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This paper presents the evaluation of a thermodynamic ice crystal icing model, previously 
presented to describe the possible mechanisms of icing within the core of a turbofan jet engine. 
It has been proposed that there are two types of distinct ice accretions based on a surface 
energy balance: freeze-dominated icing and melt-dominated icing. In the former, ice accretion 
occurs where a freeze fraction (0 to 1) of melted ice crystals freezes on a surface, along with 
the existing ice of the impinging water and ice mass. This freeze-dominated icing is 
characterized by having strong adhesion to the surface. In the latter, icing occurs from 
accumulated unmelted ice on a surface, where a melt fraction (0 to 1) dictates the amount of 
unmelted impinged ice. This melt-dominated icing is characterized by weakly bonded surface 
adhesion. The experimentally observed ice growth rates suggest that only a small fraction of 
the impinging ice remains on the surface, implying a mass loss mechanism such as splash, 
runback, bounce, or  erosion. This mass loss parameter must be determined in conjunction 
with  the fraction of freezing liquid water or fraction of melting ice on an icing surface. This 
loss parameter, however, along with the freeze and melt fraction, are the only experimental 
parameters that are currently not measured directly. Using reported icing growth rates from 
published ice crystal icing experiments, a methodology is proposed 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 and tests NASA 
collaborated on with the National Research Council (NRC) of Canada in 2012 that examined 
the fundamental physics of ice crystal icing. Those research efforts sought to generate icing 
conditions representative of those that occur inside a jet engine when ingesting ice crystals. 
This paper presents the fundamental equations of the thermodynamic model, the methodology 
used to determine the aforementioned unknown icing parameters, and results from model 
evaluation using experimental data. In addition, this paper builds on the previously proposed 
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 steady-state ice growth that occurred 
later in the test run. With the addition of this energy term, this becomes a quasi-steady model. 
A key finding from this work suggests that mass loss fractions can exceed 0.90 for steady ice 
growth periods. In addition, due to conductive heat fluxes when using a warmer-than-freezing 
airfoil, lower mass loss fraction values were calculated during the initial transient period. 

Nomenclature 

Cp =  specific heat capacity (J/kg/K) 
                                                           
* Senior Research Associate, Icing Branch, 21000 Brookpark Road, MS 110-3, AIAA Member 
�  Aerospace Engineer, Icing Branch, 21000 Brookpark Road, MS 11-2, AIAA Senior Member 
�  Principal Research Scientist, Icing Branch, 21000 Brookpark Road, MS 11-2, AIAA Associate Fellow 



16 
American Institute of Aeronautics and Astronautics 

evaporative heat flux is reduced with increasing total relative humidity (increasing Twb0), reducing the amount of 
water that could freeze to ice. This decreasing freeze fraction is also compounded with the fact that there is more water 
(higher MR) to freeze for the higher Twb0 tests. Eventually, as total relative humidity is increased even further in 
TR no. 121, the condition becomes melt dominated. As previously mentioned, no ice accretion occurred at all for 
TR no. 121. The high melt ratio value of MR = 0.87 likely contributed to the high nloss value via splashing and runback.  

TR no. 139 (“b” ) provides some interesting insight. With a low total wet-bulb temperature (Twb0 = –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 
n0 = 1. Looking at the energy fluxes for this test in Table 4, the model suggests sensible energy loss from the ice mass 
can occur as RHSq�c�c  = 3,468 W/m², which is greater than the latent heat of fusion surface flux value of 

freezeq�c�c  = 1,032 W/m². Indeed, the final temperature as recorded by the leading edge thermocouple at the airfoil 

midspan measured Twall,e = –3.7 °C. This was the only test in this series suggesting sensible energy loss and the only 
test that measured a temperature other than Twall,e = 0 °C.  

V. Discussion 

This section presents information related to the topics of incorporation of the transient conduction model, 
steady-state ice growth, comparing mass loss fraction when ice accretion occurred, and how the thermodynamic model 
relates to how icing facilities generate mixed-phase clouds. Incorporating the transient conduction model has allowed 
for a greater understanding of the physical phenomena that occurred during the initial moments of each icing test. 
With an initially warm airfoil, energy was conducted from the airfoil to the ice, and in general created a more 
melt-dominated condition at the onset of the test. Several tests transitioned from initial melt-dominated conditions, to 
freeze-dominated conditions as the airfoil cooled and reached a steady-state temperature. According to the model, it 
took on the order of 20 to 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 particular shell thickness, 
material physical properties, and initial temperature. An initially hotter and fully solid airfoil with all else being 
constant, for example, would exhibit different conductive behavior, supplying more heat to melt more ice, and 
prolonging the transient period. An initially cold airfoil that is below freezing, for example, would be favorable to 
freeze-dominated icing as more liquid water would freeze initially. 

Looking at steady-state ice growth only, calculations of nloss suggest that over 90% of the impinging water and ice 
mass is lost to splash, runback, bounce, and erosion. Whereas there are several variables that differ within this group 
of 10 test cases, a peak in water mass retention with respect to melt ratio appears to exist. The value of nloss is slightly 
greater for very low melt ratio cases (nloss ~ 0.96), decreases slightly for mid-value melt ratios (nloss ~ 0.91), then 
increases again when the melt ratios are high (nloss ~ 1.0). This trend gives credence to previous research work that 
theorized that an optimum icing regime exists for ice crystal icing as a function of melt ratio. The hypothesis states 
that icing will not occur if there is not enough ice to cool the surface to the freezing point and where there is not 
enough liquid for the ice to stick.2 The model results from the steady-state ice growth analysis suggest that at a low 
MR, the value of nloss is higher from a combination of more ice crystal bounce and erosion. Similarly, high values of 
nloss occur at high MR values due to a combination of splash and runback. Note that this is a very limited dataset. 

In comparing the mass loss fraction when ice accretion occurred, nloss is lower during the initial transient with an 
initially warm airfoil as compared with the steady-state growth period where the airfoil had cooled in temperature. 
This difference is clear in the NRC RATFac studies and TR no. 139 from the NASA PSL test series when looking at 
Table 4. A greater amount of liquid water existed on the surface during the initial transient, due to the additional melt 
created from conductive heat flux. This created a wet, sticky surface, which was likely the physical mechanism that 
allowed more of the incoming cloud to be captured, reducing nloss. There exists a limit, however, as can be seen by the 
three higher MR tests in the NASA PSL test series where there was likely too much liquid water, and no ice accretion 
occurred during the initial transient period. This reinforces the point that there likely exists an optimum liquid water 
content at the surface to achieve the greatest ice growth rate. This optimal 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 mixed-phase cloud at the NASA PSL facility, a liquid water cloud 
was sprayed and then partially froze as the cloud approached the test section. Water droplets partially froze by losing 
sensible and latent energy through a combination of evaporative cooling and convective heat transfer to the cold air.21 
This is the exact opposite order of generating a mixed-phase cloud that occurred at the NRC RATFac. At the RATFac, 
ice particles were sprayed and melted as the ice cloud approached the test section.22 Ice particles passed through an 
injection duct and mixed with warmer, humid air entering the wind tunnel. Convective heat transfer from the warm 
air aids in partially melting the ice cloud, whereas higher water vapor levels minimized evaporative cooling. The 
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requirements of producing mixed-phase clouds at each facility can be recognized in the Condition column of Table 4 
in the steady-state ice growth analysis. To generate mixed-phase clouds at the PSL, the liquid spray cloud had to be 
partially frozen, and this is evident because all steady-state ice growth was freeze-dominated icing. To generate 
mixed-phase clouds at the RATFac, the ice cloud had to be partially melted, and again this is apparent because nearly 
all steady-state ice growth was melt-dominated icing. 

This analysis has shown that a conduction term is an important addition to Tsao et al.’s model12 to more accurately 
capture the fundamental thermodynamic energy exchanges occurring at the icing surface. Also, in the evaluation of 
the model, high values of mass loss fractions exceeding 0.90 have been calculated for the steady-state ice growth 
period. Furthermore, this analysis suggests that optimal conditions for icing exist that are dependent on the melt ratio 
and the balance of energy fluxes at the icing surface. Lastly, this study suggests that for experimental icing tests that 
have been conducted at ground facilities, how the ice was formed may need to be considered when assessing icing 
results. 

VI.  Conclusions 

This paper builds on Tsao et al.’s proposed thermodynamic icing model that was developed to explain the 
mechanism of ice crystal icing that occurs within the core of jet engines. A transient conductive heat flux term was 
added to the model’s energy balance to help explain icing behavior that occurred early in the onset of an icing cloud 
during experimental tests. The model, in addition to the modification, was evaluated against experimental ice accretion 
data that was measured during tests conducted at the National Aeronautics and Space Administration (NASA) 
Propulsion Systems Laboratory (PSL) icing wind tunnel in 2016 and at the National Research Council (NRC) of 
Canada Research Altitude Test Facility (RATFac) icing wind tunnel in 2012.  

The model provided key insights into previously unknown values related to icing, which include mass loss fraction, 
melt fraction, and freeze fraction. During steady-state ice growth, values of mass loss fraction were 0.90 and greater. 
With an initial airfoil temperature several degrees warmer than freezing, the conductive heat flux affected ice accretion 
behavior such that the mass loss fraction was reduced compared with the steady-state ice growth values. The model 
suggests that optimal liquid water contents exist to achieve greater ice accretion rates. Values of mass loss fraction, 
nloss, were greatest when there were little amounts (low melt ratio) and a large amounts (high melt ratio) of liquid 
water, and the lowest nloss values occurred when there was a moderate amount of liquid water. This optimal liquid 
water content regime for maximum ice accretion is dependent on the melt ratio and the balance of energy fluxes at the 
icing surface.  

Calculations show that the conductive heat flux term can dominate in the initial moments of an icing test, in 
particular when the initial airfoil temperature is several degrees away from 0 °C, like it was in this evaluation. Given 
the airfoil geometry and conditions, according to the model, the conduction effect diminished after 20 to 30 s, which 
is in line with what was observed experimentally. After this initial transient state, the total wet-bulb temperature 
provided a good indication of which type of icing will occur. In general for steady-state ice growth, when total 
wet-bulb temperature was near of above 0 °C, melt-dominated icing occurred, and when it was below 0 °C, 
freeze-dominated icing occurred.  
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