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Introduction

The convection heat transfer around airfoils and surfaces
has a significant contribution to overall coupled heat and
mass transfer during thermal anti-ice operation and icing
formation.

During the past research and previous works, the present
authors experienced some situations where the assumptions
of integral boundary-layer had to be changed in order to

improve the predictions.
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Changes on Assumption on Boundary Layer

Suraface Transition Roughness
Temperature

Icing Formation

Thermal Anti-ice

Aerodynamic
Performance
Degradation

No Change it was kept
Isothermal = ice
sureface at constant
temperature

Change to Non-
Isothermal 2>
Temperature Gradient
in stream wise
direction affects h

No Change, it was kept
Isothermal = airfoil
surfasse adiabatic

Change from Abrupt to
Smooth (finite length)
model - it affects
shape/horn somehow

Change from Abrupt to
Smooth (finite length)
model = impactin h
and local temperature

Change from Fully
Turbulent to Smooth
(finite length) model
- affects CL max and
CD predictions

Change a constant in
Stk definition and wall
function = ks may be
not enough to model
shape/distribution/size

Not Studied

Not Studied
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Objective

The objective is to briefly summarize - in one place - results
obtained by the authors during last 17 years of research in
the field of boundary layer modeling applied to heat

transfer and skin friction around airfoils.

Effects on boundary-layer (BL) studied:
« Streamwise temperature gradient
« Laminar-turbulent transition

 Distributed Small Scale Roughness
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Anti-icing and Icing Problems

Heat and Mass Transfer Coupled Phenomena:

« Heat transfer coefficient calculation affects the
convection heat transfer and mass transfer

* Mass transfer affects greatly thermal balance due the
enthalpy of evaporation (latent heat)

« If temperature decreases, it decreases the mass
transfer driving force (p.,; at surface) and also heat
transfer coefficient - compromise

* Coupled solution = Energy/Mass Conservation
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Anti-icing and Icing Problems

* Main local effects:
v' Water evaporation position

v Increased temperature due from wet to partially/fully dry
v Ice formation due to solidification enthalpy removal by
convection (latent heat)

v Separation position
* Main integral effects

v" Mean convective heat transfer coefficient

v Mean heat power and mean water evaporation

v" Overall ice shape

v' Polar (CL vs. CD) and CL

max
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Integral vs. Differential Approaches®

Integral:

« Laminar and Turbulent integral solutions of BL (several types)

« Transition by linear combination of intermittency

* Prediction of onset and extension by correlations (several types)

Differential:
« Boundary-layer code - RANS, finite difference,

compressible/coupled, 2D, algebraic turbulence model,

correlation/algebraic transition
 CFD code - RANS, Finite Volume, 3D, 2 or 4 equation turbulence

model, transition modeling, wall function -mostly- or solve to wall

(*) shown/used in this presentation
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Integral vs. Differential Approaches®

Approach Cons
Integral BL - Fast/simple calculations - Limited when there is flow history effects
(1D) - Integral parameters and h calculated - Limited when massive separation or

- Limitations known, well documented recirculation region occurs

validation, traditional engineering - Depends on external flow solver (potential)
Differential BL - Fast calculations - Limited when massive separation or
(2D) - Flow history effects estimated recirculation region occurs

- Integral parameters and h calculated - Depends on external flow solver (potential)

CFD - Flow solution coupled, it does not - Mesh and solution require more time

(2D or 3D) require a separate flow solver - Not as validated as integral calculations
- It solves flow with separation - Hard to couple with icing/anti-icing codes
- Flow history effects estimated - No water film/rivulets model (most codes)

- 3D ready for flow
- Impingement (eulerian/lagrangian) BUT IT IS THE WAY TO GO
- Mesh morphing for ice growth

(*) shown/used in this presentation
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Temperature Variation: Flat Plate
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Transition: Flat Plate Cf variation (St by analogy)

0.01 -
B T T T 1717 lintégralll"lL B |\_\| T T TTTT] T T T T1T11T] i|‘1teg|rall T TTT]
L experimental | _ - N\ experimental W
TEXSTAN & L \ TEXSTAN 2
BLP2C 7 \, BLP2C
_ ~ a8 N
. 4 e
ll&.' = | L i aé«’& |
‘z&‘ ?K A ;
v - - $ A
- A 8
4 | © : Y
‘B A
i 0.001 |— ST s .
e - By, " ]
L | 1 _ - d |
& - kw’ -
0.001 Lo L Lol Lot [ [ |
10000 100000 1e+06 10000 100000 1e+06 1e+07

Re

=3

Figura 5.7: Coeficiente de Atrito - C; - Caso T3A - Tu = 3, 0% - gradiente de pressao

nulo ao longo da placa - correlacao algébrica

Re

S

Figura 5.9: Coeficiente de Atrito - C; - Caso T3AM - Tu = 1, 0% (integral e BLP2C) -
Tu = 0,5% (TEXSTAN) - gradiente de presséo nulo ao longo da placa - correlacao

algébrica

Silva, G. A. L., Transferéncia de calor e massa no escoamento bifasico em torno de aerofélios equipados com sistemas de
antigelo aeronauticos., Ph.D. Thesis, Escola Politécnica da Universidade de Sao Paulo, Sao Paulo, 2009

ATS,i



Transition: Flat Plate Cf variation (St by analogy)
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Transition: Airfoil Aerodynamic Performance
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Transition: Airfoil Aerodynamic Performance
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Transition: Airfoil Aerodynamic Performance

1 dx
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Roughness: Isothermal Cylinder with pyramids
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Roughness: Isothermal Cylinder with pyramids

channel. pyramuds. Pr=0.72  +

08 - oo pipe. helical rings. Pr=0.72  x

' | pipe. circuferential rings. Pr=0.72 e

= 06k . pipe, circuferential rings, Pr=0.72  ©

= ' pipe, sand indentations. Pr=1.2 4

3; 04 - e pipe, sand indentations. Pr=2.8 &

2 ' o T plate. spanwise humps, Pr=3.2 ¢

~ 02 o oy i plate. irregular pyramuds, Pr=3.2 ¢

= pipe. sand indentations, Pr=4.4 v

) 0 A pipe. sand indentations, Pr=5.9 ¥

= T pipe, pyramids, P1=7.3 m

N P B _ pipe. pyramids, Pr=7.5 O
- T A Owen and Thomson ~----~
04 7 f _ Present work -

_06 | 1 | | 1
-0.2 0 0.2 0.4 0.6 0.8 1

log(Pr)

Stanton St dependence with Prandtl number!?

Stefanini, L. M., Silvares, O. M., Silva, G. A. L. H. and Zerbini, E. J. G. J.,2011. “Heat Transfer on Iced Cylinders”. In
AIAA, Atmospheric and Space Environments Conference, 2010. ATS .
41



Normalized Nusselt number, NufRe(U‘S)

Roughness: Isothermal Cylinder with pyramids

[

------------

-
-

20 30 40 50 60 70 80
angle (deg)
Experimental data form Achenbach +

Present work-min AT »wwe e
Present work-max AT

(a) Re =2.2-10°

Effects of the maximum and minimum

90

Normalized Nusselt number, NufRe(O'SJ

—_ =
S 1 00 N O =

S = b e L

T+
.

0 10 20 30 40 50 60 70 80

angle (deg)

Experimental data from Achenbach +
Present work-min AT e
Present work-max AT

(b) Re =4.0-10°

cylinder surface temperatures

Stefanini, L. M., Silvares, O. M., Silva, G. A. L. H. and Zerbini, E. J. G. J.,2011. “Heat Transfer on Iced Cylinders”. In
AIAA, Atmospheric and Space Environments Conference, 2010.

90

ATS,i



Roughness: Isothermal Cylinder with pyramids
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Roughness: Isothermal Cylinder with pyramids
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Roughness: Isothermal Cylinder with pyramids
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Conclusion: Airfoil Anti-icing
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Conclusion: Airfoil Anti-icing
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Conclusion: Airfoil Icing
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Conclusion: Airfoil Aerodynamic Performance
v Re =2.6E6
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