkkhkikkkikkkikkiikkik

|G
1
—
N
w
N
ul
o
~

2.50E-02 2.50E-02 2.50E-02 2.50E-02 2.50E+02 2.50E+02 2.50E+02
2.50E-02 8.18E+03 1.25E+04 1.13E+04 7.78E+03 3.60E+03 3.60E+03
2.50E-02 1.07E+04 1.44E+04 1.28E+04 7.79E+03 2.82E+03 2.82E+03
2.50E-02 1.34E+04 1.71E+04 1.53E+04 7.94E+03 2.12E+03 2.12E+03
2.50E-02 1.51E+04 1.93E+04 1.80E+04 7.66E+03 1.50E+03 1.50E+03
2.50E-02 1.29E+04 1.79E+04 1.98E+04 6.81E+03 1.01E+03 1.01E+03
2.50E-02 5.08E+03 1.04E+04 1.99E+04 5.46E+03 6.63E+02 6.63E+02
2.50E-02 3.34E+02 1.53E+02 1.52E+04 3.43E+03 4.02E+02 4.02E+02
2.50E-02 2.50E-02 2.50E-02 2.50E-02 2.50E+02 2.50E+02 2.50E+02

L NN W s~ O1 OO N 00 ©
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*hkkkkikkhkkkhkkhihkkkihkkhkkihkkkikkikkiiikkiik TU R B V I *Ahkkkkikkkkhkkkikihkkkikihkkkikkiikkkiikkiikk

o

R NNDWPA OO N 00 OO

1 2 3 4 S 6 I

9.00E-01 9.00E-01 9.00E-01 9.00E-01 9.00E-01 9.00E-019.00E-01

9.00E-01 2.78E-01 1.72E+00 1.70E+00 1.42E+00 1.14E+00 1.14E+00
9.00E-01 3.04E-01 1.76E+00 1.65E+00 1.29E+00 9.59E-01 9.59E-01
9.00E-01 3.27E-01 1.77E+00 1.59E+00 1.16E+00 7.99E-01 7.99E-01
9.00E-01 3.40E-01 1.71E+00 1.48E+00 1.01E+00 6.75E-01 6.75E-01
9.00E-01 3.22E-01 1.46E+00 1.28E+00 8.54E-01 6.02E-01 6.02E-01
9.00E-01 2.36E-01 9.39E-01 9.99E-01 7.00E-01 5.94E-01 5.94E-01
9.00E-01 9.50E-02 6.24E-02 6.19E-01 5.58E-01 6.88E-01 6.88E-01
9.00E-01 9.00E-01 9.00E-01 9.00E-01 9.00E-01 9.00E-01 9.00E-01

-6
Molecular viscosity 4 =10
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Khkkkhkkikkhkkhkkhkkkihkkkiihkkkikkikkikkikiikkiik P R ESS U R E *Ahkkkkikkkkhkkkihkkkikhkkkikkiikkkiikkiikk

1 2 3 4 S 6 I

L' —
[

1.44E+03 1.43E+03 1.41E+03 1.33E+03 1.21E+03 1.14E+03 1.12E+03
1.36E+03 1.35E+03 1.33E+03 1.28E+03 1.20E+03 1.15E+03 1.13E+03
1.20E+03 1.19E+03 1.17E+031.17E+03 1.17E+03 1.16E+03 1.16E+03
9.40E+02 9.31E+02 9.11E+02 9.19E+02 9.28E+02 9.26E+02 9.25E+02
6.02E+02 5.92E+02 5.72E+02 5.96E+02 6.22E+02 6.25E+02 6.27E+02
2.24E+02 2.16E+02 1.99E+02 2.54E+02 3.08E+02 3.24E+02 3.32E+02
4.20E+01 3.16E+01 1.09E+01 1.03E+02 1.39E+02 1.44E+02 1.46E+02
1.31E+01 5.48E+00-9.74E+00-6.55E+01 2.53E+01 4.85E+01 6.02E+01
0.00E+00-7.61E+00 -2.01E+01-1.50E+02-3.17E+01 1.07E+00 1.27E+01

R NNDWPA OO N 00 OO
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3.5

2.5

1.5

0.5

F,

CFD-NHT-EHT
CENTER

TEMP,

! 370
330
-~ 290
250

B 210

170
130

90
i
10

lllllllllllIllllIllllllllllllllllllllll

065

0.35
0.2
0.05

0 0.5 1
X/m

1.5
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10.7 Low Reynolds Number k-epsilon Model

10.7.1 Application range of standard k — ¢
model

10.7.2 Jones— Launder low Re K — & model

10.7.3 Other low Rek — £ models
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| 10.7 Low Reynolds Number k-epsilon Modell

10.7.1 Application range of standard k — ¢ model

1. Near wall velocity distribution obeys logarithmic law

2. Shear stress Is distributed uniformly from wall to

15t inner node;
3. Production and dissipation are nearly balanced for

fluctuation kinetic energy. - pk?
e =
ne

Above assumptions are valid only when " >150

When this Re, less than 150, the standard k — ¢ model
can not be used. When approaching wall this Reynolds
number becomes smaller and smaller. In order that
simulation can be conducted from vigorous part to the

wall, model should be modified.
95/114
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10.7.2 Jones— Launder low R&k — ¢ model

1. Jones-Launder low Re model considerations(1972)

(1) Both molecular and turbulent diffusions should be
considered;

(2) Effects of Re, _ 20 coefficients should be considered,;
ne

(3) Near a wall dissipation of fluctuation kinetic energy Is
not 1sotropic, and should be taken into account in k eq.

)

2. Jones-Launder low Reynolds kK — & model D

a uk 1/2
opk) | AP _ 2 Lo+ 1) 21+ p6 - pe-2n(")
ot OX; o 0X, oy

o(pu.
d(pe) . (pu;e) _ 0 [ 77t) %4 tC, pGe szP Jr277|77t(
ot OX. OX. o. OX. K K P

J J 3 j
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n=C,f pk*le
where f, =1.0
f, =1.0-0.3exp(-Re;)

f, =exp(-2.5/(1+Re,/50))
Re :'Ok2
t 775

Explanation: The vertical lines in Egs. (9-47),(9-48)
(page.363) just show that the term is newly added, not
the symbols of absolute value

3. Explanations for additional terms
97/114
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(1) D :_2,7(&/2)2 (y is normal to wall), for considering

that near a wall fluctuation kinetic energy Is not isotropic,
and with this term the condition of¢, =0 can be used;

(2) The term E is for a better agreement with test data.

4. Boundary condition of J-L low Re model
k,=¢, =0

W

10.7.3 Other low Re K — &£ models

Since the proposal of J-L low Re model in 1972, more
than 20 variants (Z84&) have been proposed. The major

differences between them are in four aspects:
08/114
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(1) Different values of the three modified coefficients:
f, 1, 1,

(2) Different expressions of additional terms D and E ;

(3) Different wall boundary condition for &

c=0;
9¢ _
on

(4) Ditferent values of coefticients C,C,,C, and
constants o, o,
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Table 9-8
No| BE (WK L @ a o a a fu h f D E
Llars  |m| ET oo rure o 13 1.0 1.0 1.0 0 0
C3] 1673
: 1242 2
2 |Janes/Lamder [ JL| 0 |0.09 1.441.92 1.0 1.3|exp[ ~2.5/(1+ Re;/50)] 1.0 1-0.3exp( - Re?) 2,,(%—) 2-?—(31‘1)
Launder/Shar- " 2 ~ " k122 7 (Pu)\?
3 | 1| omE1) [0.09 1.441.92 1.0 1.3 |expl - 3.4/(1+ Re,/50)2] 1.0 1-0. 3exp( - Re2) 27(—3y )| 2 - (=%
Hassid/Porch ) ] ] N gy
4 |70 HP| 0 [0.09 1.45 2.0 1.0 1.3|1-exp(~0.0015Re,) 1.0 1-0.3exp( - Re?) 23 27( - )
5 |Hoffmen(80] |HO| 0 [0.09 1.81 2.0 2.0 3.0|expl ~1.75/(1+ Re,/50)] 1.0 1-0.3exp( - Re?) _3'3_5 0
1-0.0dexp
Dutoya/ . Y 2 » _(Ra)? A#Z\2| /82
6 Michard(81] DM 0 0.09 1.35 2.0 0.9 0.95|1-0.86exp[ — (Re, /600)?] [ (I;e),) ] 1 0.3exp[ (50) ] ,,( 3 ) c2f2(eD/k)
. . Re, k. "
7 | Chien[82] CH 0 0.09 1.35 1.8 1.0 1.3[1-exp(-0.0115y") 1.0 1—0.22exp[ (T) ] 2’7y2 -2p(e/y?)exp(—0.5y*)
2
8 |Reyndds(83] | RE y‘-;;’g 0.084 1.0 1.831.69 1.3 |1~ exp( ~0.0198Re, ) (Bt 2) 1.0 {1-0.3e,q)[ Bg; ] }f,‘ 0 0
Lam/Bremhost sy [1- exp( ~0.0165Re,) 12
9 |[84] (Dirich-| LB V33 0.09 1.441.92 1.0 1.3 1+ 203 1+(0.05/£,)3 1 - exp( - Re?) 0 0
let) 4 ( Re, )
Lam/ .
10 |Brembost [84[LBL| S5=0 [0.09 1.441.92 1.0 1.3|FILB A LB A LB 0 0
(Neurnann) +
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Table 9-8 in Textbook (Continued)

CFD-NHT-EHT
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&R9-8
No B_a G €1 €2 & O L i f2 E
N . B i B 2 2 ~ 3_2_u 2
1 d:ga'[%“] Pl 0.09 1.451.90 1.0 1.3|[1 @( vt /26.5) 1.0 1-0.3exp( - Re?) )| ma f'u)(ayz)
: 12 2 (Ra)?
12 I[‘gz"]”g‘lm‘ 0.09 1.401.80 1.4 1. ﬁf3'45R"‘+)x 1.0 [1 9 (6') 0
EXP(‘y /70)] X[l_exp(_y+ 5)]
2
4 1_%“"(1‘%)'
13 | Abid(87] 0.09 145 1.83 1.0 1.4 |tanh(0.008Re;) (14237 ) 1.0 . 0
t - ____!
[1 ""p( 12 )]
3/4 _( Re: - _ (R }?
14 m[lssh]w 0.0 1.5 1.9 1.4 1.4 R e"p[l (% 1.0 {1 0.3e] - (%) 0
[1-exp(—y* 714) 2 (M 4) (1-exp(-y* B.1) ]
0.4f,/»/ Re, +
Fan \ Bamett
15 | Lakshmin- 0.00 1.4 1.8 1.0 1.3|(170-4%/V Ra): 1.0 ﬂw{1—0 225(;)[—(& 0
arayana[ 89 ] [1- exp(Rey/42.63) 2 6
(BHEE 5)
16 %cdm 0.09 1.441.92 1.0 1.3]1-0.95exp(~ 5% 10~ 5Re,) 1.0 1-0.2220xp (122 (K 6)
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10.8 Brief Introduction to Recent Developments

10.8.1 Developments in kK — ¢ two-equation
model

10.8.2 Brief introduction to second moment
model

10.8.3 Near wall region treatment of different
models

10.8.4 Chen model for indoor air movement

10.8.5 W - f Turbulence model for highly

inhomogeneous turbulent flow
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10.8 Brief Introduction to Recent Development

10.8.1 Developments of k — ¢ two-eq. model

1. Non-linear K — & model

In Boussinesq’s constitution eq. every term is of 15
order---linear leading to7,, = 7, for fully developed
turbulent flow in parallel plate duct, which does not
agree with test results.

Boussinesq’s constitution eq.

(7.) = —pUU, = (—pS )+m(2§ ’)

J

Speziale et al. proposed a non-linear model In 1987,
see reference [95] of the textbook.
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2. Multi-scale k — g model

In the standard k — ¢ model only one geometric
scale Is used. Actually turpbulent flow fluctuations
cover a wide range of time scales and geometric scales.
A simple improvement Is adopting two geometric
scales: big eddies for carrying kinetic energy(ZgEi%)
and small eddies for dissipating energy(ZEgBi#5). See
reference [108].

3. Renormalized group (EZ4LHE) model

Starting from transient N-S ed. Yakhot-Orzag
adopted spectral analysis (3%43#7)method and derived
k-epsilon equations with different coefficients and
constants.
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See ref.[113] in the textbook.

3. Realizable k — ¢ model (R 2EE] )

In the standard k-epsilon model when fluid strain
IS very large the normal stress will be negative, which is
not realizable; In order to establish all-cases realizable
model the coefficient C, should be related with strain.
(MAF) See ref. [115] in the textbook

10.8.2 Brief introduction to second moment
model( — i RiHl)

For the products with two fluctuations, —pu,u; |
their governing egs. are derived; for products with
more than two fluctuations, say ' U, models are
Introduced to close the model.

N

LLLLLL
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1. Original form of Reynolds stress equation

OuU; OuU;
P +U, 5)( =B ,+7;+D,—¢&,
K
where p_ :_(ﬁau 1y, 2y | Production term
OX,, OX,,
p Ou, du Redistribution term
mi=—(—+")-
p 0% OX;
D__:_ﬂ(uu u, —v a(u ) +5 p)_ Diffusion term
1) O i,k

k

The above three terms kP D 7T. i have to be

simplified or modeled . leferent treatments lead to

different second moment models. 106/114


C:/
C:/

3. Egs. and constants in 2" moment closure for
convective heat transfer

(1) 3-D time average governing egs.---16:

5 time average eqs. for five variables: y v w, p,T

6 time average fluctuation stress egs.
3 egs. for additional heat flux

1 eq. for k, and
1eq. for £
(2) Nine empirical constants.

10.8.3 Near wall region treatment of different
models
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All the above improvements are only for the
vigorous part of turbulent flow; for near wall region

the molecular viscosity must be taken into account. At
present following methods are used:

1. Adopting WFM;

2. Adopting two-layer model: several choices

(1) With Re,=150 as a deviding line( 43-5%%%) :adopting
one of the above model when it is larger than 150 ; if
Re, is less than 150 low Re k-epsilon model is used.

(2) In near wall region k equation model is used, and in
the vigorous part above model is adopted.

Emphasis should be paid for the near wall region.
108/114
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10.8.4 Chen model for indoor air movement

Q Y Chen proposed following simple model for
indoor air turbulent flow:

n, =0.03874 pvl
o — air density

V — Local time average velocity

| — The shortest distance to the wall

Qingyang Chen, Weiran Xu. A zero-equation model for indoor airflow
simulation. Energy and Building, 1998, 28, 137-144
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10.8.5 V - Turbulence model for highly
inhomogeneous turbulent flow

For highly inhomogeneous
flow and heat transfer, such as
jet impingement flow, thisy? — f
turbulence model may obtain
reasonable simulation results.

[1] Durbin PA. Near wall turbulence closure modeling without damping functions.
Theoretical and Computational Fluid Dynamics, 1991, 3:1-13

2] Laurence D,_Eopovac M, and Uribe JC., and Utsyuzhinikov SV. A robust
formulation of V> — f model, Flow, Turbulence and Combustion, 2004, 73, 169-185

3] Hanjalic K, Laurence D, Popovac M, and Uribe JC.V° / k — f turbulence

model and its applications to forced and natural convections, Engineering
Turbulence Modeling and Experiments, 2005, 6: 67-86 110/114
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Home work

Problem # 9-1.

Take the following data to estimate the difference between the fluid thermodynamic
pressure and turbulent effective pressure; for the air flow through the wind tunnel, the

pressure of the air is 1 bar, the average velocity isu =50 m/s, the temperature of air is

20 °C, and turbulence intensity \u'> /u=5% , (which is a quite large value).

Assumed that the turbulence is isotropic, 1.e. various statistical values regardless of

12 P2

the direction of turbulence, here is #'* =v'> =w'" .

112/114
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Problem#9-2

Try to write down the generation term of k-equation in 3-D Cartesian
coordinates (See Eq. (9-21) ).

Problem#9-4

In a 2-D boundary layer flow ,if the generation of turbulrnce kinetic
energy and the disspiation are balanced each other, try to show:

m _ C;M k1/2

Problem # 9-5-

el

. . . . . . [ .
The definition of turbulent kinetic energy dissipation rate ise =v[(—)" . Try to write
cx

the expression of £ in three dimension Cartesian coordinates, and identify its
dimension and unit (SI). Then to analyze c,.c.c, are dimensionless numbers or

not.+
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People in the same
boat help each
other to cross to the

fﬁcither bank, where....
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