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Heat Transfer Modeling using ANSYS FLUENT I\NSYS

H eat T ra n Sfe r C oeffl c I e nt Customer Training Material
° Inﬂuence of: Mechanism Fluid h (W/m?K)
— Geometry, fluid properties, etc. Natural Cases >
Convection | yy,ter 100 — 1000
— Importance of the boundary layer
Gas 10 - 300
TO
Wat 300 — 12,000
—_— Forced o
—_—> Convection | Oil 50 — 1,700
—_— C s > Liquid 6,000 — 110,000
metal
—
> Boiling 3,000 — 60,000
Phase
Change Condensatio 5.000 — 110.000
N , ,
oT
- Local heat flux ¢|,_,(x)=—k,—| =h(x)(T,~T,)

L
- Mean heat flux ¢‘y_0(x)=%jh(x)(Tp ~T,)dx =1 (1,-1,)
0
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Boundary Layers

Customer Training Material

* Important parameters are bulk velocity, bulk temperature, and
pressure gradient

Uy, 1, : |
— Laminar . Transition . Turbulent
—_— E 1 } /,\~,"~-—"-’_-/ A
8laminar E i
| | 6turbulent
— | I
- T 1 1
<t L
L
* Dimensionless variables: . u o~ T-T
u=— 1T =
U
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Boundary Layers

Customer Training Material

- Laminar boundary layer

— Mixing is characterized by the ratio of viscous boundary layer thickness
to thermal boundary layer thickness.

 Turbulent boundary layer )
— Mixing is primarily governed by turbulence. 5,

* Heat transfer coefficient — use an available correlation for the
friction coefficient, C;

— Laminar Boundary Layers (exact)
_0.064
fox Rel/2

X

C Nu_ =0.332 Re!? Pr'”

— Turbulent Boundary Layers (empirical correlations)
0.0592
C. ="~

Sx Rel/S

X

Nu_ =0.0296 Re?” Pr'"”
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Modeling Turbulent Heat Transfer
* RANS equations

Customer Training Material

u=u-+u' T=T+T'
1/_ta—b_l+va—b7 __8}_’ Of,o_ u'v'
P X oy ox Oy H@y P

* Boussinesq approximation for Reynolds stresses
— Turbulent viscosity, U, is calculated from some turbulence model:

— ou
—pPuUuv =Up—_—

oy
— By analogy, Pr; = 0.85 (from experimental data)

T
_pvrTr:DTa_ DT:M_T
oy Pr,

ANSYS, Inc. Proprietary Release 13.0

© 2010 ANSYS, Inc. All rights reserved. . December 2010



Heat Transfer Modeling using ANSYS FLUENT

Turbulent Boundary Layer Structure

NANSYS

* Velocity profile exhibits layered

Customer Training Material

s!ructur_'e identified _from er ayer &8
dimensional analysis () osas
— Viscous sublayer — Viscous forces
dominate, velocity depends on p, T, Uﬂ
M, Y. ’ ——Outer
layer
— Outer layer — Depends on mean flow
T Fully turbulent
characteristics Bufferlaye]  or \K .
. . or Log-law region gzg:;g’gﬂgn
— Overlap layer — Log law applies ;ﬂif;yu; B:zgi(j)l:g Repeide mmber
5 60 YU,

* TKE production and dissipation are
nearly equal in the overlap layer
(turbulent equilibrium)

* Dissipation dominates production in
the viscous sublayer region.

Loss—»

(=]

<«+— Gain

\%

Fully-Developed Pipe Flow

Dissipation of k

=T
e
Y
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Effects of Transition

Customer Training Material

* Spurious jump of C; and h at transition
from laminar to turbulent flows (Re, >
5.105) h(x)
- Natural transition is a complex d(x)
phenomenon (for RANS) o

oL, T
* RANS: k-k, -0 and Transition SST — ;‘ "
models can be used for natural
transition, bypass transition, I*xc—>|

separation induced transition

— Use if extent of laminar flow region is
significant

. I o 1
U T Laminar 1 Transition . Turbulent
02 Loo : :
> 1 1
k I : - Al

— \\ |__,’\ s~ S
> 1
8laminar \\ |
— | |

1 | turbulent

e !
| 1
1 1
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Boundary Layer Heat Transfer

Customer Training Material

* Impact on numerical modeling

— Use of wall functions for y* >> 1 (when hypothesis are fulfilled)
» Sensitivity of the results to y* (transition, low-Re effect) and Pr

— When hypothesis fails (Non-equilibrium boundary layers, recirculation,
stagnation, transition), we need to correctly resolve both the
momentum AND thermal viscous sub-layer (y* < 1)

* This is straightforward for Pr~1 or Pr<1.

* When Pr is greater than 1, the thermal sublayer is much thinner than the
viscous sublayer.

- Small sensitivity to grid resolution (provided that the momentum boundary
layer is correctly predicted
—y*<1and ~10 cells for1 <y*< 30

ANSYS, Inc. Proprietary Release 13.0
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BL Heat Transfer Example — Abrupt Pipe Expansion,.... s e

* Abrupt pipe expansion (non-equilibrium boundary layer,
recirculation, wall heat transfer)

Flow
— Id D Re,=40,750

* Mesh: y*~1, 50
— Inlet: Fully-developed turbulent pipe flow.
— Models: RKE with EWT, SST k-w
— Enhanced wall treatment (for y* ~ 1 mesh)
— Standard wall functions (for y* ~ 50 mesh)
— Both equilibrium and non-equilibrium wall functions were studied.

J. Baughn, M. Hoffman, R. Takahashi, and B. Launder (1984), “Local Heat Transfer
Downstream of an Abrupt Expansion in a Circular Channel with Constant Wall Heat Flux,”
ASME J. Heat Transfer, Vol. 106, No. 4, pp. 789-796.
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BL Heat Transfer Example —Pipe Expansion

Customer Training Material

* Local Nusselt number compared to the Dittus-Boelter correlation
(valid for pipe flows).

Nu,, = 0.023 Re"® Pr’*

4.5 — —
4 — 5 —
#*  Fup Data
45 —
35 — SET k-omega, v+ =1 * Exp Data
—RKE BWT, w+ =1 4 — RKE SWF, v+ =40
3 T — RKE MEWF, y+ =150
357 ) ——RKE BWT, y+ =1
Nu 75 — Nu T y \
' 3
Nupg Nuyg
z 25
1.5 2
15 ]
1
1
0.5
0.5
f ]
0 g 10 15 20 25 20 25 40 o 5 10 15 -0 . 0 a5 a0
x/H </ H
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BL Heat Transfer — 2D Turbine Blade

Customer Training Material

* The suction side BL undergoes a laminar-to-turbulent transition.

 Computed using several near-wall models and low Re models.
— Two-layer zonal model
— k—w models both with and without the “transitional flow” option

ANSYS, Inc. Proprietary Release 13.0
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BL Heat Transfer — 2D Turbine Blade SR T e

ﬁ,m -.'; T ] ¥ ] ] | ] L] ¥ | | I F ] ] T T T [ T

0.005 1 i}

0.004 -
Stanton ,
N”m(bs‘“'t; & 0.003 .

Q002 — o o o Measured (Graziant et al.) 7]
T Realizable k-g -
- SST k-@ (Ww/ ransition)
000l e Wilcox k- (no transition) ]
u —_— Wilcox k- (w/ transition) i

1 1 1 ] 1 [ | ] E ] I B '] B [ ] | | | 1 ]
?)-"«3‘ 0.5 L6y 1.5 2L}
sic

Heat Transfer Prediction on the Suction Side
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Turbine Blade Heat Transfer with Transition Models

* VPI Turbine
— Hybrid Mesh: 24,386 cells
— Re =23,000, U;,, = 5.85 m/s, Tin = 20 °C, Chord = 59.4 cm
— Air with constant properties
— Inlet turbulent intensity = 10%

Customer Training Material

100

® datz Tu=10%
gn 4 |[—S8T-T
— = WALTERS

hte(W/m2K} 5o

-8 06 04 02 O 02 04 06 0B 1 12 14

s/C

— Both models do a good job of predicting transition point and heat
transfer coefficient

ANSYS, Inc. Proprietary Release 13.0
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Example — Impinging Jet

Customer Training Material

* Relevant dimensionless parameters
— Height-to-diameter ratio, H/D
— Reynolds number, Re l
— Prandtl number, Pr

» Quantities analyzed
— Surface heat transfer coefficient

¢
h(X)_Tp—To ’MH/) K‘
— Nusselt number

_h(x) L T,oro

X kf

Nu

ANSYS, Inc. Proprietary Release 13.0
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Characteristics of Impinging Jet Flow

Customer Training Material

* Modeling challenge — complex flow
— Free jet turbulence
— Stagnation point
— Boundary layer
— Strong streamline curvature
— Transition (?) l

/Free jet

Stagnation zone

fBoundary layer

Wall jet

and transition

ANSYS, Inc. Proprietary Release 13.0
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TKE Production at Stagnation Point

Customer Training Material

- Physically, decreased production of turbulence is observed at the
stagnation point.

- Two-equation models tend to overestimate TKE production at the
stagnation point

7.00e-02
I B.30e-02

5.80e-02

350802
280e-02
210802
140802

T.00e-03

581e-12

T e T e T — ——

_Standard E—e —Reélizabie I:a RNG k—¢

Can the production of turbulent kinetic energy be reduced?

ANSYS, Inc. Proprietary Release 13.0
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Impinging Jet Example

Customer Training Material

* Turbulent kinetic energy transport equation:

Dk 0 W, | Ok ou, | ou, Ou,
p——= pt— |+l | ot —pe
Dt 0x, G, )Ox, ox;| Ox, Ox

“

J J !

J
Y Y
Diffusion Production Dissipation

* Modification of production term (Menter, 1992):
B =g Q

* Text user interface command is
define/models/viscous/turbulent-expert/

ANSYS, Inc. Proprietary Release 13.0
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Effect of Modified Production Term

Customer Training Material

Default Production (-Based Production

k—w Model

ANSYS, Inc. Proprietary Release 13.0
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Flow Calculations (y* =1)

Customer Training Material

- The following RANS models were evaluated:
— Standard k—¢ (SKE)
— RNG k-¢ (RKE) — Minimizes TKE at stagnation point.
— Standard k—-w (KW) — Laminar/turbulent transition in boundary layer.
— Modified k—w (KWW) — Production of TKE based on rotation rate, Q.

— V2F model — Accounts for near-wall anisotropy by solving a transport
equation for (v')?

* Flow characteristics
— Prandtl number: Pr=0.7
— Reynolds number: Re =23,000
— Height-to-diameter ratio: H/D = 2.0 and 6.0

ANSYS, Inc. Proprietary Release 13.0

© 2010 ANSYS, Inc. All rights reserved. December 2010



Heat Transfer Modeling using ANSYS FLUENT I\NSYS

Impinging Jet: Velocity Profiles P —————

* Results: H/D = 2, Re = 23,000

1208400

1.0024+00

T —>

. 8.00e-01
Mean velocity

profiles

6.00e-01

4.00e-01

2.00e-01

0. 00e+ 00
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Results from Two-Equation Models ANSYS

Customer Training Material

* Results: H/D = 2, Re = 23,000

Nu* TKE*

1.40e-01

1.008-01
1™
800e-02 4
1.20e-01 -] 1
soge-02 1 3 SKE
N L]
1.00e—01 7o0e-02 4
e L ]
4 1Y
4 ]
§00e-02 4 |
8.002-02 ] RNG
5.00e-02
BH0E 4.008-02
4.002-02 e
2.00e-02
2.00e—02 . 3
1.008-02
0. 00e+00 T T T T T T T T T 0 00e+00 . T T T T T T T T T 1
0 1 2 3 4 5 B 7 3 o 1 0 1 2 3 4 5 B 7 a g 10
r/D t/D
Nusselt Turbulent Kinetic
Number

Energy
Re = 23,000 Re = 23,000
ANSYS, Inc. Proprietary
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Comparison of k—w and V2F models

Customer Training Material

* Results: H/D = 2, Re = 23,000

Nu* TKE*
1.408-01 — B.008-02
1.20e-01 = 1
5.002-02 ]
1.008-01 - _
4.00e-02
8.00e-02 — i
3.00e-02
6.00e-02 — |
5 00802
4.008-02 _
2.00e-02 H0AREDR _
0 00e+00 T T T T T T T T T 1 0.00e+00 ]
) 1 2 3 4 5 8 7 8 g 11 0
r/D
Nusselt Turbulent Kinetic
Number Energy
Re = 23,000 Re = 23,000
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Results from Two-Equation Models

Customer Training Material

* Results: H/D = 6, Re = 23.000

Nu* Nu*

1.40e-01 1.60e-01 —

1 20e_0i 1.40e-01

1.20e-01
1.00e-01

1.00e-01
8.00e-02

8. 00e-02

6.00e-02
5.00e-02

4.00e-02
4.00e-02

2.00e-02

2.00e-02
0.00e+00 T T T T T T T T T 1 0.00e+00 T T T T T T T T T 1
o] 1 2 3 4 5 g 7 a8 g iC o] 1 2 s 4 5 4] 7 = g 10
r/D r/D
Nusselt Nusselt
Number Number
Re = 23,000 Re = 23,000
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Mixed Convection around a Wall-Mounted Cylinder

Customer Training Material

* Re = 40,000 (subcritical flow)
— Laminar BL with turbulent wake
- Bluff Body
— Massive separation, vortex shedding

* Turbulence model

— SST k-w with y* =1 to model
transition

— LES with dynamic Smagorinsky
subgrid model

* 3 million cell mesh
* Mixed convection (buoyancy is
important)
— Boussinesq approximation
* Cylinder covered by a 5§ mm thick
steel layer

* Fluid/Solid coupled thermal 213 m
simulation

— D >>d so use of shell conduction is
appropriate

Courtesy CEA/EDF

ANSYS, Inc. Proprietary Release 13.0
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Flow Regimes for Flow Past Cylinders

Customer Training Material

* Re <50
— Laminar wake

* 50 < Re <5000 :
— Von-Karman street (laminar BL)

* 5,000 < Re < 200,000:

— Laminar BL prior to separation (a = ——

80°). Sub-critical regime (S

- Re > 200,000 “Drag Crisis” Q@”
— Turbulent boundary |ayer prior to Lgmin_ar boundary layer Turbuleqt boundary
separation (q - 1200) with wide turbulent wake Iiﬁfgt\f{le’[:tr\farrk(;w

ANSYS, Inc. Proprietary Release 13.0
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Subgrid Scale Viscosity Models Sl T el
¢ FLUENT 13 Offel'S the & Viscous Model

following subgrid scale Mods Modsl Constarts
. () Inwiscid <
models to be used with O v —
. [ Spala.rt-.ﬁ.llmaras i1 eqn)
LES: 8 Ezrpnilsg ;22 :S:::: Energy Prandt] Number
1 () Transition k-kl-omega (3 eqn) 0.85
B S mag orins ky m Ode I g TransitlLTn 55T (4 egn} i Wwall Prandtl Mumber
Reynolds Skress (7 eqn
— WAL E m Odel Y Sc;e-ndaptive Sli:mulgti:;n (SA5) | 0.85
. . () Detached Eddy Simulation (DES)
— Dynamic Smagorinsky ® Large Eddy Simulation (LES)
mOdeI Subgrid-Scale Maodel \
. . . . (%) Smagarinsky-Lilly User-Defined Funckions
- Dy namic su bg ri d kl n etl C 8 Esﬂiﬁ Subgrid-Scale Turbulent Viscosity
energy transport model O Kinetic-Energy Transport e hd
— Wall Modeled LES LEE“‘;:'nfptSt
(WMLES) /
Pz
- Beta feature in FLUENT [viscous Heating
13.0
[ ok ] [ cancel [ Help ]
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Results — Surface Temperature ANSYS

Customer Training Material

Exp. From CEA/EDF

160

140 -

120 -

o 100{
;"' 80
o ---.SST450  --- SST1250 ----SST 1750
: = Exp 450 A Exp1250 & Exp 1750
40 -
: — LES450 ——LES1250 ——LES 1750
20 ‘ | | | | | | | | :
-180 -160 -140 -120 -100 -80 -60 -40 -20 0
Angle (°C)
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Results — Wake (x = 0.4 m)

Customer Training Material

SST LES

m12,0-14,0
@10,0-12,0
08,0-10,0
m6,0-8,0
04,0-6,0
m2,0-4,0

m0,0-2,0

H (mm)
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RES u |tS — Wa ke (X — 0 = 5 m) Customer Training Material

m 8,0-10,0

@ 6,0-8,0

0 4,0-6,0

o 2,0-4,0

m 0,0-2,0

H (mm)
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Results — Wake (x = 0.75 m)

Customer Training Material

Exp.
SST LES

2750

%0 me,0-8,0

e |04,0-6,0
m2,0-4,0

2000 @ 0,0-2,0

1750

1500 Ha

1250 H (mm)

1000

750

500

250
-800  -500  -321 0 321 500 800
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Results — Wake (x = 1.5 m)

Customer Training Material

SST LES

750

500

250
-800 -500  -321 0 321 500 800
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Results — Conclusions

Customer Training Material

* Wall temperature comparable between RANS/LES

* More accurate wake prediction with LES

* CPU time required
— RANS - Days
— LES — Weeks

* In this case fluid/solid thermal coupling and large difference
between characteristic time scales induce expensive unsteady
calculations

ANSYS, Inc. Proprietary Release 13.0
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Large Eddy Simulation — Applications

Customer Training Material

- Compute unsteady temperature
field

- Explicit representation of mixing
* Accurate min/max fluctuations

* Application examples
— Thermal fatigue
— Fluid-structure interaction (FSI)

ANSYS, Inc. Proprietary Release 13.0
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Post-Processing
Variables in FLUENT
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NANSYS

Customer Training Material

Postprocessing

- Wall temperature — Use Wall-Temperature (Outer Surface)
— Static Temperature may give a different result.
« Convective heat flux — Use Total Surface Heat Flux.

— If radiation is calculated, you need to create a custom field function of
Total Surface Heat Flux — Radiation Heat flux

& Contours E| & Contours [g|
Options Contours of Cptions Conkours of

Filled ‘ Temperature, ., W | |:i||.3.;| | Wwiall Fluxes. .. w |

Mode Values Mode Yalues

GIDbaI Range wall Temperature (Outer Surface) w Global Range Wall Shear Stress »

Auto Range Skatic Temperature Auto Range ;ﬂiﬂ Sllhf?l-?r StrS?:ss

i to Range by e Ol e y-uial Shoar Stross

[ raw Profiies RelativpevTu:utaI Temperature [_]oraw Profiies Z-\all Shear Stress

[Joraw Mesh I [ ]oraw Mesh kirrFrittion Coetficient

Wall Temperature (Quker Surface) » Tokal Surface Heat Flusx

wall Temperat R adiatiarmHeek-F
Levels Setup Total Enthalpy Levels Setup Surface Heat Transfer Coef,
20 [] | 1 [ ] |Total Enthalpy Deviation o0 (] |y [«] |wall Func. Heat Tran, Coef,
| [1] [ 1 |Ertropy Wa” | (=] | [*] |surface Musselk Murnber

Taktal Energy Surface Stanton Mumber

Intornal Eneray temperatures F
Surface Name Patkern Mew Surface + SurFace Name Patkern Mew Surface *
| - ] are stored at the |/ T [ ]

Surface Tvpes D E] d . t ” Surface Types E] E]
axis - a Jacen ce axis ~
clip-surf = clip-surf =
exhaust-fan ce nter exhaust-fan
Fan b Fan '

lDispIav] [Campute] [ Close ] [ Help ] [Display ] [Campute] [ Close ] [ Help ]
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Postprocessing EE—————

* Heat transfer coefficient
— The heat transfer coefficient is computed with a fixed bulk temperature.
— Note that reference temperature must be specified first.

Reference Yalues - !
A& Contours r>_<|
Carmpute From ES
w | Cptions Contours af
Reference Walues Filled | Wall Fluxes... b |
Area (mz) [ ‘ Mode Yalues
|| Global Range Wall Shear Stress v
Density (kafma) " 175 ‘ Auta Fange ¥-\rall Shear Stress S
Clip to Range Z-Wall Shear Stress i
Enthalpy (i/ka) ' Skin Friction Coefficient
h = 9 conv-+rad B | ED“"W Profles Total Surface Heat-Flse
j— T Longth (i) "1 ‘ Draw Mas ._ |a|:||:|n Heat Flu e
w Pressure (psi) || 0 ‘ Levels Sekup Surface Musse —
an [=] [y [4] |Surface Stankon Murber [
emperature (k) [ 450 [*] [*]
Velocity (ms) [ ‘
" Surface Marne Pattern Mew Surface
Viscosity (kgfm-s) || 1.7894e-05 ‘ | Match curface T Ble
urface Types
Ratio of Specific Heats || 1.4 ‘ s V.
clip-surf i
Reference Zone exhaust-fan r
(Fuid v Fan bt
[ Display ] [Cu:umpute ] [ Close ] [ Help ]
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Postprocessing

Customer Training Material

* For complex flows, calculating the bulk
temperature can be difficult. |

* If you need a local reference temperature, the
problem is even more complex.

* In some cases, running an adiabatic case first 7,
can give you a local reference temperature
profile on the wall.

— For example, solve hot impinging jet in a cold T,

environment onto a cold plate will yield an
acceptable reference temperature profile. /

| @

 Wall function heat transfer coefficient
(depends on value of y*) jy = —Goony
I —-T ,

l

Temperature at
cell center

ANSYS, Inc. Proprietary Release 13.0
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Postprocessing

Customer Training Material

* Nusselt number

X

h @ Reference Yalues & Contours
Nu — I¢ Compute From Options Contours af

k | - | Filled | Wall Fluxes. .. w |
Reference Yalues Mode Yalues T —r— 3
all shear Stress
Area (mz) " 1 Global Range
Auto Range ¥-wall Shear Stress ~
- e e FeneR Z-wall Shear Stress B
@mSj " 1.2235 D O] Drzw PruFiIgs Skin Friction Coefficient
t t N S ('p’kg)l [ oraw Mesh Total Surface Heat Flux
[ S b nEnalpe L) o | Radiation Heat Flux
a n O n u m e r | Surface Heat Transfer Coef,
—@h (m [ P Wall Func, Heat Tran, Coef,
Levels Setup Surface Musselt Number —
Pressure (psi) [ | 20 ] | 1 [4] |5urface Skankon Mumber b
|| (] [v]
Temperature (k) || 450
h oy oo Surface Mame Patkern Mew Surface +
— > ( 1 :> Makch
St — | [—] Surface Types ==
@ C Yiscosity (kgfm-s) || 1.7804-05 | avis V-
p clip-surf =
Ruatio of Specific Heats || 1.4 | exhaust-fan
Fan b

Reference Zone
Fid v|

[Display ] [Cnmpute] [ Close ] [ Help ]
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- Boundary Layer Equations:

Laminar I Transition Turbulent

o ou oP 1o | u(x,0)=v(x0)=0
u +v =— +
&K & &K Redx? | u(X,0)=u,/U,

_oT oT 1 0T
Uu——=+v = —
ox dy RePr ox
 Wall Fluxes:
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* Reynolds analogy
— If dP/dx ~ 0, Pr ~ 1 (constant properties)

_ou oi_ 1ok #(¥0)=7(%0)=0
X & Redx’ i (%,00)=1

_or _oT 1 oT

Uu—>+v = 5
ox 0y RePr ox

* In dimensionless form, equations are of the same form. Thus, the
solutions for dimensionless velocity and dimensionless
temperature should be equivalent.

Re, C

C = Nu

f
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Tw :l"l’_ U’r = =
ay y=0 p
g =k L T =
oy =0 pCp U.
ou
l"lT :lriix a_ ll’an :Ky
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* BL Momentum RANS equatlons

ou ous or,° A 8u
+v —pu'v'
/Z/ %/ X Gy 6

u———puv—cmmmm
¥
Ttotal
ou 5
— — —olU
-BCatthewall (y=0): b= "Fg| P
* Mixing length model —pu"V'=p,— ou =xy’ a_”
oy oy
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* Viscous sublayer

0
ou .
u——%/lszf I::> u+:y+
N\ a J
Y
Ttotal
* Turbulent region
- 0
I,/ + 1 +
%—puv :pr > |u =—1n(y )+C
8y Y K
Y
Ttotal
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- Boundary layer energy equation

oT :
(/ax )/Z(j 5y[ y_pc VTJ

T
ka——pC v'T'" = constant
24 Y,
Y
Qtotal
A oT
- BC at the wall (y = 0): roal| o = ka— =pC, T U,
y=0
- Reynolds analogy: T 2loulor
y gy VT = . GT:Ky ou|oT
Pr. oy oy | Oy
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* Viscous sublayer

oT
k——ﬁi C,TU
\ayppjppr r::> T*:PryJr
s
Qtotal
* Turbulent region
0
%) =
k/ag(‘pcp VT'=pC,T,U, :>T*=&1"(y+)+f(1’f)
U 4 ~ J 5
Qtotal
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* Non-equilibrium effect and pressure gradient effect
MT=pKC$4Huy

— Use Prandtl-Komolgorov eddy-viscosity model e pC. k% v,
| H
U'=—InlEy"
” ( y ) U Clkp?
T,/p

— Keep pressure gradient in boundary layer equations (partially cancel
the inertial terms)

ﬁC1/4 k1/2 C1/4 k1/2
—J%——:hnEp“ 4
U K )

T
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- Jayatilleke: Wide range of Prandtl number

. (7, -7, )pC, CV* kL2
q
2 1/4 7.1/2
pPrU; C" k;
2q

Pr, B In(E y" )+ P} ¥

Pry’ + for y* < y;

1/4 1.1/2
pcuz 5 [pr, U+ (pr—Pr)U2] fory > v}
q

3/4
P=924 Pr —1||1+0.28exp —0.007E
Pr, Pr,
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Turbulent Thermal Boundary Layers
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 The wall laws are also functions of Prandtl number.

 Viscous sublayer thickness defined as the intersection between
viscous and logarithmic law.

y* ~ 10 for Momentum and for Pr = 1 y =y, = f(Pr,Pr,)

20 A

16 -

12 4

0.1 1 10 100 1000 0.1 1 10 100 1000
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