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ABSTRACT

A Honeywell Uncertified Research Engine was exposed to
various ice crystal conditions in the NASA Glenn Propulsion
Systems Laboratory. Simulations using NASA’s 1D Icing Risk
Analysis tool were used to determine potential inlet conditions
that could lead to ice crystal accretion along the inlet of the core
flowpath and into the high pressure compressor. These
conditions were simulated in the facility to develop baseline
conditions. Parameters were then varied to move or change
accretion characteristics. Data were acquired at altitudes varying
from 5 kft to 45 kft, at nominal ice particle Median Volumetric
Diameters from 20 gm to 100 um, and total water contents of 1
g/m’3 to 12 g/m®. Engine and flight parameters such as fan speed,
Mach number, and inlet temperature were also varied. The
engine was instrumented with total temperature and pressure
probes. Static pressure taps were installed at the leading edge of
the fan stator, front frame hub, the shroud of the inlet guide vane,
and first two rotors. Metal temperatures were acquired for the
inlet guide vane and vane stators 1-2. In-situ measurements of
the particle size distribution were acquired three meters upstream
of the engine forward fan flange and one meter downstream of
the fan in the bypass in order to study particle break-up behavior.
Cameras were installed in the engine to capture ice accretions at
the leading edge of the fan stator, splitter lip, and inlet guide
vane. Additional measurements acquired but not discussed in this
paper include: high speed pressure transducers installed at the
trailing edge of the first stage rotor and light extinction probes
used to acquire particle concentrations at the fan exit stator plane
and at the inlet to the core and bypass. The goal of this study was
to understand the key parameters of accretion, acquire particle
break-up data aft of the fan, and generate a unique icing dataset
for model and tool development. The work described in this
paper focuses on the effect of particle break-up. It was found that
there was significant particle break-up downstream of the fan in
the bypass, especially with larger initial particle sizes. The metal
temperatures on the inlet guide vanes and stators show a
temperature increase with increasing particle size. Accretion

behavior observed was very similar at the fan stator and splitter
lip across all test cases. However at the inlet guide vanes, the
accretion decreased with increasing particle size.

INTRODUCTION

A key goal of NASA’s engine icing research is to
understand the physics of the ice-crystal icing phenomenon in
order to develop models that can predict ice accretion and inform
current and future propulsion designs of potential icing or
certification challenges. NASA Glenn has been building an
understanding of the fundamental ice-crystal icing physics
through a series of tests conducted on a NACAQ012 airfoil in
two altitude icing facilities [1-6]. This work formed the basis of
the icing risk criteria used in the development of the NASA in-
house 1D Icing Risk Analysis tool, COMDES-MELT [7-11].

Research continues, among the icing community, to
understand the ice crystal particle behavior in an engine for the
development of particle break-up and trajectory models [12-16].
Most tests have been carried out using static test articles.
Knezevici et al. [12] conducted an ice accretion test on an inter-
compressor duct bleed slot and observed the role of ice particle
size. The authors noted by decoupling the role of particle melt,
the larger end of the particle size distribution plays a more
significant role in the magnitude of the ice accretion for wet bulb
temperatures above and below freezing. Additionally, the
authors suggested that ice erosion increased with particle size.

The break-up phenomena in an engine environment is quite
complex and the environment varies as the particle is ingested
into the engine. Several investigations on the microscale level
have tried to look at these break-up characteristics.
Representative of a particle impacting the fan or initial stages of
an engine (i.e dry, cold surface), Hauk [13,14] examined the
break-up characteristics of spherical and non-spherical ice
particles ranging from 0.03mm to 3.5mm impacting on a flat
plate. The ambient temperature and surface temperature ranged
from —10° to —20° C. The study also investigated velocity and
impact angles. Four different fragmentation characteristics were
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observed and this led to a particle collision and fragmentation
model. This work lead to an understanding that most collisions
with rotating turbo machinery is likely to produce “catastrophic”
breakup leading to very small particles being ingested into the
engine.

Representative of a particle impacting further downstream
inan engine (i.e. dry, warm surface), Vargas et al. [15] conducted
a parametric study of the fragmentation behavior of particles
ranging from 2 mm to 3 mm impacting a warm flat plate. The
flat plate temperature was at 22.4°C and the particle
temperatures ranged from —6°C to —16°C. Additional parameters
studies included varying velocities from 40 to 80 m/s and target
angles from 5 to 90 degrees.

As a particle enters the engine and melt begins to occur, a
water film or runback water begins to form on the stationary
surfaces. Hauk [16] performed initial studies on particle impacts
on a thin water film. This study observed the break-up
characteristics over a range of particle sizes (1.18 mm to 3.52
mm), impact velocities (1.2 to 5.8 m/s), and water film thickness
(130 to 600 pm). The authors found that cases with no
fragmentation had a velocity that was two times higher compared
to dry target cases from [13,14].

Particle break-up has also been observed on a rotating target.
Vargas et al. [17] studied spherical particle break-up (1.5mm to
3mm) on a wedge attached to a rotor. The wedge angles were
varied between 0° to 60°. The data show that the fragmented
particle velocities are higher at the edge of the impact cloud. At
these higher velocities, the impact had a lower bounce normal to
the wedge compared to the motion of the fragments along the
surface. The authors found that these findings compared very
well to the literature on hailstone impacts.

Limited data exists on a full scale engine due to the
complexity of the tests and lack of facilities with altitude ice-
crystal capability. NASA Glenn, in collaboration with
Honeywell and participation from the Ice Crystal Consortium,
previously conducted two test campaigns on an unmodified
ALF502R-5 engine configuration [18-21]. Those studies gave an
initial understanding of ice-crystal accretions in a relevant
environment. However this engine was an older design and
featured a heated spinner which provided an additional source of
liquid due to melting of impacting ice crystals. Note that the
presence of liquid water is believed to be a prerequisite for the
formation of icing within the compressor during ice crystal icing.
The data from these tests led to the development of an icing risk
criteria that the 1D Icing Risk Analysis tool (COMDES-MELT)
uses to determine if a simulated condition has a potential risk of
icing in an engine core flowpath [10]. Initial 3D simulations
using LEWICE3D were also conducted to evaluate the tool’s
ability to simulate the break-up and heat transfer effects inside
the engine [22-24].

This present study looks at a different engine geometry with
a hidden core design. The research engine was never in
production so there are not any known ice-crystal icing issues.
Therefore it provided an ideal testbed for the 1D Icing Risk
Analysis tool to perform an assessment to determine any

potential icing risk [25]. Additionally, new icing measurement
techniques were assessed to provide insight on the ice cloud state
in the engine.

The objective of this present study focused on developing
an understanding of particle behavior through an engine,
evaluate the effectiveness of using a 1D Icing Risk Analysis tool
to predict ice accretion, and develop a dataset for model and tool
development. One particular dataset of interest, and is described
in this paper, looks at the engine and cloud effects for three
different MVD (particle size) sweeps. Particle distributions from
the High Speed Imaging instrument, video images, and engine
temperature trends are presented in the results.

Typically in the natural environment, ice crystal particle
sizes are on the order of dyos0 =250um-1000pum [26]. The PSL
facility is limited to smaller particle size, however break-up
effects from impacts with the fan and engine components likely
result in smaller particle sizes within the engine core. In addition
to acquiring data on particle break-up for model development,
there is this added interest to understand the particles break-up
from the fan and how much the initial cloud distribution at the
inlet effects the downstream distribution.

NOMENCLATURE
Alt altitude [kft]
BCPD back-scatter cloud polarization detection
dv, o.xx percentile cumulative volume diameter
EGV exit guide vane
HPC high pressure compressor
HSI high speed imaging instrument (Artium)
IGV inlet guide vane
MFLT flight Mach number
MVD median volumetric diameter [um]
N1 fan speed [rpm]
N2 core speed [rpm]
PSL propulsion systems laboratory
Rdg test point number
Tamb ambient temperature, static [°C, °F]
Twb static wet bulb temperature [°F]
TWC total water content [g/m?®]

DESCRIPTION OF EXPERIMENT

Facility Description

The Honeywell Uncertified Research Engine ice-crystal
icing test was conducted in the NASA Glenn Research Center
Propulsion Systems Laboratory Cell 3 (PSL-3). This facility has
been used to conduct a wide variety of tests on turbofan,
turboshaft, turbine-based combine cycle, and unmanned aerial
vehicle engines for both commercial and military application
since the early 1970s. PSL-3 is a direct-connect altitude test
chamber that was modified with an icing system in 2010 [27]. A
notional facility configuration with an engine installed is shown
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in Figure 1. Details on the facility capabilities can be found in
the PSL Customer Guide [28] and in Table 1.

PSL-3 can generate ice-crystals conditions through a freeze
out method. This method produces a spherical ice crystal
particle. The plenum chamber contains a spray bar system that
has 222 independently controlled nozzles. Two types of nozzles
are featured on this system, Standard nozzles used for higher
water content conditions and Modified 1 nozzles, which have a
smaller water tube diameter and are typically used for lower
water content sprays. These nozzles are in a fixed, alternating
pattern across each spray bar. The facility icing operation
envelope is illustrated in Figure 2 overlaid on the FAA 14 CFR
Parts 25 and 33 Appendix D envelope [29]. This study contained
ice-crystal conditions that spanned across and outside the typical
Appendix D icing envelope, shown in Figure 2a. Prior to the
engine test, a series of tests were conducted to characterize the
cloud for the requested icing conditions and gain further facility
experience by exploring the PSL parameter space. Details of this
characterization can be found in [30].

The TWC values described in this paper are based on center-
line measurements of an Iso-Kinetic probe (IKP-2) at the exit of
the calibration duct. The IKP-2 measurements were combined
with the concentration factor from the inlet tomography to obtain
a bulk TWC [30]. The TWC values for this test can be seen in
Fig. 2b as the purple triangles.

During the test, the controlled facility parameters were held
to the following tolerances:

Flight Mach number: +/- 0.02
Temperatures: +/-1°F
Pressures: +/- 0.05 psia
TWC: +/- 1 g/m3

The total water content tolerance increased for altitudes
below 30kft. Details on the Propulsions Systems Laboratory
facility measurement uncertainty can be found in the following
report [31].

For this test, the cloud nozzle pattern spanned across the
entire PSL duct. Periodically during each run, the cloud
uniformity would be observed and documented by the laser
extinction tomography system [32].

Test Article Description

The Honeywell Uncertified Research Engine is a turbofan
engine that features a hidden core design. This design with an
inlet gooseneck feature helps keep the core less exposed, see
Figure 3. The engine geometry featured a large front frame strut
and the gooseneck led to a four stage high pressure compressor
(HPC), so no booster or low pressure compressor was used in
this configuration. Additional engine details can be found on
Table 2.

The research engine had never been previously run under
icing conditions so there was no background information how
the engine would behave in ice crystal icing. Therefore, caution

had to be taken to ensure the safety of the engine. Additionally
the internal cameras and other instrumentation had limited life,
therefore the researchers had to optimize the time the engine ran
with the icing cloud on. To find icing points of interest, the
facility was configured to run an icing condition predicted by the
1D Icing Risk Analysis tool. The ice cloud would be turned on
and the researchers would observe the cameras for accretion and
the engine metal temperatures. Once the metal temperatures
reached a steady state and no further ice accretion was observed,
the cloud was turned off. Spray times ranges from 60 seconds to
5 minutes. It was found during the test that none of the ice crystal
conditions resulted in enough accretion to cause concern to the
engine.

Steam Injection

Shiay Sars Exhaust
TestCell Transition

TestSection

Plenum Transition  |nstrumentation Duct

Figure 1. PSL-3 Facility Layout with Notional Engine
Installation

Table 1. PSL-3 Capability

Specification Min Max
Engine / Rig Dia. (in | cm) 24|60 841215
Air Flow Rate (lbm/s | kg/s) | 10]5 330|150

Altitude, pressure (kft | km) 5|12 50|15

Total Temp (°F | °C) -60|-50 50110
Mach Number 0.15 0.80

TWC (g/m?) 0.3 ~12.0
MVD (um) 15 >100#

* Maximum particle size is dependent on specific test point and facility
conditions.
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Figure 2. PSL-3 Icing Envelope with Icing Conditions Tested.

Figure 3. Honeywell Uncertified Research Engine cross-
section.

Table 2. Engine Details

Parameter Value
Bypass Ratio 4.2:1
34.2in (0.87 m)

Fan Diameter

Engine Length 61.7 in (1.57 m)
Maximum T/O Thrust 8025 Ib (3640 kg)
Fan Type Direct Drive
Axial Compressor (# of stages) 4

Centrifugal HPC (# of stages) 1
High Pressure Turbine (# of stages) 2
Low Pressure Turbine (# of stages) 3

Measurement Description

The engine was fully instrumented with typical aero-
research instrumentation. This paper will only describe the
instrumentation critical to the ice-crystal assessment. Static
pressure data were obtained on the front frame hub leading and
trailing edge and along the outer shroud at Rotors 2 and 3. See
Figure 4. At each axial location there were four static taps spaced
evenly apart. Metal temperature data were acquired at four
circumferential locations (labeled as A,G,N,U ) at the inlet guide
vane (IGV), and vanes 1 and 2. The thermocouples were located
on the mid-span of the vane near the outer shroud.

Icing research instrumentation is shown in Figure 5.
Humidity measurements were obtained at the core inlet and in
the HPC exit.

Five high-speed pressure transducers, Kulites, were
installed at the trailing edge of Rotor 1. The Kulites were in the
same axial plane, spaced evenly apart in a 90° arc.

Light extinction tomography was used to non-intrusively
monitor cloud uniformity at the engine fan face [30]. The
tomography plane is located 1.5 meters in front of the engine.
Light Extinction Probes (LEP) were used to understand particles
aft of the fan. The LEP is a non-intrusive system that measures
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line attenuation of light between the transmitter and receiver. The
goal of these probes is to observe particle, shed ice, liquid, and/or
liquid/ice slush runback transits, and determine TWC while the
cloud is on. Analysis and development of this measurement is
still underway. As shown in Fig. 5, the LEPs were located in a
plane just aft of the fan and at the inlet of the core and bypass.
During this study, there were issues with core inlet LEP. Only
data from the fan exit and bypass inlet planes were available.

A key measurement for this study was to understand
spherical particle break-up through an engine. Artium
Technologies, Inc. High Speed Imaging (HSI) instruments and
Droplet Measurement Technologies, Inc. (DMT) Back-scatter
Cloud Probes with Polarization Detection (BCPD), were placed
at the engine inlet and aft of the fan in the bypass flow to measure
particle size (Fig. 5). This is a new approach for such
instrumentation. Typically these types of instrumentation are
used in external flow configurations, such as on the wing of a
plane or in an open wind tunnel. The BCPD data were not
available at the time of publication, so this paper focuses on the
HSI measurements only. The HSI instruments were located three
meters upstream of the fan face and one meter downstream of
the fan face in the bypass flow. The particle size distributions
acquired in a sampling volume at the centerline of the
measurement plane. More specific details on the HSI
measurements during this test and limitations can be found in
King et al. [33]. It should be noted, the lower measurement limit
of the HSI instrument used is 15um. This leads to a bias and
truncation in the data when the particle size distribution
approaches this lower limit.

To observe ice accretions, there were four circumferentially
spaced video cameras looking from the casing towards the hub
of the fan exit stators. There was also one camera looking at the
splitter lip and one camera downstream at the IGV. These three
camera locations are shown in Figure 5. In addition, there were
also cameras for general observation looking at the spray bars,
fan spinner, fan blades, and at the inlet temperature sensors.

Test Conditions

The goal of this study was to generate an ice crystal icing
dataset on a hidden core engine geometry. This test had a
particular focus on understanding the particle break-up behavior
aft of the fan and evaluating the effectiveness of using a 1D Icing
Risk Analysis tool, COMDES-MELT. Additionally, this study
looked at the accretion behavior in the engine over a range of
flight and engine parameters (Fig. 2).

For these tests, a fully glaciated ice crystal cloud was
generated through freezing out of the liquid water droplets from
the spray bars. This results in spherical glaciated ice particles.
Untreated city water was used during the test to promote
nucleation and a constant plenum relative humidity of 45% was
used throughout the test. The cloud diameter was such to cover
across the entire span of the duct.

The conditions covered in this test can be found documented
as a function of ambient temperature (Fig 2a) and total water

content (Fig 2b) versus altitude in Figure 2. This paper will focus
on three particle size sweeps which are described in Table 3 and
Table 4.

Three MVD sweeps were performed for three engine
conditions based on predictions from the 1D Icing Risk Analysis
and showed ice accretion during initial cloud sprays at the
beginning of testing. For each sweep, the engine, flight, and
cloud conditions including TWC were held constant.
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Figure 4. Engine Instrumentation Schematic.
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Figure 5. Icing Instrumentation Schematic.
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Table 3. Nominal Engine and Flight Test Conditions.

Sweep | Reading | Altitude | Mach, Fan Temp.,
Series # flight | Speed, | ambient,
N1 Tamh
- - kft - % °F
188 30 0.6 94 -29
I 189 30 0.6 94 -29
191 30 0.6 94 -29
196 30 0.8 70 -32
II 197 30 0.8 70 -32
198 30 0.8 70 -32
208 40 0.8 92 -31
111 209 40 0.8 92 -31
Table 4. Cloud Conditions
Sweep | Reading | Notional | TWC, Twb* Twb*
Series # MVD¥ inlet splitter IGV
- um g/m’ °F °F
188 small 2.9 31.8 33.2
I 189 medium 2.9 - -
191 large 2.9 30.5 32.1
196 small 1.6 31.6 32.8
II 197 medium 1.6 - -
198 large 1.6 - -
208 small 1.0 34.0 349
111 209 large 0.8 34.3 35.1

* Calculated using COMDES-MELT, empty cells are

conditions not calculated in [25]

¥ MVD size dependent on the tunnel conditions

EXPERIMENTAL RESULTS

distributions for Readings 188 and 196, there is minimal change
in the bypass. Smaller particles may exist but as noted in [33]
this is likely attributed to instrumentation limitations. It can be
seen that the bypass distributions are very similar for each sweep
with the largest inlet distribution of each sweep resulting in only
slightly larger distributions in the bypass.

In Sweep I, where the distributions had the largest inlet
particle size range from 15 to 114 um, the bypass distributions
were very similar. This may be the effect of the fan speed, which
was at 94%, causing increased particle break-up. Another look at
fan speed, Sweep Il and Sweep III have similar Mach and inlet
temperature conditions but the fan speed varied from 70% in
Sweep Il compared to 92% in Sweep I11. For the higher fan speed
case in Sweep III, the particle distribution for dyo99 Wwere very
similar whereas for Sweep II at the slower fan speed saw a larger
dy0.99 range.

It is recognized that these bypass measurements do not
capture what is actually entering the core flowpath and it is
speculated that the particle sizes entering the core would be much
smaller as the larger particles would be centrifuged into the
bypass. Rigby et. al [34] performed LEWICE3D particle
trajectory, impact and breakup predictions for several of these
test points. The prediction results were compared to the
experimental results in the bypass and showed the core ingested
significantly smaller particles on the order of 7 yum.

Table 5. Particle Distribution Measurements for MVD
Sweeps

Several ice crystal icing investigations were conducted over
the course of the Honeywell Uncertified Research Engine test
including: the effects of particle size, altitude, inlet cloud
uniformity, and inlet relative humidity. Additionally, for each
altitude, sensitivity studies were conducted over a range of total
water content, ambient temperature, and fan speed. The results
discussed below are limited to the effects of particle size.

Particle Size Distributions

Particle size distribution sweeps were obtained for three
engine and flight conditions. The percentile cumulative volume
diameter (dv) results from the HSI measurements at the engine
inlet and in the engine bypass are shown in Table 5. Because of
the HSI’s limitation on the lower end of the particle spectrum,
only dy.50 and dv,0.99 of the particle size distributions are shown.
Sample particle size distribution for Sweep I is shown in Figure
6a-c. This sweep had the largest engine inlet dy s range, from
15 to 114 um.

It can be seen from Table 5 that for each case, particles in
the bypass are smaller than the incoming particles at the inlet due
to break-up from the fan. For the smaller inlet particle

. Engine Inlet Engine Bypass

e s dv,0.50 dv,0.99 dv,0.50 dv,0.99
188 15 31 17 33
I 189 45 104 18 34
191 114 314 28 45
196 27 46 20 35
I 197 40 92 28 47
198 51 134 32 58
1 208 31 59 15 25
209 64 182 17 31
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Figure 6. Sweep I Particle Distribution.

Accretion Characteristics

Cameras focused on the fan exit stator, splitter lip, and inlet
guide vanes and were used to capture the ice accretion for the
particle size sweeps. Nominal camera placements and views are
shown in Figure 7.

Sweep I, with conditions described in Tables 3-5, had inlet
dvo.s0 values ranging from 15um to 114um. These conditions
showed accretion (Fig. 8) on the pressure side of the exit stator
vanes, as indicated by the red circles. Qualitatively, the
accretions look very similar across the three particle
distributions. The smallest initial distribution shows a slightly
larger surface area of accretion.

Downstream of the exit stators at the splitter lip, the
accretion (Fig. 9) show similar behavior for all three test points
in Sweep 1. There are traces of runback water going into the core
with three small areas of accretion on the leading edge of the
splitter lip and on the total pressure probe for all three particle
distributions (Fig. 9a-9c). It should be noted, one of the accretion
areas in Fig. 9 is washed out from the lighting but can be
observed in the video. For Reading 188 (dyo.50= 15 um), as soon
as the cloud is initiated, there is immediate water runback and a
high frequency build and shed. As the engine metal temperatures
stabilize, the shed frequency begins to slow down but still
maintains a steady build and shed. Fig 9a is a snapshot that shows
the buildup on the splitter lip and total pressure probe. A similar
phenomenon is observed for Readings 189 and 191, the initial
build up and shedding is very quick and slows over time.
However, all three distributions do not produce a firm ice that
remains attached during the run.

Moving downstream through the “gooseneck™ and to the
inlet guide vane (IGV), the accretion begins to look different
across the three distributions of Sweep I, as shown in Figure 10.
At this area of the engine the environment becomes warmer,
promoting more evaporation and melt. For Reading 188 (dy,0.50=
15 pum), six seconds after the ice cloud is activated, accretion
near the leading edge on the pressure side of the IGV begins to
form. Ice accretion across the three IGV views can be seen in the
video. Similarly, for Reading 189 (d\0.50=45 pm) IGV accretion
can be seen (Fig 10b). However, accretion initiated 16 seconds
after the cloud was turned on and does not cover as much of the
span as the previous test point. For both cases, the accretion is
biased towards the tip region, or outer casing region. As the inlet
particle size increases, Reading 191 (dvwos0 = 114 pm), no
accretion is observed on the IGV (Figure 10c¢). It is suggested
that as particle sizes increase, there is less melt water. This could
be due to fewer smaller particles entering the core. This leads to
less evaporative cooling and contact with cold water which
increases the metal temperatures. The temperature
characteristics will be discussed in more detail in the next
section.
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Figure 8. Ice Accretion on the Fan Exit Stator for Sweep I.
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Figure 9. Ice Accretion on the Splitter Lip for Sweep 1.
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Temperature Trends

To understand the mechanisms of ice accretion and how it is
affected by the incoming cloud, metal temperatures were
obtained on the IGV, Vane 1, and Vane 2. Additionally, total
temperatures were acquired just aft of the fan and at the
compressor discharge. The temperature data for Sweep I is
shown in Figures. 11-16. These represent the temperature
differences relative to the smallest MVD temperature (i.e. Tmvp.1
- TMVD,smallest)-

Metal Temperatures—To ensure the engine wall
temperatures reached a new steady state, the temperatures
described are the average temperature over the last 10 seconds
before the ice cloud was turned off. It can be seen that the IGV
(Fig. 11), Vane 1 (Fig. 12), and Vane 2 (Fig. 13) temperature
differences increase with increasing MVD (i.e. the metal
temperatures are warmer with increasing particle size). Note,
these temperatures are shown at the four circumferential
locations. The influence of particle size is more pronounced as
the metal temperatures go from the IGV towards Vane 2. The
temperature trends for Sweeps II and III can be found in the
tables in the appendix which show similar trends.

To verify the initial conditions were constant for each MVD,
the initial dry condition temperatures prior to the cloud initiating
are examined. Figure 14 shows the temperatures for Sweep I
which were nearly constant. This is to ensure the initial
temperatures are near identical for the sweeps as this could affect
the accretion and temperature behavior when the cloud is on. The
temperature differences ranged from 0.7°-2.8°F for Sweep I,
0.5°-2.2°F for Sweep II, and 0.06°-1.0°F for Sweep II1.

The metal temperatures were compared to the initial dry
condition temperatures and found that the temperature drop was
larger at the smaller MVD, indicating that the engine surfaces are
seeing more liquid water. Suggesting that a larger concentration
of smaller particles are making its way into the hidden core and
melting.

Total Temperatures—Figure 15 and 16 show the total
temperature at the fan exit and compressor discharge exit. It can
be seen that the total temperatures remain constant at the fan exit
and there is a more notable increase in the compressor exit due
to the particle size. Not shown in this paper, comparing the
“Cloud On” total temperatures to the initial dry conditions, the
aft of fan temperatures only decrease by 4-5°F. This difference
decreases with increasing MVD. Likewise, the compressor
discharge temperature decreases when the engine ingests the ice
particles however the temperature drop minimized with
increasing MVD. This suggests that there is a decrease in
particles entering the core. This suggest that there is a decrease
in the amount of particles entering the core for the larger MVD
cases, which decreases the evaporative potential and results in
warmer total air temperatures compared to the smaller MVD
cases.
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Figure 11. IGV Delta Metal Temperature vs. MVD for
Sweep L.
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Figure 12. Vane 1 Delta Metal Temperature vs. MVD for
Sweep L.
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Figure 13. Vane 2 Delta Metal Temperature vs. MVD for
Sweep L. (Note: Vane 2_N not available)
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Figure 16. Compressor Discharge Delta Total Temperature
vs. MVD for Sweep 1.

DISCUSSION

The accretion videos and temperature trend show that
particle size presented at the fan inlet will result in different
break-up characteristics that will affect the accretion behavior.
The video data shows that at the largest MVD for Sweep I, the
conditions did not result in accretion. Coupling that with the
metal temperatures, the metal temperatures do not decrease as
much as the smaller MVD cases. This could be due to less
smaller particles entering the core and melting providing either
the liquid or evaporative cooling needed to begin the accretion
process. It is still not conclusive if the temperature rise is due to
less overall particle concentration getting into the core, more
larger particles, etc. Not described in this paper, it was found that
the mass mixing ratio (MMR) data from the humidity sensor
located on the engine front frame, the MMR had a slight increase
with increasing MVD. More information coupled with the
humidity is still needed to make a stronger conclusion.

Follow-on work should look at obtaining total water content
measurements from the Light Extinction Probes to understand
how much water and ice is entering the core and bypass. A
preliminary look of the raw light extinction probe signals show
the extinction at the bypass entrance decreases with increasing
MVD. It is not well understood how the extinction would change
due to larger particle size versus less concentration of smaller
particles. It is thought that the smaller particles will follow the
flow stream, having more ability to make it into the hidden core
compared to the larger particles. Improvements in particle sizing
technology to capture particles smaller than 15um would also
help shed light on the full distribution of particles entering the
core and bypass.

Additionally, the results from this test show that particle size
should be considered when setting up for an engine test in an
icing facility. The icing risk criteria used for the 1D Icing Risk
Analysis tool [10] shows a very narrow band of wet bulb
temperatures can lead to ice accretion. This study indicated that
just by changing the inlet particle size can impact that
temperature band. Additionally, the hidden core configuration
could exacerbate the particle size effects due to the likelihood of
more particles entering the bypass. For an example [20] a
previous engine test shows little particle size effect until there
was a threshold region of accretion.

CONCLUSIONS

A Honeywell Uncertified Research Engine was tested under
ice crystal icing conditions in the Propulsion Systems
Laboratory. The data was used to develop NASA’s 1D Icing Risk
Analysis tool and 3D icing simulation tools. Data was acquired
over a wide range of conditions to understand the primary drivers
effecting accretion in turbofan engines. This study also looked at
improving measurement techniques to enable quantitative icing
measurements in an engine environment.

An interest in the icing community is to understand particle
break-up in an engine and from a facility operation perspective,
there is an interest to understand how particle size variations at
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the engine inlet will change the engine characteristics. Three
particle size sweeps were conducted for three different engine
and flight conditions. Due to the freeze out method the facility
uses to fully glaciate the ice particles, spherical particles are
produced.

Particle sizing data, images of the areas of interest (for ice
accretion), and temperature trends in the engine were observed.
This was the first time during an engine test that particle sizing
data was acquired due to the complexity of both the typical
instruments used and the engine environment being sampled. It
was found that the initial particle size does effect the accretion
behavior in this hidden core geometry.

The data from the particle size imaging instruments (Artium
HS]I) installed upstream of the engine and in the bypass show that
the particles do break-up into smaller distributions in the bypass.
For Sweep I, which had the largest inlet particle size range from
15 to 114 um, the bypass distributions were very similar. This
could be attributed to the high fan speed compared to the other
particle size sweeps.

The accretion behavior observed in the videos looking at the
fan exit stator, splitter lip, and IGV showed that the accretion
behavior was very similar in the front of the engine at the fan
stator and splitter lip. However, at the IGVs, the accretion
decreased with increasing particle size where the largest MVD
resulted in no accretion.

The metal temperatures at the IGV, Vane 1, and Vane 2 show
that the particle size effects were more prominent further down
the engine at Vane 2. The metal temperatures increased with
increasing MVD.

The data from the video and thermocouples indicates that
the break-up from the fan and the hidden core geometry result in
less particle melt which is needed for heavy accretion to occur.
This could be due to the larger particles being more ballistic and
are more likely to centrifuge into the bypass even after particle
break-up. This was the first time particle size measurements were
made inside an engine flow path and it provided insight on the
particle break-up phenomenon in a realistic engine environment.
More work is still needed to understand the primary contributors
affecting the accretion characteristics.
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Appendix —Delta Temperature Trends

Table 6. Sweep I Delta Temperatures.

T3 2 °F

0.0

5.6

2.2

Table 8. Sweep I1I Delta Temperatures.

Sweep 111
MVD, dvo.so pum 31 64
RDG - 208 209
Aft Fan 1 °F 35 6.2
Aft Fan 2 °F 3.6 6.3
IGV_A °F 75 136
IGV_G °F 6.6 10.6
IGV_N °F 6.3 122
IGV_U °F 54 124
Vane1_A °F 496 66.4
Vane1_G °F 526 721
Vane 1_N °F 546 752
Vanel U °F 490 649
Vane 2_A °F 83.1 1130
Vane 2_G °F 675 859
Vane 2_U °F 76.7 976
T3 1 °F 256 373
T3 2 °F 274 392

Sweep |
MVD, dvo.s0 um 15 45 114
RDG - 188 189 191
Aft Fan 1 °F 0.0 0.1 0.3
Aft Fan 2 °F 0.0 0.1 0.4
IGV_A °F 0.0 9.7 141
IGV_G °F 0.0 55 5.4
IGV_N °F 0.0 4.1 9.1
IGV_U °F 0.0 3.3 8.5
Vane 1_A °F 00 174 30.0
Vane1l_G °F 00 257 412
Vane 1_N °F 00 169 317
Vanel U °F 00 258 372
Vane 2_A °F 00 210 522
Vane 2_G °F 00 186 629
Vane2_U °F 00 166 325
T3_1 °F 0.0 5.7 7.9
T3 2 °F 0.0 6.0 8.3
Table 7. Sweep 1I Delta Temperatures.
Sweep |1
MVD, dvo.so pum 27 40 51
RDG - 196 197 198
Aft Fan 1 °F 0.0 27 138
Aft Fan 2 °F 0.0 27 137
IGV_A °F 0.0 6.1 4.2
IGV_G °F 0.0 6.4 5.0
IGV_N °F 0.0 6.5 45
IGV_U °F 0.0 6.3 4.8
Vane 1_A °F 00 301 341
Vane1l_G °F 00 304 291
Vane 1_N °F 00 325 196
Vanel U °F 00 279 279
Vane 2_A °F 00 235 466
Vane 2_G °F 00 316 769
Vane 2_U °F 00 440 858
T3_1 °F 0.0 55 2.0
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