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Abstract

Based on a tested electro-thermal anti-ice numerical tool, the present authors propose simplifi-
cations in model assumptions to assess their relevance in wing surface temperatures prediction
and end of runback water location. The purpose is to demonstrate that momentum and heat
analogy and abrupt laminar-turbulent transition approximations may not represent the physical
phenomena with the accuracy required. The existent mathematical model considers flow around
non-isothermal and transpired airfoil surfaces with a smooth laminar-turbulent transition oc-
curence. Two simplifications are implemented herein: 1) the flow over isothermal surfaces by
the use of Colburn analogy; 2) the abrupt laminar-turbulent transition. The boundary layer
procedures used in classic icing codes assume similar simplifications and they have limited
application in wing electro-thermal anti-ice simulation. The present paper results show that
streamwise surface temperature gradient and the occurence of transition, within the protected
area, must be considered in mathematical modelling of aircraft thermal ice protection.

1 Introduction

The ice accretion on wings and horizontal stabilizers may cause aerodynamic performance degra-
dation, weight increase, flight control difficulties and, in critical cases, may lead to operational
safety margins reduction. When aircraft flies through supercooled water droplets clouds, which
are in meta-stable equilibrium, ice will form in all surfaces that are subjected to impingement
and not protected. Usually, thermal ant-ice systems are designed, developed and certified with
support of a numerical tool. Under icing conditions, it is necessary to heat and control the
temperature of the airfoil surface at leading edge region to prevent ice formation. The heating
system balances the cooling effects caused by coupled convection heat and mass transfer im-
posed by the air flow loaded with supercooled water droplets and the runback water flow over
airfoil.
With a thermal anti-ice activated, the water droplets impinge and spreads over the leading
edge region. Then the runback water flows to downstream regions driven by pressure and shear
forces applied by external flow around the airfoil. If a critical thickness is reached, the water
film breaks-up and forms rivulets. The change from film to rivulets flow pattern is marked by a
decrease in wetted area. The dry patches start to grow between rivulets and the airfoil surface
becomes directly exposed to gaseous flow around airfoil.
Currently, the electro-thermal anti-ice systems are in the aerospace industry focus due to advent
of more electric airplane or even the bleedless system architectures, where all the power is
provided by an electrical generator and not by high pressure and temperature engine bleed air.
( ) reviewed the literature and also the icing and anti-icing numerical tools
mathematical models and capabilities. Many works applied the momentum and heat tranfer
analogy to icing airfoils ( , ; , ; , ; ,
) and assumed an abrupt laminar-turbulent transition. Usually they consider airfoil or
ice surfaces as isothermal, non-permeable and fully rough. However, few researchers applied
the momentum and thermal boundary layer integral models to anti-ice simulation with success.
( ) developed the numerical code CANICE A that evaluates the heat transfer



coefficient considering laminar flow over isothermal surface( , ), turbu-
lent flow over smooth and non-isothermal surface( , ) and abrupt laminar-turbulent
transition. Same authors developed other version of the code, CANICE B, and use the ex-
perimental data of heat transfer coefficient . Only this second code represented satisfactorily

the surface temperature numerical results. ( ) transient ice protection code applied
the ( ) boundary-layer model that, which, in turn, is used in ONERA2D icing
code( , ). ( ) employed experimental data in his
ANTICE code simulations. Neither LEWICE ( : ) nor ANTICE heat transfer coef-
ficients were used in validation process. ( ) reported difficulties when applying
TRAJICE2 boundary layer model( , ; , : , ) to rotorcraft
ice protection systems. The authors got overestimated results and recommended more research
about heat transfer coefficient evaluation( , ).

2 Objective

The objective of the present paper is to compare convective heat transfer modeling strategies
and assess their relevance for accurate temperature distribution and runback water evaporation
prediction. The purpose is to demonstrate that non-isothermal and smooth laminar-transition
assumptions are important when applying boundary-layer integral analysis to thermal anti-
ice performance simulation. Two simplifications, which are commonly adopted by aerospace
industry and researchers, are implemented herein: 1) the flow over isothermal surfaces by the
use of Colburn analogy; 2) the abrupt laminar-turbulent transition. Each simplification is
implemented and tested separately to check if that numerical code assumption will change
predictions of temperature, heat transfer and runback water end position.

3 Mathematical Models

The present paper uses the anti-ice thermal model developed by ( ,b), whom
briefly described the mathematical model, presented some numerical code results and compared
with experimental data as well as other codes results. The anti-ice system operation simulation
applies the First Law of Thermodynamics to liquid water flow and solid airfoil surface together
the Conservation of Mass and Momentum to liquid water flow. The wetness factor estimation,
by water film breakdown and rivulets formation, was based in other work ( , )
plus the assumption of constant rivulets spacing. Their model requires solution of : I) velocity
and pressure fields around the airfoil; II) droplet trajectories; III) momentum and thermal
boundary layers to obtain the coupled heat and mass transfer over the airfoil solid surface and
liquid water flow; IV) First Law of Thermodynamics to the liquid water and airfoil solid surface
plus the Conservation of Mass and Momentum to the liquid water flow (film and rivulets) over
the airfoil. Both flow field around airfoil and local collection efficiency data were provided by
external numerical codes (I and IT). The momentum and thermal boundary-layer are evaluated
(III) in order to estimate the heat and mass transfer around airfoil over non-isothermal and
transpired surfaces with a smooth laminar-turbulent transition occurrence ( , ).
With data from previous steps (I, II and III), the anti-ice mathematical model (IV) is able
to predict operational parameters like solid surface temperatures, runback mass flow rate and
convection heat transfer coefficient distributions along the airfoil solid surface. The thermal
(IV) and boundary-layer (III) models have been applied to thermal anti-ice system operation
simulation since works of ( ); ( ).

The present paper presents the original thermal boundary-layer model (III) and the proposed
simplifications. The changes were implemented one by time. All the other other original models
(I, IT and IV) are kept the same.



3.1 Thermal Boundary-Layer - Non-isothermal Model

( ) adopted an boundary-layer integral analysis that considers flow over non-
isothermal surfaces. At stagnation point, the local convective heat transfer is estimated by
isothermal integral analysis developed by ( )E
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( ) developed an original expression in order to evaluate laminar local convective
heat transfer due to a flow over non-isothermal surfaces with moderate pressure gradient:
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The evaluation of Ag 4, by equation (5) requires the knowledge of Ay .y, value at onset tran-
sition location as initial condition. By using ( ) developments in turbulent regime,
the Ag 4p 1S estimated:
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The local convective heat transfer in turbulent regime is evaluated by ( ):
Strur = 0.0125 - Re;0® - Pr'/? (4)
Alike ( ), the present paper assumes that the virtual origin of turbulent boundary

coincides with the transition onset, where the turbulent spots start to appear. It is assumed
that inttermitency v and enthalpy thickness Aj 4,4 start to be different than zero at transition
onset s;.. Therefore, the turbulent enthalpy thickness is:
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3.2 Thermal Boundary-Layer - Isothermal Model

Classic icing codes ( , ) use the integral analysis to evaluate laminar heat
transfer around icing airfoils ( , ). Flow over isothermal surfaces is an
acceptable assumption for non-heated airfoils subjected to ice formation, since the exposed ice
or airfoil surface equilibrium temperatures are aproximately constant. In this model, the heat
transfer coefficient iy jqm is estimated by evaluating the laminar conduction thickness Ay jqm:
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In turbulent regime, the classic icing codes evaluate the heat transfer coefficient by assuming
flow over a fully rough surface and one of heat and momentum transfer analogies. As there is
no ice on the airfoil when operating an anti-ice system, the present paper assumes flow over a
smooth surface and the Colburn analogy to estimate:
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For the present work, the integral equation of momentum thickness in turbulent regime is
simplified to ( : ):
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At position s, both intermittency and ds 4. begin to be greater than zero ( , ).

With momentum thickness, Res, ., is obtained to allow evaluation of Cf tyrpy and Sty

3.3 Laminar-Turbulent Transition - Intermittency Model

( ) adopted the work of ( ) that defines the laminar-
turbulent transition region statistically by a mean position s,, and a standard deviation length
o. Both St and C'y within transition region are calculated by linear combination of the laminar
CYam and Sty with turbulent Cf 4, and Sty values.

Within the laminar-turbulent transition region, the St number is estimated by:

St(s) = {Stlam(Res) §< 8y, —2-0
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Similarly, the linear combination procedure is also applied to friction coefficient calculation C,
i.e., the St(s) is replaced by C((s) in equation (9). The turbulent flow probability v(Res) is
evaluated by:
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3.4 Laminar-Turbulent Transition - Abrupt Model

As reported by ( , ) , the classic icing codes assume that the laminar-turbulent
transition region has a very short length, i.e., the flow is turbulent just after the onset occurence.
However, ( ) and ( ) observed no evidences of abrupt transition
occurence in flow over fully rough flat plates or airfoils. ( ) demonstrated
that transition parameters region variation, such as onset and length, affects ice shape signifi-
cantly. Moreover, ( ) and ( ) concluded that laminar-turbulent
transition is also important in thermal ice protection design. Despite of lack of evidences, this
assumption is commonly adopted by aerospace engineers to develop aircraft anti-ice systems.

4 Experimental Data

( ) performed anti-icing experiments at Icing Research Tunnel at NASA
Glenn Research Center facilities, Cleveland, Ohio, USA, by measuring surface temperature and
overall heat transfer coefficient in order to validate ANTICE numerical code. The airfoil tested
was 1.828 m span by 0.914 m chord NACA 0012 profile with electronically controlled heaters.
Each heater element in streamwise direction had one thermocouple, one thermoresistor sensor
and one heat flux gauge installed. The 22A is an evaporative and 67A is a wet case. In 22A case,
freestream velocity is 44.7 m/s, total temperature is -7.6 °C, liquid water content is 0.78 g- m—3.
Case 67A has freestream velocity 89.4 m/s, total temperature -21.6 °C, liquid water content
0.55 g- m3. Both cases have 20 ym as median volumetric diameter and 0 as angle of attack.

5 Results

Figure 1(a) presents the solid surface temperature distributions estimated by using the non-
isothermal, which is the baseline, and isothermal boundary-layer models. All the other assump-
tions and models are the same. Only the hypothesis of non-isothermal surface was changed.
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Figure 1: Case 22A - Present paper temperature results compared with experimental data
and ANTICE results ( : )

The predictions are compared with experimental data and ANTICE numerical results (

, ). On the other hand, Figure 1(b) presents temperature predictions when
adopting intermittency and abrupt transition. The abrupt transition was fixed at the mean
position of transition region, s,,, of the baseline model, which are located in s/c = 0.08 and
—0.083 for case 22A. The transition standard deviation, o, was set as 0.04 at s/c for case 22A.
The estimated temperature effects caused by boundary-layer assumptions for case 67A are
shown in Figures 3(a) and 3(b). In both 22A and 67A cases, the baseline model, which adopts
non-isothermal and inttermitency models, estimated temperatures closer to experimental data
and ANTICE numerical results than the isothermal and abrupt transition models.
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Figure 2: Case 22A - Present paper overall and convective heat transfer coefficient results
compared with experimental data ( , )

The overall heat transfer coefficient considers effects of convection, evaporation and runback
water enthalpy flow as well as water impigement enthalpy and momentum. Therefore, when the
surface is dry, the overall is equal to convective heat transfer coefficient . On the other hand,
when the surface is wetted by water film or rivulets, the overall is greater than convective. This
fact indicates mainly that the heat transfer is enhanced due to evaporative cooling. Figure 2(a)
shows that isothermal model has negligible variations in due to thermodynamic properties
variations and is symmetrical. On the other hand, the non-isothermal model presents significant



variations at leading edge. As expected, the non-isothermal model predicted higher values of
heat transfer coefficient at turbulent region due to increase of temperature difference (between
solid wall and ambient) at end of water filme. Other clear difference is at end of protected
area, where the flow is turbulent, the non-isothermal model estimates a decrease in while the
isothermal a increase. Those effects were researched extensively by ( ) in
heated flat plates operating in dry air tunnel.
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Figure 3: Case 67A - Present paper temperature results compared with experimental data

and ANTICE results ( : )
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Figure 4: Case 67A - Present paper overall and convective heat transfer coefficient results
compared with experimental data ( , )

The abrupt transition was fixed at the mean position of transition region, which are s/c = 0.07
and —0.067 in case 67A. The transition ¢ was set to 0.007 for case 67A in both upper and
lower surfaces. The transition parameters (s, and o) were found by matching the baseline
model estimation with experimental data for overall heat transfer coefficient. Those values
were not changed in isothermal nor abrupt model runs. Figure 4(a) shows a sharp increase of
convective heat transfer in abrupt model while the intermittency model predicted a smoother
curve and closer to experimental data. Due to more constant temperature distribution in case
67A than 22A, there are small deviations in the convective heat transfer coefficient predicted
by non-isothermal and isothermal models. Except at the region of end of water flow and end of



heated area, both models behave similarly. A sharp increase and a overshoot of is observed in
abrupt transition model results that is shown in Figure 4(b). This fact caused the instaneous
evaporation of all water and, thus, a local temperature increase.

For case 22A, all the models (non-isothermal and isothermal, abrupt and smooth transition)
predicted runback water evaporation at streamwise position s/c¢ = 0.024 in both upper and lower
surfaces. But, in case 67A, the baseline model (non-isothermal and smooth transition) provided
s/c =0.077 and s/c = —0.073 as water disappearing positions. Isothermal model resulted in
s/c =0.07 and s/c = —0.068 positions. By considering abrupt transition, the positions changed
to s/c = 0.066 and s/c = —0.068. The changes are significant when compared with the total
protected area, which is located between s/c¢ = —0.102 and 0.113.

6 Conclusions

The heated airfoil operating under icing conditions has some important characteristics that dif-
ferenciates the problem from the case of adiabatic airfoil subjected to ice growth. In presence
of thermal ice protection, the usual boundary-layer hypotheses assumed by classic codes does
not represent the physical phenomena satisfactorily for engineering purposes. The streamwise
surface temperature gradient and the occurence of transition, within the protected area, must
be considered in the mathematical modelling. Depending on the onset position and length of
transition region, the laminar flow may cover a significant area when compared to fully turbu-
lent flow area and vice-versa. Moreover, a local parameter prediction is much more sensitive to
punctual variations than an integral that is averaged over a surface. Therefore, heat transfer
coefficient streamwise variations, induced either by transition or surface temperature gradi-
ent, may have great impact on surface temperature, evaporation mass flux and runback water
distributions.
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