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GlennlICE (Glenn Icing Computational Environment) is a computational tool designed to calculate ice growth
on complex three-dimensional geometries using the input from a user-supplied computational fluid dynamics
(CFD) solution for the geometry of interest. The NASA John H. Glenn Research Center at Lewis Field is
developing this tool to aid those evaluating, designing and certifying aircraft, engines, and aircraft components
for flight in icing conditions. This domestically available software is being developed to enable the introduction
of new icing physics into a computational environment in a manner that is open for evaluation and eventual
use by industry, academia, and other government organizations. This paper will document the current
capabilities for version 2.1 of this software and provide example cases with comparison to available
experimental data.

I. Nomenclature

A augmentation constant, dimensionless
AOA angle of attack, deg
Cp pressure coefficient, dimensionless

htc heat transfer coefficient, W/m2K

htca  augmented heat transfer coefficient, W/m?K

Rq roughness Height, m

AToes  temperature difference (freezing temperature — total temperature), K
LWC liquid water content, g/m3

MVD median volume diameter, microns

P static pressure, Pa

T static temperature, °C

time time, s

tr rime thickness, m

trmax  maximum ideal rime limit

X x-direction, m

x_rot x-direction after rotation by sweep angle, m
y y-direction, m

z z-direction, m

Vo freestream velocity, m/s

B collection efficiency, dimensionless
n freezing fraction, dimensionless

pice  ice density, kg/m3

I1. Introduction

A research project is underway at the NASA Glenn Research Center (GRC) to produce computer software that
can accurately predict ice growth under any meteorological conditions for any aircraft surface. The Icing Branch at
GRC has previously produced computer software [1] [2] over the last thirty years for performing icing simulation.
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While some of these tools have been collaborative projects, most have been developed primarily by one person with
some assistance by others. The state of computing has also changed dramatically in that time period. Early on, design
decisions were made in these tools that took into consideration the limited capabilities of early computers.
Additionally, the personnel tasked to design and write this software were icing experts, not software experts. As these
codes have grown in complexity and have been accepted by users as production icing tools, there has arisen a need
for the developers to adhere to standard software practices used to develop commercial software. The goals of these
practices, as they relate to the GlennlICE effort, include creating a team-based development process rather than the
previous individual-based process; building modular code elements that can be re-used as needed by several processes;
designing or redesigning code elements with future capabilities in mind; and developing efficient testing
methodologies for testing and validation of the code. This report will, in part, provide an update on the status of that
process and describe the current capabilities of the GlennICE.

For those readers familiar with NASA’s other computational icing tools, LEWICE [1] and LEWICE3D [2], they
should note that GlennICE is being designed to address a generalized three-dimensional icing problem. This differs
from LEWICE and LEWICE3D, both of which relied on assumptions that are well suited for performing analysis on
special cases, such as cantilevered wings, but not necessarily the optimal approach for the general case. As such,
GlennICE is at a lower Technology Readiness Level (TRL) [3] than LEWICE and LEWICE3D for these special cases.
Future versions of the software are planned to be completed on a regular basis and will include the improvements and
validation necessary to mature the software to a comparable TRL. As such, this version of GlennICE is currently a
research tool rather than a design or certification tool.

GlennICE is also a completely new software that is being developed with modern software practices. Because of
this, legacy routines from LEWICE3D are not being used. However, it calculates water collection on a surface using
the Lagrangian reference frame as did LEWICE3D. Recent research in icing has seen the development of several tools
that perform these calculations in the Eulerian reference [4][5][6]. Each method has advantages in its favor. Eulerian
algorithms are easier to develop as many of the routines can be leveraged from the flow solver and can be solved as a
coupled system in order to compute evaporation and sublimation effects which are important inside the engine. They
can solve time accurate solutions more simply than Lagrangian systems. Eulerian calculations are typically
computationally faster [7] than Lagrangian methods and provide particle concentrations throughout the domain.
However, the Lagrangian reference frame is more physically accurate, since the particle flow may not represent a
continuum. This is especially true for secondary particle flows such as splashing and breakup. A Lagrangian routine
can more easily use flow solutions from any CFD solver. They are also better at capturing gradients in the particle
flow. Eulerian systems typically use the same grid for the flow solution and the particle flow. A grid that is designed
to capture gradients in the air flow cannot also capture large gradients in the water flow unless a more refined grid is
used, which reduces the computational advantage of the Eulerian system. This paper will present the process used for
calculating ice shapes.

I11. Methodology

This section is intended to describe the workflow of an initial GlennICE run to aid the user in becoming familiar with
the GlennICE software. The complete workflow for the GlennICE software is illustrated in Figure 1. The white boxes
in the process are external to GlennICE and accomplished with third party software. The green, blue, red, and orange
boxes denote work accomplished by the GlennICE software.
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Figure 1. Flow chart of the GlennICE process.

This flow chart illustrates a multi-shot simulation strategy where the user is responsible for remeshing the new
iced geometry and rerunning the Computational Fluid Dynamics (CFD) solver. This multi-shot capability is optional,
and currently only single shot computations have been performed.

CFD Solver Requirements

GlennICE uses a discretized flow field generated from a Computation Fluid Dynamics (CFD) solver. To maintain
flexibility with a wide variety of commercial and in-house CFD solvers, the coupling between GlennICE and the CFD
software is currently all one-way coupling. As such GlennlICE can be classified as a CFD post-processor. Currently
this level of coupling has been sufficient for external icing problems. Because of the one-way coupling, GlennICE can
theoretically accept solutions from a wide variety of CFD solvers. It does this by supporting a handful of widely used
CFD file formats that a majority of CFD solvers utilize. However, it should be noted that there are many storage
variants. GlennICE requires pressure, density the three velocity components and the three components of the surface
wall shear. It also requires the estimated wall distance to the surface which was used by the turbulence model and
either the heat transfer coefficient or the wall heat flux and wall temperature. Currently GlennlCE will read solutions
in Fieldview [8] unstructured format or Tecplot [9] szplt format.

Particle Trajectories

GlennICE integrates particle trajectories using a method developed by Dormand and Prince [10]. It is a 4" order
Runge-Kutta scheme that is designed to minimize error of the 5™ order term. This means that it computes both the
fifth order result and the 4™ order result and returns the difference as the error. The algorithm was developed by Hairer
et. al.[11] and is the default integrator used by MATLAB [12] and GNU Octave [13]. The interface between the



DOPRIS5 routines and GlennlICE resides in a subroutine that contains the derivative function, which in this case is the
equation of mation in the Lagrangian reference frame. Particles are released from a user-supplied bounding box and
subsequently refined based on the distance of the trajectory to the surface or based on whether it hits. Details of this
method were presented previously[14]. It is important to note that particle physics such as splashing [15], breakup
[16] as well as energy and mass transport to and from particles in transit to the surface [16] [16] which were part of
the LEWICE2D/3D or TADICE process have yet to be implemented in the current version. It should also be noted
that the GlennICE in reference 16 refers to a modularized version of LEWICE (2D) and not the current development
process.

Heat Transfer Coefficient

Heat transfer coefficients can be specified using either a single CFD solution or two solutions. The single solution
methodology assumes the CFD solver provided a value of heat transfer coefficient. Alternatively, the user can provide
GlennICE with two CFD solutions differing only by the wall thermal boundary condition. GlennICE uses this
information to calculate heat transfer coefficient and adiabatic wall temperature. It is assumed that the heat transfer
coefficient, htc, and adiabatic wall temperature, Taw, are independent of wall thermal condition. Therefore, at every
location, given (T1,01) and (T2,02) two simultaneous equations are solved for htc and Taw. This technique relies on
the definition of htc from the equation: q = htc * (T,q; — Taw). The user can specify these two files if they consist
of identical meshes, however, the two CFD solutions differ in their specification of the temperature of the surface.
These options do not necessarily account for the roughness effects, however. Many solvers contain a turbulence model
that accounts for sand-grain roughness such as those proposed in references [18]-[26]. In lieu of this, the heat transfer
coefficient computed by this process was augmented using an empirical roughness model that was developed by
McClain [27] to predict roughness variation on a surface. The equations programmed into GlennICE are shown below.
These equations use two user-defined values that can be adjusted. The first user-defined value is the ideal rime limit,
tr.max and the second empirical constant is the augmentation constant, A. The McClain paper only provides equation
[1] and does not define t; max Or the heat transfer augmentation. The best values for these parameters are the subject of
ongoing research. The values selected for this paper were chosen to provide the best fit to the experimental data.

Since this equation depends on freezing fraction, which depends on the heat transfer coefficient chosen, an iterative
approach was used to find final values. The initial heat transfer coefficient was used to find a freezing fraction at each
face. Then that freezing fraction was used to find the roughness and augmented heat transfer coefficient for each face
as shown below. The second iteration would then use the updated heat transfer coefficient and the process would
continue until values no longer change. Typically, six iterations have proven sufficient to converge to the final heat
transfer coefficient.

2/q ATos
R, = t,0.7(1-C,)n (0.34 + AT exp |~ E]) 1]
Where
ty = min [l [2]
The augmented heat transfer is
_ Rq
htc, = htc + (1+A—-L) [3]

A and t max are the user-defined parameters described above. A linear expression relating roughness to heat transfer
coefficient was chosen for simplicity. Other forms of augmentation could be used in the future.

Surface Mass/Energy Balance

The mass and energy balance at the surface uses the same terms as employed in LEWICE. However, LEWICE
required a marching algorithm starting at a stagnation point to compute the runback ice mass. To avoid this, GlennIlCE
uses the surface shear stress from the CFD solver. There are four ways that water flow can enter or exit a triangular
surface face. These are depicted in Figure 2. If the flow is exactly parallel to any face, that simplifies the analysis but
does not change that there are four flow types. Figure 2a shows flow out all edges. This would be equivalent to a
stagnation point flow such as LEWICE but the current scheme does not require that such a face exists nor would the
simulation start at that face if it did exist. Figure 2b shows flow in through one edge and out the other two. Figure 2c
shows flow in through two edges and out the third edge. Figure 2d shows a case where there is only flow into a face.



This has occurred on some wing geometries where there is flow in from two faces and the third edge has no flow out
since it is on a boundary. The direction of water flow is determined by the shear stress vector as shown in Figure 3.

a) Flowin 0 edges b) Flowin 1 edge c¢) Flowin 2 edges d) Flowin 3 edges

Figure 2 Runback Water Flow Types
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Figure 3 Runback Flow Direction from a Single Surface Face

The solution for the final runback and refreezing through the domain is iterative. On the first iteration, the amount
of ice formed is computed at each face from the amount that impinged and the energy balance. GlennICE will also
determine the maximum amount of ice that could freeze at this face, called the mass potential. For example, if the
mass impinged on a face is equal to 1 unit and the amount that can freeze is 0.5 units, there is 0.5 units of mass
available to runback and the leftover mass potential is zero for this face. However, if the mass impinged is 1unit and
the face could freeze 1.5 units of mass, then all the impinging mass freezes on this face and the face could freeze an
additional 0.5 units if it receives any runback water. If a face has more water than it can freeze, the surface shear stress
vector determines the surface edge(s) it will flow out from and the amount of water exiting each edge. The shear stress
is provided by the flow solution at the nodes and the values at the edge center shown in the diagram are calculated.
The total mass flow in will equal the mass flow out minus the additional freezing that takes place. For Figure 2b,
where the flow goes in one edge and out the other two edges, the mass flow out the two edges will be proportional to
the shear stress. For example, if the flow in edge 1 is 1 unit and the shear stress times the edge length through edge 2
is twice the value through edge 3, then the flow out edge 2 is 2/3 units and the flow out edge 3 is 1/3 units provided
no water froze. On the first iteration, no water flows into any face. The amount of mass leaving is calculated. Between
the first and second iterations, the runback mass out each face is moved to the next face as described above. On the
second iteration, the mass of water entering a face is compared to the available mass potential. If all the water entering
the face freezes, nothing else need to be done. If there is more water entering the face than can freeze, the iterations
will continue. This process assumes the energy contained in the runback water is negligible and that the icing time is



large enough for the runback water to reach any face on the surface. The equations are not time dependent and may
not handle all situations such as recirculation of runback water. Models for these effects are part of ongoing research.
Figure 4 shows the runback process described above for a single runback iteration. In each face, water either flows in
one edge and out the other two or it flows in edges and out the remaining edge.



Figure 4 Water Runback for a Single Iteration (Freezing Front is Shaded)

Ice Growth (Surface Modification)

A fully three-dimensional ice growth was produced using a prismatoid method with node-based smoothing. The
process is based on computing the node centered normal vectors and solving a cubic equation at each location to find
the appropriate distance from the surface that maintains the computed ice volume. This surface redefinition process
was described in a previous paper [28] and will not be replicated here.

1V. Results

Three cases were selected for comparison. The first case is a straight wing NACA0012 from the LEWICE validation
database [29]. The second case is a straight wing NACA23012 from the 1% Ice Prediction Workshop [30]. The third
case is a NACAO0012 at 30° sweep and is also from the Ice Prediction Workshop. Table 1 shows the conditions for
these cases.

Table 1 : Icing Conditions for Comparison Cases

Airfoil Chord(m) | Sweep(deg) | AOA(deg) | Vo(m/s) | T(°C) P(Pa) LWC(g/m3) | MVD(um) | time(min)
NACA0012 0.5335 0 4 66.88 -4.5 98440 1.0 20 6
NACA23012 | 0.4572 0 2 102.88 -7.1 92941 0.83 15 5
NACA0012 0.9144 30 0 115 -10 90321 0.5 20.5 17.7

Section IV.1: NACA0012 Case

The first geometry simulated is a straight wing NACAO0012 with a chord length of 0.5334 m (21”) with a far-field
boundary approximately 20 chord lengths upstream and downstream of the wing. The outer block of the domain is a
hexahedron. The top and bottom boundaries were also placed 20 chord lengths from the wing. The span of the wing
was 0.9 m. Slip Wall boundaries were used on the sides, top and bottom of the domain. The minimum x boundary was
designated the inlet with the maximum X-boundary was the outlet. The grid was generated in Pointwise [31] by
creating an unstructured domain in 2D and extruding spanwise. The 2D unstructured grid used structured quads near
the surface using the T-Rex function with a Os at the wall of 1.7e"® to achieve a y+ <= 1. The wing section has a no
slip wall boundary. The resulting 2D grid is shown in Figure 5. The final 3D grid consists of 35,194 tetrahedrons,
290,601 hexahedrons, 891 pyramids and 53,829 prisms for a total of 380,515 cells in the mixed element domain.



Figure 5 Mesh spacing (2D) after T-rex function utilized

The flow solution was performed using ANSYS-CFX [32] with a Shear Stress Transport turbulence model. Both
flow solutions were generated using the following flow conditions: AOA = 4°, V., = 66.88 m/s (130 knots),

T =-4.5°C, P =98440. The first flow solution used a constant wall temperature of 20°C and the second flow
solution used a constant wall temperature of 30°C. The two different wall temperatures are used in GlennICE to
compute the heat transfer coefficient. The icing conditions for this case were LWC = 1 g/m3 a MVD size of 20
microns and a six (6) minute icing time. This case is part of the standard LEWICE validation database [29].
Figure 6 shows a contour plot of Mach number for this case while Figure 7 shows pressure. Figure 8 shows surface
pressure coefficient on the NACAQ0012. Figure 9 shows collection efficiency for this case, while Figure 10 shows
freezing fraction. In these plots, the span direction is y.
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Figure 6 Mach Number Contour for Flow Solution



Figure 7 Pressure Contour for Flow Solution
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Figure 9 Collection Efficiency (B) for NACA0012 Case
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Figure 10 Freezing Fraction (n) for NACA0012 Case

This example case makes use of the new roughness model proposed by McClain [27]. The roughness distribution
predicted is shown in Figure 11 and the associated augmentation (the ratio of htca/htc) is shown in Figure 12. The
ideal rime limit in Equation (2) was trmax=0.004 m (4 mm) and the heat transfer augmentation in Equation (3) was
A=2.

10



roughness
o
o
(=]
w
I

0.005 |~
0.004 -
0.002 |-
0 1 1 L 1 1
.03 -0.02 -0.01

1
-0 0 0.01 0.02 0.03
z

Figure 11 Roughness (Rg) Distribution Predicted for NACA0012 Case
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Figure 12 Heat Transfer Augmentation Ratio (htca/htc) for NACA0012 Case

Since the example case is two dimensional, and the conditions correspond to values from experiments conducted
in the NASA Icing Research Tunnel (IRT) this geometry can be compared to the 2D tracing from that
experiment. The comparison is shown in Figure 13.
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Figure 13 Comparison of GlennICE 2D Ice Accretion Profile to Experiment

Section 1V.2: NACA23012 Case

The second case used for comparison comes from the 1%t AIAA Ice prediction Workshop [30]. The case is a straight
wing NACA23012 profile. In that workshop, the case was referenced as Case 242. The geometry has a chord length
0f 0.4572 m (18”) with a far-field boundary approximately 3 meters upstream and downstream of the wing. The outer
block of the domain is a hexahedron. The top and bottom boundaries were also placed 1.4 meters from the wing. The
span of the wing was 2.7 m. Slip Wall boundaries were used on the sides, top and bottom of the domain. The minimum
x boundary was designated the inlet with the maximum x-boundary was the outlet. The grid was supplied as part of
the workshop. The grid was converted to tetrahedrons within GlennICE. The 2D grid profile is shown in Figure 14.
The final 3D grid consists of 16,375,816 tetrahedrons and 6,009,480 points.
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Figure 14 Grid profile for NACA23012 case
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The flow solution was performed using FUN3D with a Shear Stress Transport turbulence model. Both flow
solutions were generated used the following flow conditions: AOA = 2°, V., = 102.88 m/s (200 knots),

T =-7.1°C, P =92941 Pa. The first flow solution used a constant wall temperature of 20°C and the second flow
solution used a constant wall temperature of 30°C. The two different wall temperatures are used in GlennICE to
compute the heat transfer coefficient. Icing conditions for this case are LWC=0.83 g/m3, MVD=15 microns and
an icing time of five (5) minutes. Figure 15 shows a contour plot of Mach number for this case while Figure 16
shows pressure. Figure 17 shows surface pressure coefficients on the NACA23012 with comparison to
experiment [30]. Figure 18 shows collection efficiency for this case. Figure 19 shows the freezing fraction
calculated for this case. Figure 20 shows the roughness distribution predicted using an ideal rime limit (t;max=
0.008 m) while Figure 21 shows the associated heat transfer augmentation ratio (htca/htc) using an augmentation
level (A=3). Figure 21 shows the ice shape generated which is compared to the ice shape traced from the
experiment. In these plots, the span direction is z as that is how the data was provided in the workshop.
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Figure 15 Mach Number for NACA23012 Case
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Figure 16 Pressure Contours for NACA23012 Case
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Figure 18 Collection Efficiency (B) for NACA23012 Case
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Figure 22 Ice Shape Prediction for NACA23012 Case

Section 1V.3: Swept NACA0012 Case
While the two previous cases were computed in three dimensions, the geometries consist of two-dimensional
airfoils extruded into the span direction. The final case was performed on a 3D NACA0012 wing at a 30° sweep
angle and 0° AOA. This case also comes from the Ice Prediction Workshop and was called Case 363 in the
workshop documentation. The geometry has a chord length of 0.9144 m (36”) with a far-field boundary
approximately 3 meters upstream and downstream of the wing. The outer block of the domain is a hexahedron. The
top and bottom boundaries were also placed 1.4 meters from the wing. The span of the wing was 2.7 m. Slip Wall
boundaries were used on the sides, top and bottom of the domain. The minimum x boundary was designated the inlet
with the maximum x-boundary was the outlet. The grid was supplied as part of the workshop. The grid was converted
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to tetrahedrons within GlennICE. The 2D grid profile aligned with the sweep angle is shown in Figure 22. The final
3D grid consists of 14,564,096 tetrahedrons and 2,473,935 points.

Figure 23 Grid Profile for the Swept NACAQ0012 Case

The flow solution was performed using FUN3D with a Shear Stress Transport turbulence model. Both flow
solutions were generated used the following flow conditions: AOA = 0°, V., = 115 m/s (224 knots), T=-8.3°C,
P = 90321 Pa. The first flow solution used a constant wall temperature of 20°C and the second flow solution
used a constant wall temperature of 30°C. The two different wall temperatures are used in GlennlCE to compute
the heat transfer coefficient. Icing conditions are LWC=0.5 g/m3 MVD=20.5 microns and an icing time of 17.7
minutes. Figure 24 shows a contour plot of Mach number for this case while Figure 25 shows pressure. Figure 26
shows surface pressure coefficient on the NACA0012 with comparison to experiment. The horizontal axis is the
x-direction rotated 30° in order to compare with the experimental data. Figure 27 shows collection efficiency for
this case. Figure 28 shows freezing fraction for this case. Figure 29 and Figure 30 show the roughness and
augmentation to heat transfer respectively for t; max=0.004 and A=2.

Figure 31a shows the full span ice accretion from the experiment while Figure 31b shows the GlennICE result.
The simulation assumes a uniform upstream cloud whereas the cloud in the IRT goes to zero at the floor. Since
the geometry is a simple straight wing with a constant cross section, GlennlCE produces an ice shape that looks
similar to an extruded 2D shape even though the process is 3D. The cross-section ice shape looks like a standard
double horn glaze ice shape from a 2D simulation and does not produce scallop ice shapes like the experiment.
Since GlennICE does not produce ice scallops, it also needs to approximate the same cross-section area by
employing an artificial ice density. The ice shape that was provided by the workshop for this condition was based
on the maximum combined cross-section (MCCS). Lee [33] produced a technique that calculates the maximum
combined cross-section (MCCS) as that shape qualitatively compares to the historical database which used pencil
tracings to capture an ice shape. However, at any given cross-section, the actual ice shape profile can be smaller.
Figure 32 shows the ice shape generated which is compared to MCCS ice shape from the scan from the
experiment with ice density inputs of 200 kg/m? and 300 kg/m®. These values were chosen to demonstrate that
the final prediction is dependent on this value. Measurement of the voids created by scalloped ice shapes is the
subject of ongoing research.
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Figure 24 Mach Number Contours for Swept NACA0012 Case
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Figure 25 Pressure Contours for Swept NACA0012 Case

18



0.4

-0.3

-0.2
-0.1

0F
0.1

Soz2f
03
0.4
05
06
07

| 1 1 | | | ]
0'%.6 0.4 0.2 0 -0.2 0.4 -0.6 -0.8
x_rot

Figure 26 Surface Pressure Coefficient Compared to Experiment for Swept NACA0012 Case
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Figure 32 Ice Shapes at Two Ice Densities Compared to MCCS Ice Scan

V. Conclusion

A methodology has been presented for the GlennICE software, version 2.1. It involves reading a 3D flow solution
and using that to calculate trajectories through the domain. A robust method for optimizing (minimizing) the number
of trajectories required to obtain surface collection efficiency was presented here and in other papers. A method for
obtaining heat transfer coefficients based on surface roughness was presented. The user-defined values for ideal rime
limit and augmentation constant were chosen such that the ice shapes compared well with experiment. The water
runback methodology was presented and the process for generating a full 3D iced surface was presented previously.
Simulations were performed on three-dimensional geometries of interest to the icing community. Three test cases
were selected for comparison to experimental data taken in the Icing Research Tunnel (IRT). The results showed
comparable accuracy to the previous NASA software LEWICE3D. However, GlennICE is a fully 3D simulation
whereas the LEWICE3D results are on 2D strips.
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