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This paper presents the evaluation of a thermodynamic iogrystal icing model previously
presented to describe the possible mechanisrof icing within the core of a turbofan jet engine.
It has been proposed that there are two types of distinct ice accretiobssed on a surface
energy balancefreezedominated icing and meltdominated icing.In the former, ice accretion
occurs where afreezefraction (0 to 1) of meltedice crystals freezes on a surfaceglong with
the existing ice of the impinging water and ice mass. This freezedominated icing is
characterized by having strong adhesion to the surface. In the latter, icingpccurs from
accumulatedunmelted ice on a surface, where a melt fraction (0 to 1) dictates the amount of
unmeltedimpinged ice. This meltdominated icing is characterized byweakly bonded surface
adhesion.The experimentally observed ice growth rates suggest that ondysmall fraction of
the impinging ice remains on the surfaceimplying a mass loss mechanism such as splash,
runback, bounce or erosion. This mass loss parameter must be determiiein conjunction
with the fraction of freezing liquid water or fraction of melting ice on an icing surface This
loss parameter, howeveralong with the freeze and melt fraction, are the only experimental
parameters that arecurrently not measured directly. Using reported icing growth rates from
published ice crystal icing experiments, a methodology is neposed to determine these
unknown parameters. This work takes reported ice accretion data from tests conducted by
the National Aeronautics and Space Administration (NASA) in 2016 andests NASA
collaborated on with the National Research Council (NRC)f Canada in 2012hat examined
the fundamental physics of icecrystal icing. Those research effortssought to generate icing
conditions representative ofthose that occur inside a jet engine when ingesting ice crystals.
This paper presents the fundamental equationsf the thermodynamic mode] the methodology
used to determine the aforementioned unknown icing parameters, and results from model
evaluationusing experimental data In addition, this paper builds on the previously prgposed
model by adding a transient conduction term to explain ice growth behavior at the onset of
experimental tests that was observed to be different from steaehtate ice growththat occurred
later in the test run. With the addition of this energy term, this becomes a quassteady model.
A key finding from this work suggesst that mass loss fradbns can exceed 0.90 for steady ice
growth periods. In addition, due to conductive heat fluxes when using a warmehan-freezing
airfoil, lower mass loss fraction alues were calculated during the initial transient period

Nomenclature

Cp = specific heatapacity(J/kg/K)
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evaporative heat flux is reduced with increasing total relative humidity (incre@sing, reducing the amount of
water that could freeze to ice. Thiscreasing freeZeactionis alsocompounded with the fact that there is more water
(higher MR) to freeze for the higheFwhy tests. Eventually, as total relative humidity is increased even further in
TRno.121, the condition becomes mdibminatel. As previously mentioned, no ice accretion occuaedll for
TRnNno.121. The highmelt ratio value oMR = 0.87likely contributed to the highniessvalue via splashing and runback.
TRnNo.139 (‘'b") provides some interesting insighi¥ith a low totalwetbulb temperaturéTwh, = -6.0°C) and
low melt ratio(MR = 0.13), all liquid water that impinged (after losses) froze, as indicated by the freeze fraction of
no = 1. Looking at the energy fluxes for this test in Table 4, the model suggests sensipdastefrom the ice mass

can occur asqgés = 3,468 Wm?Z which is greater than the latent heat of fusion surface flux value of
0f&%ze = 1,032W/m2. Indeed,the final temperature as recorded by the leading edge thermocouple at the airfoil

midspan measurebaie = —3.7 °C. This was the onlyest in this series suggestiagnsible energy loss atite only
test that measured a temperature otherThan = 0 °C

V. Discussion

This section presents information related to the topics of incorporation of the transient conduction model,
steadystate ice growth, comparing mass loss fraction when ice accretion occurred, and how the thermodynamic model
relates to how icing facilitiesemerate mixegbhase cloudsntorporating the transient conduction maasallowed
for a greateunderstandingf the physical phenomena that occurdeating the initial moments of eadting test
With an initially warm airfoil, energyvas conducted frm the airfoil to the ice, and in generaeatd a more
melt-dominatedconditionat the onset of the test. Several tests transitioned from migildominated conditions, to
freezedominated conditions as the airfoil cooled and reached a sstatdytenperature According to the model, it
took on the order d20to 30 s for the conductive heat flux to become negligible, which matches well with what was
observed experimentally. These conductive values were calculated for an airfoil with a particuldnicsimelss,
material physical properties and initial temperatureAn initially hotter andfully solid airfoil with all else being
constant, for example, would exhibit different conductive behavior, supplying more heat to melt more ice, and
prolonging thetransient period. An initially cold airfoihat isbelow freezingfor example would be favorable to
freezedominated icing as more liquid water would freeze initially.

Looking at steadwtate ice growtlonly, calculations ofiess Suggest that over 90%8 the impinging water and ice
mass is lost to splash, runbabkunce and erosion. Wheredlsere are several variables that diffethin this group
of 10testcases, a peak in water mass retention with respect to melt ratio appears to exist. Thewalisesbfhtly
greater for very low melt ratio casésoss ~ 0.96),decreaseslightly for midvalue melt ratiofniess ~ 0.91) then
increases again when the melt ratioskagh (ness ~ 1.0). This trendgives credence to previous research worétth
theorized that an optimum icing regime exists for ice crystal icing as a function of melf hatibypothesis states
thaticing will not occur if there is not enough ice to cool the surface to the freezing point and where there is not
erough liquid for the ice to stickThe model results from the steashate ice growth analysis suggest that at a low
MR, the value ohissis higher from a combination of more iceystal bounce and erosion. Similarly, high values of
Niess0ccur at highMR valuesdue to a combination of splash and runback. Kwiethis is a very limited dataset.

In comparing the masloss fractiorwhen ice accretion occurrgdossis lower during the initial transientith an
initially warm airfoil ascomparedwith the steadystategrowth period where the airfoil lthcooled in temperature.

This difference is clear in the NRC RATFac studied TRno. 139 from the NASA PSL test seriedien looking at
Tabled. A greater amount of liquid water existed the surface during the fiail transient, due to the additional melt
created from conductive heat flux. Tliseated a westicky surface which was likely the physical mechanism that
allowed more of the incoming cloud to be captured, redugingThere exists a limjthoweveras can be seen by the
threehigherMR tests in the NASA PSL testries where there was likely too much liquid waed no ice accretion
occurred during the initial transient period. Thimfercesthe point that there likely exists an optimum liquid water
content at the surface to achieve the greatest ice growti hédeoptimal liquid water content regime for maximum
ice accretion is not only dependent on the melt ratio, but also the balance of energy fluxes at the icing surface.

It should be noted that in order to produce a migldse cloudtthe NASA PSL facility a liquid water cloud
was sprayed and themartially froze as the cloud approached the test section. Water droplets partiallyyftogig
sensible and latent energy through a combination of evaporative cooling and ceneatitransfer to the cold ir
This is the exact opposite order of generating a mptease cloud that occurred at the NRC RATFac. At the RATFac,
ice partides were sprayed and melted the ice dud approached the test secttéice particles passed thugh an
injection duct and mied with warmer, humid air entering the wind tunnel. Convective heat transfer from the warm
air aidsin partially melting the ice cloudyhereashigher water vapor levels minimized evaporative cooling. The
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