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Abstract 

Numerical studies have been performed to systematically assess the difference between the classical 
and extended Messinger model for ice accretion. A number of 2-D steady airfoil, 2-D oscillating airfoil, 
and 3-D rotor configurations have been studied from the ice accretion perspective. A suite of tools 
including a grid generator, flow solver, droplet convection model solver and an ice accretion modeling 
tool have been developed and coupled to each other using open I/O standards (PLOT3D format). The 
ice accretion is modeled using a classical Messinger model available within NASA LEWICE3D solver, 
and compared with an extended methodology developed in-house. Numerical results are presented and 
compared with experimental data for a variety of geometries of interest to rotorcraft industry. 

 

1. Introduction 

Modern helicopters, civilian and military alike, 
are expected to operate in all weather conditions. Ice 
accretion adversely affects the safety and availability 
of helicopters because of the rapid rise in torque and 
power with ice accretion. Equipping the rotor blades 
with built-in heaters greatly increases the cost of the 
helicopter and places further demands on the engine. 
The safety of the vehicle is also compromised due to 
ice shedding events, and the onset of abrupt 
unexpected stall phenomena attributable to ice 
formation. Given the importance of understanding the 
effects of icing on rotorcraft performance and 
certification, considerable work has been done over 
the past two decades on the development of analytical 
and empirical tools, accompanied by high quality wind 
tunnel and flight test data.   For pioneering research 
efforts in this area, the reader is referred to Ref. [1-12]. 

Because it is very expensive and time 
consuming to test and certify a helicopter for its entire 
range of operating conditions, it is customary to use 
icing tunnel test data for benchmark configurations, 
coupled with computational simulations for such 
configurations, validate the prediction methodologies. 
These methodologies with additional empirical 
corrections may subsequently be used to screen and 
reduce the number of flight test operating conditions. A 
coordinated effort has been under way to collect such 
data and develop computational tools. This effort is 
being done under the support of NASA Research 
Agreements (NRA), industry-university consortiums, 
and the Vertical Lift Research Centers of Excellence at 
Georgia Tech and Penn State. The present 
researchers are developing advanced tools for 
modeling ice accretion [13-15] that build on and 

complement LEWICE.  Validation of these tools 
requires high quality data for ice shapes and 
associated airloads. An excellent set of test data is 
available from NASA Glenn for a variety of 
configurations [16-18]. 

The success of any ice accretion and growth 
calculation depends on an accurate estimate of the 
transition location which determines the surface heat 
transfer coefficient. The ice accretion is also influenced 
by the assumptions and empiricism within the mass 
balance and thermodynamic analyses. Many analyses, 
including the NASA LEWICE solver [16-18] employ the 
classical Messinger’s model [19].  Extensions to the 
classical Messinger model have been proposed by 
Myers [20, 21]. These extensions have been evaluated 
by Ozgen et al. [22] for 2-D multi-element airfoils.  

While the classical and extended models both 
have the same physical foundation, they differ 
considerably from each other in the way the boundary 
layer growth, transition location determination, and 
surface skin friction are treated. These methods also 
differ substantially in the way the heat and mass 
balance equations are modeled. The objective of the 
present study is to systematically assess the 
differences between the industry standard ice 
accretion analyses such as LEWICE and the ice 
accretion models based on the extended Messinger 
model. This is being done through a number of 
simulations for 2-D stationary airfoils, 2-D oscillating 
airfoils, and a Bell helicopter tail rotor.  
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2. Computational Methodologies 

Current state of the art computational 
methodologies for modeling aircraft and rotorcraft icing 
follow the present approach.  

1. The external aerodynamics of the clean, un-
iced configuration is first modeled.  

2. The velocity field from the computations is fed 
into a Lagrangian particle trajectory analysis, 
or an Eulerian droplet convection model, to 
determine the collection efficiency. This is a 
measure of the amount of water that enters 
the viscous layer close to the surface with a 
possibility of subsequent freezing.  

3. The surface pressure distribution is next used 
to model the boundary layer growth and 
compute the surface skin friction distribution.  

4. Reynolds analogy is next invoked to convert 
the surface skin friction distribution to the 
surface heat transfer rate.  

5. A finite volume analysis of the conservation of 
water mass and energy is next done within the 
viscous layer near the solid surface. This ice 
growth in time is computed, with or without 
heating within the solid surface underneath.  

6. At selected time levels, the resulting ice shape 
is added to the solid surface to establish an 
iced configuration.   

Steps 1-5 are repeated as often as needed 
until the total time of ice accretion is reached. Figure 1 

shows details of this process. 

2-1. CFD solvers 

The 2-D analyses in this work were done using 
a 3-D Reynolds-Averaged compressible Navier-Stokes 
solver called GENCAS (Generic Numerical 
Compressible Airflow Solver), [23, 24]. This analysis 
accepts 2D or 3D structured multi-block grids. The 
inviscid fluxes at the control volume faces are 
computed using Roe’s Flux difference splitting scheme 
or the AUSMPW+ upwind schemes are available. The 
calculations are advanced in time using 1

st
 or 2

nd
 order 

implicit schemes. At each time step, the coupled non-
linear equations are iteratively solved using a Newton-
Raphson scheme. The system of linearized equations 
at each of the Newton-Raphson steps is solved using 
the LU Symmetric Gauss-Seidel scheme. Additionally, 
2

nd
/4

th
 order explicit Runge-Kutta schemes are 

available for time marching. For higher order accuracy, 
3

rd
 order MUSCL, 5

th
 order and 7

th
 order WENO cell 

interface reconstruction methods may be selected as a  

 

Figure 1. Overview of the Ice Accretion Analysis. 

user input. A number of one-equation and two-
equation turbulence models are available for modeling 
the eddy viscosity. 

The 3-D simulations for the Bell tail rotor were 
computed using another flow solver called GT-Hybrid 
[25], a finite volume based three-dimensional unsteady 
viscous compressible flow solver. This analysis 
performs the costly Navier-Stokes calculations only in 
the immediate vicinity of the rotor blades. Away from 
the rotor, the vortex wake is captured using a 
Lagrangian approach. This hybrid approach allows for 
an accurate and economical modeling of viscous 
features near the blades, and an accurate “non-
diffusive” modeling of the trailing wake in the far field. 
Figure 2 shows a schematic of the Hybrid method 
employed in GT-Hybrid, depicting the Navier-Stokes 
domain around the blade-region, the wake captured 
inside the near-blade Navier-Stokes domain, and the 
portion of the wake which is modeled as a Lagrangian 
free wake. 

 

Figure 2. A Schematic View of the Hybrid Method. 
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The influence of the trailed vortices from the 
wake model on the blade aerodynamics is computed 
by appropriately specifying the vortex-induced 
velocities at the far field boundary of the Navier-Stokes 
domain, neglecting the contribution of the elements 
captured within the CFD volume grid. 

2-2. Droplet Solver 

Once the flow field is computed, the next step 
is to compute the volume fraction of the water droplets 
and the droplet velocity at the same nodes of the 
discrete domain where the flow variables of air are 
known. An in-house analysis called GTDROP [14] that 
is based on Eulerian approach is used. In this method, 
the average water droplet properties within a control 
volume are solved instead of tracking individual 
particles. This physical approach has several 
advantages over the Lagrangian approach. These 
include improved quality of the solution, the ability to 
model unsteady flows over bodies in relative motion, 
and the automated treatment of shadow zones around 
the rotor where there is no impingement. The 
interaction between the air particles and the droplets 
occurs through a drag force exerted by the mean flow 
on the particles. The presence of the droplet flow field 
is, however, not felt by the mean flow field solver, and 
the droplets are treated as a passive scalar field. 
When the air flow is steady, the CFD analysis may be 
computed a priori and used in the droplet solver. If the 
flow is unsteady, the droplet analysis should be done 
once every time step, after the mean flow properties 
are computed. 

 The governing equations for the conservation 
of mass and momentum of the droplets are written as 
follows: 
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Here,  is the non-dimensionalized volume 
fraction of water and ui is the non-dimensional velocity 
of droplets.  

Additionally, ua is
 the non-dimensionalized velocity of 

air;  and a are the density of water and air, 

respectively;
 
gi, is the gravity vector; LgUFr / is 

the Froude number; U  is the speed of air at 

freestream; L, is the characteristic length (typically the 

airfoil chord length);  LUdK 18/2
 , is an inertia 

parameter; and,   is the dynamic viscosity of air.  

The drag coefficient is defined as 
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Equations (1) and (2) are recast in finite 
volume form using divergence theorem. A first order 
upwind scheme is employed for computing the mass 
and momentum flux at the faces of the control volume. 
An implicit time marching algorithm is employed. Mean 
flow quantities are lagged by one time step compared 
to particle velocity and volume fraction. The resulting 
system of banded linear equations is solved using an 
approximate factorization scheme.

 2-3. Ice Accretion Solver 

The present studies were conducted using 
LEWICE [26] which employs the classical Messinger 
model, and an in-house methodology developed by the 
present researchers that employs the extended 
Messinger model.  

2-3-1. LEWICE 

LEWICE [26], developed by the NASA Glenn 
Research Center, has been used by literally hundreds 
of users in the aeronautics community for predicting 
ice shapes, collections efficiencies, and anti-icing heat 
requirements. LEWICE consists of four major modules. 
The first module is flow field calculation using a panel 
method, developed by Hess and Smith [27]. The 
second module is a particle trajectory and 
impingement calculation using a Lagrangian approach 
by Frost et al [28]. Thermodynamic and ice growth 
calculation is done in a third module. An integral 
boundary layer method is used to determine the skin 
friction and the local convective heat transfer 
coefficient. Finally, the classical Messinger model [19] 
is for ice accretion thermodynamic analysis. LEWICE 
also has capability for de-icing and anti-icing analyses. 
All the modules have been seamlessly integrated. The 
analysis is robust and is capable of modeling 2-D and 
3-D configurations ranging from simple airfoils to a 
complete aircraft configuration.  

2-3-2. Extended Messinger Model 

The extended Messinger Model [20,21] is 
based on the standard method of phase change or the 
Stefan condition [29], similar to the Messinger [19] 
energy balance in the form of a differential equation. 
The Stefan problem consists of four equations: heat 
equations in the ice and water layers, corresponding 
mass balance equations, and a phase change or 
Stefan condition at the ice/water interface. Figure 3 
shows some of the details of the extended Messinger's 
model in one-dimension. The difference relative to the 
original Messinger model is that the extended 
Messinger model requires knowledge of the 
temperature gradients within each layer. The heat 
equations in the ice and water layer may however be 
analytically and economically solved, because of their 
simple forms.  
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An ice accretion code has been developed 
based on the extended Messinger formulation shown 
in Figure 3, with additional details given in Ref. 20 and 
21. The boundary layer analysis is done by Thwaites’ 
method for the laminar flow region, and Head’s method 
for the turbulent flow region. Instead of using empirical 
skin friction equation, skin friction coefficient from CFD 
simulation is used for the boundary layer and the 
thermodynamic analysis. Transition location is 
determined by Von Doenhoff criterion, Rek > 600, 
where Rek is the Reynolds number based on the 
roughness height and the local edge velocity. 

3. Results and Discussions 

In this section, a number of ice accretion 
simulations are presented with the classical and 
extended Messinger models for ice accretion. 

3-1. Stationary Airfoil 

Ref. 16 contains a rich set of validation data 
for ice accretion over a NACA0012 airfoil. A specific 
condition called runs 308 has been modeled using the 
present suite of tools. Table 1 shows the flow 
conditions, closer to glaze ice conditions. GENCAS is 
used to obtain flow field data. In the CFD simulation, 
Roe scheme with a 3rd order MUSCL reconstruction is 
used for flux calculations. A temporally first order 
implicit LUSGS scheme is used for marching in time. 
Spalart-Allmaras (SA) is used to compute eddy 
viscosity distributions. A structured C-type mesh (397 x 
101) is used.   

During the ice accretion phase of the 
simulation, a multi-step approach is used with a time 
step of 57.75 sec.  Figure 4 shows the computed ice 
shape. Three different simulations are performed. 
LEWICE means a stand-alone mode simulation (case 
1). The other two cases use data from CFD simulation 
and Eulerian droplet simulation in order to calculate ice 
growth. LEWICE (case 2) and ice accretion code using 
the extended Messinger model (case 3) are used. All 
simulations show an under-prediction of the horn 
shape formed over the upper part of the airfoil. 
Although case 1 and 2 show good agreement near the 
stagnation point, the location of upper horn is shifted to 
downstream. While case 3 predicted the location of 
upper horn fairly well, ice thickness near leading edge 
is overpredicted. 

3-2. Oscillating Airfoil 

Ice growth simulations on an oscillating airfoil, 
an SC2110 test section tested at NASA Glenn 
Research Center [30] have been performed for a 
specific condition called runs 308.  Table 2 gives the 
test conditions for this case. GENCAS is also used to 
obtain flow field data. In the CFD simulation, same 
options used in stationary airfoil case are used.. A 
structured C-type mesh (397 x 101) is used.  A fine 
grid study (588 x 121) was also done, and produced 
very similar results. 

The ice accretion event is divided into a few 
time steps with data exchanges occurring before each 
step rather than continuously. Following time-step 

sensitivity studies, 4 steps per cycle, as shown in 
Figure 5, are used. At each of these angles of attack, 
the collection efficiency was computed using the CFD 
results. The collection efficiency and the surface 
pressure data were fed into the ice accretion codes, 
and ice was allowed to grow for 75 seconds at each of 
the 8 time levels, for a total of 600 seconds. Figure 6 
shows the computed ice shape. Comparisons with 
experimental data and ice shape from Ref. 30 
(Icemaker) are shown in Figure 6.  

3-3. 3D Ice Accretion for a Teetering Rotor 

 Extensive rotor blade ice tests have been 
done in NASA Glenn’s Icing Research Tunnel (IRT) in 
September 2013 [31]. In the present work, ice growth 
simulations have been performed for just one of the 

numerous test conditions.  

The model rotor is a production of Bell 
Helicopter Model 206B tail rotor blade with heater 
blankets bonded to the blade surface. The rotor is a 

two-bladed teetering rotor with a δ3 of 45°. The rotor 

radius is 32.6", a chord of 5.3” and has rectangular 
blade with NACA0012 airfoil.  

One of test conditions, Run53, is selected as a 
baseline case. Table 3 shows the corresponding test 
conditions. The blade motion (flapping angle) is 
computed from a coupled CFD / Flapping Dynamics 
analysis of the clean rotor. Flapping angles of blade 
are recomputed after each CFD simulation. The 
calculations are redone using the new flapping angles. 
The simulations continued until the hub roll and 
pitching moments are zeroed out. Figure 7 shows 
flowchart of the CFD / Flapping Dynamics analysis. 

Table 1. Test Conditions for Run 308. 

Air speed (m/sec) 102.8 

Angle of Attack (Deg.) 3.5 

LWC (g/m
3

) 1.0 

Drop (µm) 20 

Temperature (K) 262.04 

Time (Min) 3.85 

Airfoil NACA0012 

Chord (in) 21 

 
Table 2. Test Conditions for Run 61. 

Air speed (knot) 150 

Angle of Attack (Deg.) 5 ± 6 

LWC (g/m
3

) 1.0 

Drop (µm) 22 

Temperature (K) 259.15 

Time (Min) 10 

Airfoil SC2110 

Chord (in) 15 

 
Table 3. Test Conditions for Run53. 

Forward Velocity (knot) 60 

RPM 1200 

LWC (g/m
3

) 0.5 

Drop (µm) 15 

Temperature (K) 263.15 

Time (Min) 3 

Collective (Deg.) 2 
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Prior to the ice accretion simulation, 
performance predictions for clean rotor (Run 84) have 
been done to validate the Coupled CFD / Flapping 
Dynamics method. A C-H grid, 131 (chordwise) x 
70(spanwise) x 45 (normal), was used. Run 84 
represents a dry air test for a sweep of collective pitch 
angles 0°, 2°, 5°, 8°, and 10° with each angle 
sustained for around 20 seconds. The tunnel was run 
at an ambient temperature of -10° C (14° F) and 60 kts.  
The predicted thrust and power are compared with 
measured values in Fig. 8 and 9. Thrust and power are 
compared after every iteration of the Coupled CFD / 
Flapping Dynamics analysis, respectively denoted as 
Itn-0 through Itn-2. While the predicted results are not 
exactly equivalent to the experiment, the consistent 
trend in thrust and power validates the Coupled CFD / 
Flapping Dynamics method.  

The predicted flowfield solutions from CFD 
simulation were fed into an Eulerian droplet model and 
the two ice accretion codes in order to get the ice 
shape. A multi-step approach is used with a time step 
of 57.75 sec.  The ice was accreted at four different 
azimuthal locations (Ψ = 0°, 90°, 180°, 270°). 
Unsteady flow field data for the clean rotor was used to 
compute the collection efficiencies at each azimuthal 
location.  

Figure 10 shows the comparison of predicted 
ice shape using two ice accretion codes (LEWICE and 
Extended Messinger model) at the selected radial 
locations 37% R, 50% R, 61% R, 74% R, and 86% R, 
and 98% R. Ice shapes predicted from both approach 
are smooth and rounded. Marginal difference in ice 
shape is seen at the inboard between LEWICE and 
Extended Messinger model.  Predicted ice shapes 
from both approaches are close to experimental ice 
shape at the inboard region. Ice shapes start to differ 
towards blade tip. As seen in the 2D cases, the 
Extended Messinger model predicts thicker ice near 
the leading edge of airfoil. The predicted maximum ice 
thickness from the Extended Messinger model is 
closer to experiment [31].  

Performance predictions using predicted ice 
shape from the Extended Messinger model have been 
done to investigate the effect of ice formation on rotor 
performance. The grid density for the clean rotor and 
iced rotor simulations are comparable, with the same 
number of nodes in the wrap-around, normal, and 
radial directions with comparable grid spacings. Other 

options (temporal and spatial discretization, turbulence 
models) were also kept the same in the clean and iced 
rotor simulations.  

Predicted thrust and power of iced rotor have 
also been compared with measured values 
(unpublished data). The power is increased by 35% 
and thrust is decreased by 16% compared to clean 
rotor. The computed and measured thrust values are 
in reasonable agreement. The predicted power is 
much lower than experiment. One of possible reason 
for this discrepancy is the lack of surface roughness 
modeling in the CFD solver. The performance 
degradation of the iced rotor compared to clean rotor is 
only qualitatively captured.  

 

4. Summary and Recommendations 

Ice accretion calculations have been done 
using the classical and extended Messinger model for 
a 2-D stationary airfoil, 2-D oscillating airfoil, and 2-
bladed teetering rotor. In the 2D cases, the Extended 
Messinger model predicts thicker ice near the leading 
edge of airfoil. For 3-D rotor ice accretion, marginal 
difference in ice shape is seen at the inboard between 
two approaches and shows good agreement with 
experimental ice shape. Although the actual values of 
rotor performance are not predicted, performance 
degradation due to the ice is captured from modern 
state of the art method. 
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Figure 3. Details of the Extended Messinger Model in One Dimension. 

 

 

Figure 4. Predicted ice shape for NACA0012 (Run 308). 



7 
 

 

Figure 5. Characterization of the airfoil angle of attack. 

 
Figure 6. Comparisons of ice shape for an oscillating SC 2110 airfoil. 

 

 
Figure 7. Flowchart of the CFD / Flapping Dynamics analysis. 
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Figure 8. Comparison of experimental thrust values (Run 84) with CFD / Flapping Dynamics analysis for 
collective sweep 0°, 2°, 5°, 8°, 10° 
 
 

 

Figure 9. Comparison of experimental thrust values (Run 84) with CFD / Flapping Dynamics analysis for 
collective sweep 0°, 2°, 5°, 8°, 10°. 
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Figure 10. Comparisons of ice shape for a Bell Tail Rotor. 
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