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Abstract

The damage due to particulate matter ingestion by propulsion gas turbine engines
can be significant, impacting the operability and performance of compressor, com-
bustor and turbine components. Here, focus is on the axial compressor whose blades
become damaged when operated in dusty/sandy environments for extended periods
of time. This results in significant performance degradation of the compressor and
hence, the entire plant. Accordingly, prediction of the impact of specific particle
damage morphologies on compressor acrodynamics can be of significant benefit to
aircraft operators concerned with fuel efficiency and on-wing platform readiness.

In this work, novel CFD methods are developed aimed at modeling the effects
of particle ingestion airfoil damage on axial compressor performance. Specifically,
the goal of the research is aimed at mechanistic (vs. empirical) prediction of the
significant aero-thermodynamic, and attendant loss implications, for a range of
damage morphologies. To this end, we study the first stage rotor blading of a
GE T700-401C compressor. This five-stage axial machine is subject to current
testing at NAVAIR, in a well instrumented facility. A secondary goal of this thesis
research is to provide physics understanding and pre-test predictions associated
with damage modes that have been observed in these systems.

In this work, thermoplastic additive manufacturing is used to build a number
of baseline undamaged stage 1 rotor blades, and then heat and tooling treatments
are applied to obtain representative physical models of three of these modes —
ballistically bent/curved leading edges, spanwise cragged erosion of leading edges,
and eroded leading/tailing edges at outer span locations. The resultant damaged
plastic geometries are then optically scanned and incorporated into sublayer resolved
Reynolds Averaged Navier-Stokes (RANS) analysis. Target conditions are imposed
that conform to damaged compressor operation protocols, and an iterative process
for accommodating corrected mass flow and off-design powering is developed and
presented.

The code, modeling and meshing strategies pursued here are validated, using
a study carried out for NASA Rotor 37 — these results are included and provide
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confidence in the predictions of the T700 geometry studied.

The results for the steady-state calculations for the rotor only configuration,
in the rotating frame of reference, are presented in terms of compressible wave
field and secondary/tip flows, spanwise performance parameter distributions and
efficiency. A method to estimate the effect of rotor damage on engine SFC is devised
and presented. This enabled the rank ordering of the different damage modes in
terms of the overall performance parameters.

Time accurate rotor-stator calculations are then performed for the full stage
configuration. These results are also presented in terms of compressible wave field
and secondary/tip flows, spanwise performance parameter distributions, efficiency
and estimated impact on plant Specific Fuel Consumption (SFC). The different
damage modes are classified based on the overall performance parameters. Rel-
evant observations include significant differences between the steady state rotor
only calculations and the full stage unsteady calculations with different damage
morphologies.

A combined Eulerian-Lagrangian methodology was also deployed on the axial
compressor configuration in this research, in order to initiate a "full-field" simulation
approach wherein the damage process itself is modelled. Method validation is
performed using a well-documented data-set for sand in air erosion at high Reynolds
number. The results are presented in terms of eroded surface profiles and eroded
surface time evolution history and conclusions are made. A qualitative assessment
of the impact of erosion on the NASA Rotor 37 blade surface is performed and
discussed. Assessments and recommendations for future multiphase flow damage
modeling are made.
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Chapter 1

Introduction

1.1 Overview

Gas turbines find application in propulsion (aerial, terrestrial and marine) and
power generation. The performance of gas turbines is integral to several factors
taken into account by operators, such as efficiency, fuel costs, maintenance costs,
etc. In this scenario, predictions of gas turbine performance are essential in making
design, production and operational decisions. The axial compressor is the first
major section of a gas turbine engine [1], [2], [3]. The role of the axial compressor
is to compress incoming air to an optimal stagnation pressure such that the fuel
combustion in the combustor takes place at the highest possible efficiency. The
increase in gas turbine efficiency is dependent on two primary parameters: increase
in pressure ratio and increase in firing temperature [4]. Hence, its performance is
integral to the performance of the whole machine. In many environments, especially
in propulsion, large amounts of particles like sand, dust and ash can be ingested
into the axial compressor, which leads to damage that can significantly reduce the

performance of the compressor. In this chapter, we review some of the previous



efforts made for prediction of axial compressor performance as well as discuss some

of the damages that it encounters due to particle ingestion.

1.2 Literature Review

Damage to gas turbines due to particle ingestion is a very critical area of research,
relevant to both gas turbine manufacturers and operators around the world. Par-
ticularly, as air traffic increases in developing countries, this area of research has
gained increased importance due to the high concentration of particulate matter in
their environments. Another factor is the continued presence of major militaries in
the Middle East and Asia, where the concentration of airborne particulate matter is
high as shown in Figure 1.1, which renders research into particle ingestion damage
of gas turbines operated by them, even more critical in terms of standby military
readiness. In general, industrial gas turbines are installed with inlet filters that
stop the passage of particles [5]. Unlike land-based gas turbines, filters cannot be
used for most aero-engines except in the case of military helicopters.

In certain environments, solid particles such as sand, dust, ice and volcanic
ash can be ingested by a gas turbine engine in significant quantities. The higher
inertia of some of these particles can cause them to deviate from the gas path
streamlines and impact the fore-stages of axial fans and compressors |7]. Neilson
and Gilchrist [8] determined that for an accelerating gas-particle mixture, particle
size, shape and density, initial particle velocity, the concentration of particles and
the length of the experimental domain are all important variables affecting final

particle velocity, which in turn impacts the erosion rate. The damage to the



Satellite-derived PM, . (pg/m’}

Figure 1.1. Concentration of airborne particles smaller than 2.5um [6]

blades is caused by direct impingement of large particles as well as the impact and
deposition of finer particles due to secondary flows through the blade passage.

In the case of aeroengines, particle ingestion into the core occurs during all
phases of flight operation, however, it is most critical during takeoff and landing
where particle/dust densities are typically higher. Figure 1.2 shows sand being
ingested into the engines of a C-17 during takeoff [9].

Some studies have been performed to estimate the amount of sand being ingested
by land-based gas turbines. According to Zaba and Lombardi [10], a power gas
turbine in residential areas can ingest up to 1.5kg of solid contaminants per day
despite the installation of filtration systems. Osborne [11] reported that particle
ingestion in high quantities over long periods of time led to reduction in engine life.

Aust and Pons [12] created a taxonomy of various gas turbine defects and their
associated causes. Damage modes associated with particle impact with compressor
blades and endwalls include pitting, material loss and curling of blade leading

and trailing edges, increased effective tip clearances and erosive blade surface



Figure 1.2. A view of sand being ingested into a C-17 at take-off |9]

roughness. The aerodynamic performance of the compressor blades is affected by
these geometry changes. This, in turn, affects the efficiency and operating range of
the compressor.

A number of research groups have studied these various damage modes in axial
compressors. Balan and Tabakoff [13] studied the effect of sand erosion on axial
compressor cascade aerodynamics and performance deterioration. They observed
particularly severe erosion at the rotor leading edge and on the pressure surface.
They concluded that the decreases in performance could be attributed to the
changes in the blade leading and trailing edge geometries, increased tip leakages,
surface roughness and altered pressure distribution. They also performed trajectory
calculations of particles within the compressor cascade and found good agreement
with experimental results.

Tabakoff et al. [14] simulated and investigated the effects of erosion in cascades,



single-stage and multi-stage compressors. They illustrated that the stage stacking
technique might be useful to systematically study the effect of individual stage
erosion in multi-stage compressor performance. Their theoretical prediction of
performance deterioration using an erosion fault model based on chord length re-
duction compared well with both cascade and single-stage compressor experimental
results. Particle rebound characteristics, in terms of coefficients of restitution for
turbomachinery applications, were also modeled as part of this study.

Sallee [15] reported significant in-service damage to various components, includ-
ing the high pressure compressor (HPC) for the JT9D engine. They also reported
an assessment of the effect of compressor operation time on rotor blade damage.
Figure 1.3 shows erosion of the JTD9 HPC rotor blade after several thousand hours
of operation.

Ghenaiet et al. [16] assessed the damage to an axial fan due to sand ingestion
through a qualitative study of erosion patterns and quantitative measurements
of degradation in aerodynamic characteristics. Their tests indicated that there
is significant leading edge erosion extending towards the tip corner of the blade
pressure side. On blade suction side, the erosion was observed to be concentrated
on the leading edge and mostly absent on the remaining areas. This has been
attributed to the high velocity and incidence angle of particles upstream of the
rotor leading edge. They also observed significant erosion of the rotor tip due to
migration of particles across the tip clearance region from the pressure side to the
suction side. Erosion of the IGV blades was observed on the tip corner pressure
side close to and around the leading edge. Figure 1.4 shows a rotor blade from

their experiments illustrating the damage to the pressure side and tip region.
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Figure 1.3. Eroded blades of the HPC rotor of the JTD9 after different stages of
operation [15]

Figure 1.4. Erosion of the rotor pressure side and tip region by sand ingestion [16]

Batcho et al. [17] [18] performed experiments on the Pratt and Whitney TF33



turbofan and J57 turbojet engines to assess particle ingestion damage on the
performance of the respective axial compressors. They observed that solid particle
erosion led to increased tip clearance and diminished blade leading edge, as shown
in Figure 1.5, which in turn, led to the performance deterioration of both the Low
Pressure Compressor (LPC) and the High Pressure Compressor (HPC). They also
determined that the deteriorated engine was more susceptible to surge at low power
settings. The performance deterioration was predicted based on semi-empirical
stage stacking models. Based on their analysis, they also recommended mitigation
strategies in terms of intercompressor bleed and anti-ice air to reduce the likelihood

of surge as a result of erosion damage.
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Figure 1.5. Profile erosion of 16! stage rotor blade at 80% span (left), erosion of tip
region of 13" stage rotor blade (right) [17] [18]

Several groups have studied compressor damage using CFD. Li and Sayma [19]
assessed the effect of tip curl damage on the stall margin of a transonic axial
compressor. They observed that the presence of one damaged blade prevented the
stall cells from growing and improved stability by acting as a buffer preventing stall
cells from neighboring passages from growing and merging together by altering

the separation pattern. This was in contrast to the undamaged case, where the



rotating stall formed a large stall cell and led to the abrupt ending of the simulation
indicating surge.

Fedechkin et al. [20] modeled different "nicks" and bending of the first stage
rotor blade leading edge in a 4-stage axial compressor as shown in Figure 1.6.
Their methodology was validated with experimental results using the undamaged
case. Their initial study showed that there was insignificant impact on the fan
performance. Hence, they performed an analysis to determine the critical values of
the nicks and bending, for which a significant deterioration in axial fan performance
could be observed. They determined limits for each of these damage modes (nicks

and bends) for observable performance degradation at multiple operating conditions.
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Figure 1.6. Undamaged blade (left), blade with nick (middle), blade with bend (right) [20]

Suzuki and Yamamoto [21] performed two-phase CFD analysis of a single stage
axial compressor. The particle trajectories and impaction were used to model
erosion depth explicitly in a subsequent CFD analysis. They reported localized

damage patterns and performance deterioration consistent with experimental results.



They observed that the major particle impaction took place at the leading edge,
pressure side and the tip region of the rotor blade as shown in Figure 1.7. It was
observed that when particle-wall collisions occurred and reduced the momentum
of the particles, they became susceptible to the centrifugal forces and moved
toward the tip clearance region leading to the erosion of the rotor tip as well as
the shroud. They determined that, in general, particle erosion damage had the
following tendencies: the leading edge damage was larger than that of the trailing
edge, tip region damage was larger than that of the hub region and the pressure side
damage was larger than that of the suction side damage. They also observed that
the blade surfaces as well as the end walls became rougher leading to stagnation

pressure loss as the friction drag of the boundary layer increased.
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Figure 1.7. Erosion patterns of the rotor blade, pressure side (left), suction side
(right) [21]

The research above focuses on ballistically impaired geometry. Other researchers



have focused their studies on less severe damage modes including increased surface
roughness and fouling/deposition. Suder et al. [22| performed laser anemometry
experiments and some attendant CFD analyses on roughened and thickened com-
pressor blading and observed significant performance degradation (> 5% reduction
in stagnation pressure ratio and adiabatic efficiency) for the well-studied NASA
Rotor 37. The negative impact of roughness on the stagnation pressure ratio is
shown in Figure 1.8. Most of these losses were attributed to roughening/thickening
of the leading edge and suction side and transition effects. They observed that
the blades should be maintained as smooth as possible during the manufacturing
process as well as during its operation. Their measurements indicate that the
sensitivity of Rotor 37 to thickness/roughness is primarily due to blockage changes
in the rear of the blade passage as it has a tight throat area margin and high exit
Mach number.

Morini et al. [23] performed CFD simulations of NASA Stage 37 to assess
the effect of compressor fouling by imposing different combinations of added
thickness and surface roughness to the baseline geometry. They observed that the
geometric modifications led to decreased mass flow rate and stagnation pressure
ratio. Efficiency loss was a result of the blockage in the rotor blade passage. They
also noted that the stage stacking performance assessment procedure needs to be
revised as it is currently unable to capture some of the trends in the analysis. Their
computational results were in the same order of magnitude as the experimental
results. This indicated that their study required further analysis to significantly
increase prediction accuracy.

Gbadebo et al. [24] performed experimental and CFD studies on an artificially
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Figure 1.8. Stagnation pressure ratio vs mass flow characteristics at 70 percent span for
the different roughness configurations in the study [22]

roughened low speed compressor stator. Their findings concluded that surface
roughness, typical of that which is likely to form during engine operating lifetime,
led to a significant reduction in performance (in terms of stage stagnation pressure)
over a wide range of flow due to its effect on 3D separation. Large corner hub
separation of the stator blades led to high losses, increased blockage and deviation.
As a result of blockage, significant radial movement of flow was observed, which in
turn led to redistribution of loading and change of effective incidence at different
spans.

Syverud and Bakken [25] performed a computational study of the impact of
surface roughness on axial compressor performance deterioration. Particularly, they

focused on the impact of surface morphology modifications due to salt deposits
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on the performance of the axial compressor of the GE J85-13 jet engine. They
incorporated the effects of surface roughness by modeling the frictional losses,
blockage and deviation. They observed a significant reduction in the flow coefficient,
which is specifically impacted by the 3D separation affected by the surface roughness.
This resulted in significant deterioration of compressor performance. Syverud et
al. [26] also performed an experimental study on the impact of accelerated salt
water ingestion into the GE J85-I3 and observed significant deterioration on stage
performance. They observed that the deposited matter in the engine depended
on the nature of the deposits i.e., the material, the particle size, and the adhesive
capability of the material. Their study revealed that the salt deposits were mainly
found in the front stages of the compressor, and the stator blades were found to
have more deposits than the rotor blades. Figure 1.9 shows the studied blades with
salt deposition.

Walton et al. [27] also quantified the significant leading edge surface roughness
of ex-service compressor blades. Their research focused on the metrology of the
roughness rather than its performance impact. They concluded that as a result of
increased blade surface roughness of the leading edge, this surface region no longer
had a circular edge and needed to be considered a distinct blade region in analysis.
This was attributed to the modifications in flow features along the leading edge
due to the change in surface geometry. Their study showed that the maximum
surface roughness was found at the leading edge and recommended this region to
be a target for further coating protections.

Meher-Homji et al. [28] provided a comprehensive overview of compressor

fouling and washing for gas turbine engines. The causes, effects and control of axial
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Figure 1.9. Salt deposits at the leading edge of the second-stage stator vanes [26]

compressor fouling are discussed in detail. Two major issues associated with fouling
were studied, namely, the susceptibility of an engine to compressor fouling and the
sensitivity of the engine to a certain degree of imposed fouling. Understanding
compressor fouling leads to benefits related to selection of filtration systems, engine
performance monitoring and operation and important maintenance practices such as
compressor washing. Further discussion on the mitigation strategies was conducted
in this study. Figure 1.10 shows different examples of fouling in gas turbines.
Kruz and Brun [29] observed that compressor fouling was primarily caused by
adhesion of particles of size 0.0lmm and below. They also observed that high
humidity in the ambient conditions led to increased wetness, which in turn led to

increased fouling. Nel [30] performed numerical modeling of effect of fillets and

13



Figure 1.10. Examples of fouled compressor blades: (a) Heavily-fouled air inlet bell-
mouth and blading on a 35 MW gas turbine; (b) Oily deposits on blading; (¢) Compressor
blades fouled with a mixture of salts and oil [2§]

surface roughness on the performance of the transonic axial compressors namely,
the Darmstadt R-1/S-1 and NASA Stage 37 using the mixing plane approach.
Particle damage is a very complex process and extensive research has been
performed to attempt to understand the behaviour of materials and particles during
erosion as well as deposition. Wilson et al. [31] studied the importance of shape
in particle rebound behavior. Specifically, they focused on incorporating cubical
particles in their simulations for characterizing particle rebound behavior. The use
of cubical particles enables increased consideration of angularity, mass distribution
and geometric complexity of particles compared to spherical particles used in most
models. They identified additional factors related to particle shape that affect
particle rotation and total rebound energy, which in turn affects the rebound

characteristics and erosion mechanisms.
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Pepi et al. [32| performed sand-air erosion testing for different helicopter rotor
blade materials at the University of Dayton Research Institute (UDRI) Particle
Erosion Testing facility. Different types of sand mixtures were used, and com-
prehensive post-test analysis included: visual examination, mass loss calculations,
erosion rate determination, surface roughness testing, volume loss calculations,
scanning electron microscopy characterization, and metallography. Figure 1.11
shows magnified images of damaged sample surface features due to sand impaction.
Based on the results of these tests, a new test standard (MIL-STD-3033) was
developed to evaluate materials that could potentially be used on the leading edge
of helicopter rotor blades.

Oliani et al. [33| devised a methodology to increase the accuracy of particle
tracking through general grid interfaces and mixing planes in multi-stage turbo-
machinery applications. A mass conservative particle redistribution technique was
devised which would be requested at the interfaces between multiple stages as
part of this augmented methodology. They tested their methodology against three
different turbomachinery applications, focusing on erosion in an axial compressor,
trajectory analysis in a centrifugal fan, and impact analysis in an axial turbine. The
numerical results showed considerable agreement with results reported in literature.

Brandes et al. [34] proposed an approach to incorporate high-level computational
and experimental results into an effective non-dimensional model for the severity
estimation of flight missions due to compressor erosion. The severity of erosion
was measured in terms of the shortening of the camber line at the blade leading
edge. Their findings included the effect of bypass ratio, bleed setting, and degree of

particle separation on the severity of erosion.
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Figure 1.11. Magnified images of sample surfaces post sand impact study: cut features
on the sample surface (top), platelet features on sample surface (bottom) [32]

Vulpio et al. [35] described a quantitative approach to predict particle deposition
on the vanes of an axial compressor starting from the flow field obtained employing
computational fluid dynamic (CFD) simulations. Figure 1.12 shows fouling damage
of the IGV blade. The results were compared to experiments performed on the
Allison 250 C18 compressor unit subject to particle ingestion under controlled
conditions and showed good agreement in the estimation of the predicted values of

the deposited mass and the corresponding patterns through the compressor stages
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Figure 1.12. Fouling of the IGV blade: (a) Pressure side (b) Suction side [35]

and recommended possible applications of this approach to compressor design and
maintenance.

Doring et al. [36] presented an experimental setup to create reproducible de-
position patterns in aircraft engine compressor blade rows as well as to quantify
both magnitude and timescale of the resulting performance deterioration. The
methodology presented, composed of the experimental data and the model, pro-
vided the basis for predicting deposition effects on compressor and engine overall
performance. Their results added credence to the fact that 95% of performance
deterioration due to deposition occurs within the first 1000 flight cycles.

Saxena et al. [37] described a 3D CFD methodology for tracking particles
along a multistage axial compressor and presented the particle ingestion analysis
for a HPC section. ANSYS CFX was used to perform the simulations and the
particle trajectories and radial particulate profiles are compared for particles of

different diameters. Larger diameter particles were observed to centrifuge radially
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out towards the compressor casing more significantly than smaller particles. They
also examined the extraction of particles by the bleed flows at different extraction
points as well as the effect of particle shape.

Bons et al. [38] developed a simple physics-based model that predicts particle
rebound and deposition for particles ingested in gas-turbine which included the
essential physics of the particle-wall interaction including elastic deformation,
plastic deformation, adhesion, and shear removal. Particles were modeled as simple
cylinders under compression. The simple algebraic formulation can be easily adopted
into any CFD code. The model could be tuned to various factors. Five validation
cases were performed with moderate successes at varying degrees.

Suman et al. [39] [40] used NASA Rotor 37 as a case study for the numerical
investigation of small particle deposition effects on transonic axial compressor
blading. Their results focused primarily on particle impact zones and the effect of
particle size distribution on fouling behavior. They also focused on particle-blade
interactions in terms of impact velocity and impact angle.

Yang and Boulanger [41]| performed an unsteady analysis of a full annulus axial
fan and verified the validity and need for unsteady CFD models compared to steady
models for turbomachinery applications. They presented qualitative results in
terms of erosion patterns and particle trajectories. Figure 1.13 shows a comparison
of the erosion patterns between the experimental and CFD results.

Ghenaiet [42] performed a study of particle trajectories and erosion patterns
for the IGV and first compression stage of the PW-JT8-D17 engine. Erosion was
mainly observed at the leading edge and end-walls of the IGV. In the case of the

first stage rotor, the erosion was mostly observed on the pressure side as well as
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Figure 1.13. Comparison of erosion patterns: Experimental (left), CFD (right) [41]

the leading and trailing edges and tip region as shown in Figure 1.14. For the
first stage stator, the erosion was spread over the blade surfaces in addition to the

leading and trailing edges.

LE LE

Figure 1.14. Erosion patterns of the first stage rotor [42]

Ghenaiet [43] explored the effects of particle erosion on centrifugal compressor
blading and studied it in terms of eroded mass and erosion patterns. Most of

the particle impacts were on the pressure side. Regions of high erosion were also
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observed on the leading edge of the blades and the inducer top corner and along
the blade tip.

Outside the sphere of turbomachinery, particle impact, and hence erosion, is
a relevant topic in several other industries which has yielded advanced research.
Particularly, the oil and gas industry is very much involved in erosion research [44].
Extracting oil and gas from the ground results in the erosion of drilling pipes and
can result in maintenance and repair issues and hence warrants the need for erosion
modeling and research [45]. Some of the following research has been motivated by
their partners in the oil and gas industry.

Ediriweera [46] studied impact erosion by solid particles in gas-particle flows
through experimental research and performed studies to understand the effects of
several parameters such as impact angle and particle size distributions. Results
were presented in terms of erosion rate and surface profiles.

Swaminathan et al. [47] provided an overview of prior elevated temperature
solid particle erosion (SPE) testing capabilities of participating organizations and
the status of development of a new international test standard. A round robin
inter-laboratory test program was recommended to develop an elevated temperature
SPE standard that would provide more appropriate reference conditions for SPE
conditions encountered in current and next generation steam turbine applications.

Nguyen et al. [48] constructed a new erosion testing rig for sand-air erosion with
incident velocities up to Mach 3. They performed a study on a SUS304 steel sample
in terms of the impact angle and testing time. They obtained results in terms of
erosion rate, surface profile evolution and surface micro-structure characteristics.

For the sample tested and a given incidence velocity, maximum erosion was observed
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at an incidence angle of 40°.

Mansouri [49] performed erosion testing using sand-air and sand-water jets
on various samples to assess the impact of particle velocity, particle incidence
angles and existing erosion models on erosion characteristics. In addition, Mansouri
formulated an erosion model which showed good agreement for the parameter space
chosen for this study.

Lopez et al. [50] developed an algorithm to predict erosion due to impingement
of a jet of water containing sand particles on a stainless steel in OpenFOAM.
The methodology involved the computation of the time-averaged erosion field
and coupling it with a three dimensional mesh deformation algorithm to compute
the surface geometry of the eroded surface over time. The methodology took into
consideration the multiple time scales involved in this study as the physical processes
(with significant impact) involved in the erosion phenomenon occur at time scales
orders of magnitude higher than those of the flow field. Their methodology employed
a scaling factor to match the experimental results of the water jet impingement
test by Nguyen et al. [51] and was not explained in terms of any physical processes
involved in erosion.

Agrawal et al. [52] also developed an algorithm to include the effect of dynami-
cally changing pipe geometry in CFD based erosion modeling in ANSYS Fluent.
They considered the case of sand erosion inside a slurry pipeline. The erosion rate
was calculated using a combined Eulerian-Lagrangian framework and the solid
wall geometry is deformed by coupling the computed time-averaged erosion field
with the Moving-Deforming-Mesh (MDM) functionality available in Fluent. They

also recommended several guidelines with respect to the erosion and turbulence
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models to be used for similar studies. Their study on pipe erosion concluded that
the erosion is maximum at the corner of the pipe and in regions of regions of
re-circulation, where particle-boundary interactions are maximum. Figure 1.15
shows the evolution of the pipe geometry as a result of the erosion coupled mesh de-
formation over a time period of 40 hours. An experimental quantitative verification

of the results was lacking in this study.
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Figure 1.15. Time evolution of deformed pipe geometry due to erosion [52]

Duarte and de Souza [53] expanded on previous works using the erosion coupled
mesh deformation algorithm to perform CFD studies to predict the evolution of
geometry change due to erosion. Specifically, they studied three cases: erosion of a
standard 90° elbow, erosion due to jet impingement and erosion in a bean choke.
The results showed that a qualitative estimation of the erosion pattern and impact
locations was very accurate. The quantitative estimates of the surface profiles and
deformed geometries were in reasonable agreement with experimental results within

the same order of magnitude.
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1.3 Outline of Dissertation

This dissertation is organized as follows:

In Chapter 2, the technical approaches associated with geometry generation,
CFD meshing and CFD modeling are discussed. The simulation setup and target
conditions that conform to damaged compressor operation protocols are presented.
The results of a validation study for the code, modeling and meshing strategies
using NASA Rotor 37 are briefly included.

In Chapter 3, the results for the steady-state calculations for the three damaged
and one undamaged configurations, solved in the rotating frame of reference, are
presented in terms of compressible wave field and secondary/tip flows, spanwise
performance parameter distributions and efficiency. A method to estimate the
effect of rotor damage on engine SFC is devised and presented. The different
configurations are rank ordered based on their impact on engine performance.

In Chapter 4, the results of a full stage unsteady analyses are presented. These
are performed in order to go a step beyond the inherent averaging of local aerody-
namic variables encountered in steady analyses. These results are also presented in
terms of compressible wave field and secondary/tip flows, spanwise performance
parameter distributions, efficiency, and impact on SFC. The results of a comparison
study between the steady-state half stage simulations and the unsteady full stage
simulations are also discussed and the need for transient analyses is justified.

In Chapter 5, an improved version of a combined Eulerian-Lagrangian method
to study the effect of erosion is presented. A method validation using a well-

documented data set is performed and the ensuing results and conclusions are
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presented. The qualitative results of an erosion study of NASA Rotor 37 blade
surface due to sand ingestion are presented. In addition, an illustrative study of
erosion coupled surface deformation of a mid-section of Rotor 37 spanning from
40% to 60% is performed and discussed.

In Chapter 6, a summary of the research conducted to date, major research

contributions and directions for future research work are discussed.
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Chapter 2
Technical Approach

This chapter presents a discussion of the technical approach employed in the CFD
studies performed for the method validation study using Rotor 37 and the CFD

studies of the T700 axial compressor first stage in Chapters 3 and 4.

2.1 Methodology

2.1.1 Geometry

The geometry considered belongs to the compressor of the General Electric GE
T700-401C [54] as shown in Figure 2.1. Different variants of the T700 are found
in military helicopters like the Apache, Black Hawk, Viper, Venom etc. They are
also found in several civilian helicopters as a variant called the CT7. The T700
is one of the most widely manufactured gas-turbine and in-service engines in the
world for helicopter propulsion [55]. The compressor of the T700 consists of 5 axial
stages and 1 centrifugal stage. The first stage rotor of the T700 is transonic and is

the main focus of this study. The geometry files for the rotor and stator blades
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as well as the endwalls were obtained from GE and Naval Air Systems Command
(NAVAIR). NAVAIR is pursuing a highly instrumented test for the T700, and the
results are expected in Fall 2023. Figure 2.2 shows several views of the stage 1

rotor blade geometry.
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Figure 2.2. Two views of the T700 first stage rotor blade
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2.1.2 Damaged Blades

Since the damaged blades from the T700 experimental tests at NAVAIR are
forthcoming, an additive manufacturing (AM) based approach was used to represent
damage for the CFD studies. The undamaged blades were first fabricated with
a Creality3D Ender-3 V2 3D printer (shown in Figure 2.3) using Polylactic Acid
(PLA) plastic which is easily amenable to local mechanical and thermal deformation

without compromising the shape and aerodynamic design of the blade.

Figure 2.3. Creality 3D Ender-3 V2 3D printer

The plastic blades were then manually damaged using thermal and mechanical
treatments to produce several damage configurations which will be described below.
The damaged plastic blades were then 3D optically scanned to produce point clouds.
The point clouds were then processed in SolidWorks [57] to produce 3D CAD models

ready to be used for simulations. Figure 2.4 shows the blade geometry before and
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after the clean-up resulting in a watertight CAD ready to be incorporated into a
CFD simulation. Extraneous features resulting from the optical scanning process
were successfully removed. The surface was smoothed using the default smoothing

algorithm within SolidWorks [57].

Figure 2.4. Scanned geometry before cleanup (left), CFD ready geometry (right)

The damage modes under consideration have been observed by many workers
including Walton et al. [27], Aust and Pons [12| and Zuniga and Osvaldo [58|.
Cragged and eroded damages arise from the surface abrasion/wear of the blades
over long exposure times. Curled tip damage arises due to impact from singular
foreign large scale object ingestion. These and other damage modes were explored
by Aust and Pons [12] and the definitions, descriptions and photography in that
reference were used to adapt geometries studied herein.

Figure 2.5 shows a compressor blade with representative cragged leading edge
damage, and the corresponding 3D printed blade used in this study. The blade
leading edge has notches of depth 1mm each at 20%, 35%, 46%, 65% and 84%

spans. The notches were made and then mechanically smoothed.
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Figure 2.5. Original [12] and 3D printed blades with Cragged damage

Figure 2.6 shows a blade with leading and trailing edge chord material loss, and
the corresponding 3D printed blade. At the leading edge, there is blade material
loss from 75% span to 25% chord length at 100% span. At the trailing edge, there

is blade material loss from 70% span to 30% chord length at 100% span.

Figure 2.6. Original [12] and 3D printed blades with the Eroded damage

Figure 2.7 shows a blade with a curled tip, and the corresponding 3D printed

blade. The blade tip is bent 45° towards the suction side along a line connecting
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the leading edge at 75% span to 10% percent chord at the tip.

Figure 2.7. Original [12] and 3D printed blades with the Curled damage

2.1.3 Meshing Strategy

The automated mesher in STAR-CCM+ (v2021.1) [59] was used to create a sub-
layer resolved unstructured polyhedral mesh with prism layers at the blade surfaces
and end-walls. The automated mesher in STAR-CCM+- [59] has been proven to be
a great tool for creating meshes for complex geometries seen in turbomachinery.

The following meshing options were used:

1. Polyhedral mesher: generates a volume mesh that is composed of polyhedral-
shaped cells. It is numerically more stable, less diffusive, and more accurate
than an equivalent tetrahedral mesh. Moreover, it also contains approximately

five times fewer cells than a tetrahedral mesh for a given starting surface.

2. Advancing layer mesher: creates a volume mesh composed of prismatic cell

layers next to wall boundaries and a polyhedral mesh elsewhere. The mesher
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creates a surface mesh on the wall and projects it to create the prismatic cell
layers. The prismatic cell layers help capture the boundary layer, turbulence

effects, and heat transfer near wall boundaries.

3. Surface remesher: remeshes the initial surface to provide a quality dis-
cretized mesh that is suitable for CFD. It is used to re-triangulate the surface
based on a target edge length supplied and can also omit specific surfaces or

boundaries preserving the original triangulation from the imported geometry.

A structured grid built in Pointwise [60] was used to extend the outlet domain.
This was done to reduce the overall mesh count and to facilitate accurate spanwise
averages at the stage exit. The grid had a y™ of 1. The end walls and the tip
clearance gap were explicitly resolved using 31 prism layers and had a growth rate
of 1.19 for a smooth transition to the bulk mesh. Similar meshing strategies were
used for the T700 as well as NASA Rotor 37. Views of the mesh used for the Rotor

37 validation study are shown in Figures 2.8 and 2.9.
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Figure 2.8. A 3D view of the mesh used for the Rotor 37 validation study
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Figure 2.9. Top view of the mesh used for the Rotor 37 validation study at 50% span

2.1.4 Simulation Parameters and Boundary Conditions

The RANS simulations were performed in STAR-CCM+ (v2021.1) [59]. All cases
were run three dimensional using the available coupled solver, with second order
spatial discretization. The inviscid fluxes were evaluated using Roe’s Flux-Difference
Splitting (FDS) scheme [61]. In Chapter 3, the half stage rotor only simulations
were run as steady-state calculations in the rotating frame of reference. In Chapter
4, the full stage simulations were run as unsteady calculations with implicit second
order discretization in time. The implicit scheme was chosen as it is unconditionally
stable [62]. Perfect gas air was the working fluid.

The Menter k-w SST turbulence model [63] was used for the studies. The SST
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model is a zonal two-equation turbulence model that is k-w near the wall and
transitions to a k-e model away from the wall. It employs blending functions to take
advantage of the superior performance of the k-w model in the near wall regions
and the freestream independence of the k- model in the far-field. Wall function
boundary conditions are also implemented for the SST model. Several studies have
shown that it gives more accurate predictions for transonic and turbomachinery
flows. Menter and Rumsey [64] performed a comparison study of different turbulence
models for different two dimensional transonic flows and concluded that the SST
model gave better prediction of shock locations and separation locations. Araya [65]
performed a comparison study of the different turbulence models for different
three dimensional transonic flows and concluded that the SST model provided
the most overall accurate prediction of the flow. It was also observed to be more
numerically stable compared to the other models. This was attributed to the
Shear Stress Transport (SST) formulation. This model was deemed to be more
appropriate in realistically capturing the complex turbulent structures governed
by shock-boundary layer interactions and highly separated flows as evidenced in
transonic flows. Balasubramanian et al. [66] performed a comparison study of the
turbulence models using transonic NASA Rotor 35 and found that k-w SST model
yielded more accurate predictions of the flow compared to other models.

Specific details about each set of simulations will be described in the respective
chapters. Rotationally periodic boundaries were used in order to reduce the domain
size. In both Chapters 3 and 4, a domain containing 4 rotor blades was chosen.
In this dissertation, the performance implications were analyzed at this common

allocation ratio and damage severity, to maximize elucidation of the differences
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that geometry had on flow physics and performance. The parameter space available
for exploration is vast in terms of number of blades, operating points, damage
morphologies. This choice was made such that a one-to-one exact comparison
between the performance implications of the different damages could be made.

At the inlet, radial profiles of the stagnation pressure and stagnation temperature
were specified based on information provided by GE. Inlet turbulence intensity and
length scale were specified to accommodate expected test conditions, also provided
by GE. At the outlet, hub static pressure was specified, and a simplified radial
equilibrium pressure distribution imposed. The blade and end-wall surfaces were
defined as adiabatic non-slip walls.

Averaging techniques used for the computation of stagnation temperature and

stagnation pressure are described in Appendix A.

2.1.5 Grid Independence Studies

2.1.5.1 Rotor 37

Since the method validation was performed using the data of NASA Rotor 37, a
grid independence study was performed on a single undamaged rotor blade passage
to determine an appropriate mesh for its CFD analysis. Four different meshes
namely, Coarse, Fine, Finer and Finest, in increasing order of density were run
with the same prism layer configuration at the blade surface and endwalls. All
the meshes were sub-layer resolved with a y™ = 1. The meshes were compared
based on the parameters of interest. Predicted stagnation pressure ratio, stagnation

temperature ratio, and adiabatic efficiency varied by less than 0.1% between the
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Finer and Finest. Accordingly, the meshing parameters of the Finer cell mesh were
used for the method validation study using Rotor 37 as a compromise between
accuracy and computational expense. The results of the grid independence study

are presented in Table 2.1.

Table 2.1. Results - Grid Independence Study - Rotor 37

Case Coarse Fine Finer Finest
Cell Count 0.5x 1.0x 2.0x 4x
yt 1 1 1 1

SPR/SPRjine  1.003  1.002 1.000 1.000
STR/STRjiner 1.001  1.000 1.000 1.000
10T finer 1.003  1.005 1.000 1.000
/N finer 1.002  1.004 1.000 1.000

2.1.5.2 T700

Similar to Section 2.1.5.1, a grid independence study was performed on a single
undamaged T700 rotor blade passage to determine an appropriate mesh for its CFD
analyses. Predicted stagnation pressure ratio, stagnation temperature ratio, and
adiabatic efficiency varied by less than 0.1% between the Finer and Finest meshes.
Accordingly, the meshing parameters of the Finer cell mesh for all damaged and
undamaged rotors blade and stator passages were used for this study. The results

of the grid independence study are presented in Table 2.2.

2.1.6 Target Operating Conditions

Damaged blading implies off-design compressor operation. In order to accommodate

real-world off-design operational conditions (i.e., pilot control), several consider-
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Table 2.2. Results - Grid Independence Study - T700

Case Coarse Fine Finer Finest
Cell Count 0.5x 1.0x 2.0x 4.0x
yt 1 1 1 1

SPR/SPRfine, 0.994 0.993 1.000 1.000
STR/STRfiner 0.998  0.998 1.000 1.000
MM finer 0.996 1.000 1.000 1.000
N/ finer 0.995 0.996 1.000 1.001

ations were made regarding the target conditions for the simulations with the
damaged rotor blades. The propulsion plant output power needed to be maintained
for adequate aircraft performance. So, in the T700 turboshaft application, the mass
flow rate to, and the shaft speed of, the power turbine were maintained. Hence,
for the stage with damaged blades, the target mass flow rate needed to match
that with the undamaged rotor operating on-design. Therefore, compressor shaft
speed had to be increased. In addition, the stagnation enthalpy rise across the
entire six-stage compressor (Ahg1_g) was also matched to that of the undamaged
COMPIessor.

It was also noted that the percentage of overall compressor stagnation enthalpy
rise supplied by the damaged first stage rotor was lower than the undamaged
rotor. Accordingly, since the mass flow rate and stagnation enthalpy change across
the entire compressor was assumed unchanged, the increment in rotation speed
meant that the subsequent undamaged stages of the compressor performed more
work. Hence, downstream of the damaged first stage, application of the Euler

turbomachinery equation yielded for each rotor
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Qr Av
Aho’f - Aho’iﬁfﬁ, (21)

where subscripts -;, and -y denote the initial/on-design and final/off-design condi-
tions respectively.

Additionally, as per meanline velocity triangles for these rotors, increasing the
compressor shaft speed €2 led to a change in the tangential component of the
absolute velocity (vg) at constant mass flow rate (v, remained the same) as shown

in Figure 2.10.

Figure 2.10. Velocity triangles at design point (left), off-design point (at increased )
(right)

A linear relationship between flow turning ratio (Awy ;/Avp;) and compressor
shaft speed ratio (€27/€);) for the rotors was determined through a study of a single

undamaged stage 1 rotor blade within the operational range of compressor shaft

37



1 1.01 1.02 1.03
Qy/Q

A Q . .
Y01 vs. Q—f for five selected compressor shaft speeds in range of interest

Avg’,-

Figure 2.11.
and linear fit

speed 2. This is illustrated in Figure 2.11 which plots the flow turning ratio vs.
compressor shaft speed ratio for five shaft speeds in the range of interest. Linear
regression yielded

Avgy _

1.55 + 2.55 4 (2.2)
Ave,z' B . ' Q; '

Considering the undamaged compressor, the stagnation enthalpy change across
the 5 axial and 1 centrifugal stages is given by Ahgi_¢ua and the stagnation
enthalpy change for the damaged compressor can be expressed as

Ahoi1-6 = Ahotgt + Dhoo—6 = Aho1—6und (2.3)
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Hence, the target stagnation enthalpy change for the damaged first stage rotor was

computed using Eqgs. 2.1, 2.2 and 2.3 as

Aho1tgt = Aho1-6und — —'—’Jfﬁho 2—6,und (2.4)

where in Eq. 2.4 the design intent stagnation enthalpy rise for each stage was
known /supplied from the engine manufacturer (i.e., Ahg1—6und; Aho2-6unda) and
subscripts -;, and - denote the initial /undamaged and final/damaged conditions
respectively.

In summary, for the damaged stage simulations, the rotation speed and the
outlet hub static pressure were adjusted, during iteration, such that the converged
mass flow rate matched that of the on-design mass flow rate, and the stagnation

enthalpy rise for the damaged stage satisfied Eq. 2.4.

2.2 Method Validation - NASA Rotor 37

Experimental data from T700 field tests are forthcoming, therefore the CFD
approach was validated against the well-studied NASA Rotor 37 transonic axial
compressor. Rotor 37 is a low aspect ratio inlet rotor for a core compressor. It
has 36 multiple circular-arc (MCA) blades and a design pressure ratio of 2.106
at a mass flow of 20.19 kg/sec. Rotor 37 was designed and tested by Reid and
Moore [67] as an effort to create a well-documented and highly detailed data-set for
bench-marking of CFD codes for transonic compressor applications. Subsequent
testing of Rotor 37 was pursued by Suder [68].

The same meshing and simulation approaches presented in Section 2.1.2 were
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used to analyze the rotor (here, single blade row, steady-state, relative frame of
reference simulation) at a given experimental operating point near peak efficiency,
i.e., at 98% of the experimental choked mass flow rate. Here, results are compared
to the experimental measurements of Suder [68] and the CFD results of Ameri [69]
and Bruna and Turner [70]. Table 2.3 shows a comparison of the overall performance
parameters. Stagnation pressure ratio (SPR), stagnation temperature ratio (STR)
and adiabatic efficiency (1) predictions were observed to be in very close agreement

with the experimental data and other CFD results.

Table 2.3. Rotor 37 overall performance parameters

Suder Ameri Bruna & Turner Present

m/m. 0.982 0.980 0.985 0.980
SPR 2.091 2.058 2.087 2.063
STR 1.267 1.267 1.270 1.270

Net 0.878  0.860 0.866 0.852

Figure 2.12 shows predicted contours of instantaneous relative Mach number at
70% span, illustrating the fairly complicated shock system, attendant boundary
layer interaction and wake field in this flow. As expected, a three dimensional bow
shock was observed at the leading edge which extends across the blade passage.
This results in a lambda shock - boundary layer interaction at the suction surface
of the adjacent blade. There was also some development of the wake downstream
of the rotor.

Figure 2.13 show the spanwise distribution of mass weighted STR at the outlet.
It was observed that there is good agreement between the present results and the

experiment and previous CFD efforts. The over-prediction of the STR by the CFD
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Figure 2.12. Rotor 37 instantaneous relative Mach number contours at 70% span

efforts was attributed to the outer wall thermal boundary condition. Bruna and
Turner [70] performed a separate analysis with an isothermal boundary condition,
where the shroud was set to the inlet stagnation temperature. This yielded better
predictions of the STR and adiabatic efficiency profiles at the end-walls. However,
they also stated that an isothermal boundary was not consistent with the physics
of the problem as the casing is not isothermal in real-life conditions. They rec-
ommended the use of a conjugate heat transfer approach to model the thermal

characteristics of this boundary, which is outside the scope of this dissertation.
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Figure 2.13. Rotor 37 spanwise distribution of stagnation temperature ratio at the

outlet

Figure 2.14 show the spanwise distribution of enthalpy weighted SPR at the
outlet. Again, good agreement was observed between the present results and the
experiment and previous CFD analyses. There was an over-prediction of the SPR
in the near hub region. Discrepancies between the CFD models and the experiment,
specifically in the hub region, were attributed to hub leakage. Shabbir et al. [71]
observed that hub leakage occurred through the hub clearances. The hub flow path
of the NASA Rotor 37 features non-rotating bodies both upstream and downstream
of the rotor with an axial clearance of about 0.75mm (1.8% of the rotor hub axial

chord length). This hub leakage flow was attributed to lead to the deficit in the
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stagnation pressure rise at the hub compared to the CFD analyses where the hub

leakage flow was not explicitly modeled.
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Figure 2.14. Rotor 37 spanwise distribution of stagnation pressure ratio at the outlet

Further discrepancies between the CFD models and experiments were associated
with turbulence modeling [72]. Further discussion of the Rotor 37 analysis was

beyond the scope of this dissertation.

2.2.1 Conclusion - Method Validation

The results of this method validation using Rotor 37 justified that the meshing and
modeling methods used were suitable for the parametric study of the T700 stage

conducted in Chapters 3 and 4.
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Chapter 3
Steady-State Rotor only Simula-

tions

This chapter presents the results for the steady-state simulations performed for the
first stage rotor of the axial compressor of the T700 in the rotating frame of reference.
A brief discussion of the computational domain and simulation parameters is done.
Results of the baseline undamaged T700 first stage rotor are discussed followed by

a comparison with the damaged rotor blade cases.

3.1 Computational Domain and Simulation Param-

eters

A computational domain with 4 rotor blades was considered for each case, and is
shown in Figure 3.1. The mesh at 50% span is shown in Figure 3.2. In this work,
three undamaged and one damaged blade were used for each four-blade annulus
section. This configuration was been selected to reflect realistic damage scenarios

where all the blades do not exhibit the same damage.
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Figure 3.1. A view of the computational domain for the rotor only simulation

Figure 3.2. A view of the full stage computational domain at 50% span
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The simulations were set up as discussed in Chapter 2 Section 2.1.4. In addition,

all cases were run as steady-state simulations in the rotating frame of reference.

3.2 Results

3.2.1 Undamaged Rotor

Results for the baseline undamaged T700 first stage rotor are presented first. Like
Rotor 37, this is a transonic rotor and a complicated compressible wave field arises,

as illustrated by the relative Mach number contours at 90% span shown in Figure
3.3.
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Figure 3.3. Relative Mach number contours at 90% span of the Undamaged case
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The bow shock propagated upstream on the suction side and intersected the
adjacent suction surface aft of midchord as a lambda shock which decelerated the
boundary layer there. Expansion waves/acceleration were observed on the pressure
side. Downstream of the shock-boundary-layer interaction, a weak normal shock
appeared and at this near casing location separated the pressure side boundary layer.
The shock system in the blade passage clearly gave rise to significant boundary
layer and wake thickening.

Figure 3.4 shows a front view of relative Mach number contours at x/cpu, =
0.27 downstream of the hub leading edge. The spanwise variation of the shock
location was evident. A low momentum region at the casing was induced by the

impinging shock there.
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Figure 3.4. Relative Mach number contours at (z/c)pu, = 0.27; Undamaged

47



The undamaged rotor has a tip clearance of 0.4% of span, and the tip clearance
flow was visualized in Figure 3.5 using relative frame streamlines seeded above the
blade tip. Several stream-wise cuts are shown with contours of vorticity. The tip
vortex remained confined to the near casing region as it migrated across the passage
to the adjacent blade’s pressure surface. Interactions of the vorticity associated
with the tip vortex, relative endwall rotation and blade surface boundary layers

were observed.

® (s71)
225000

187500

150000

112500

Figure 3.5. Tip clearance gap streamlines of Undamaged case with contours of vorticity
at several planes downstream

Figure 3.6 shows a top view of the same streamlines, with a 0.98 span surface
contoured by relative Mach number. In this view, the interaction of the tip vortex

with the passage shock wave was observed, which is seen to redirect and decelerate
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the vortex, observations that were consistent with the Rotor 37 studies of Yamada

et al. [73].
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Figure 3.6. Streamlines in the tip clearance gap region with contours of relative Mach
number at 98% span for the Undamaged case

3.2.2 Damaged Configurations

Here, qualitative and quantitative comparisons of the damaged configurations to the
baseline undamaged case are presented. First, the Cragged configuration, Figure
2.5, is considered. Figure 3.7 shows relative Mach number contours at 90% span.
In this figure, and all subsequent blade-to-blade representations, the bottom blade

is damaged, the upper three undamaged. Comparing the two contour plots, some
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differences were observed in the shock and boundary layer interactions, and this
was somewhat expected since there was some damage to the rotor blade along the
spanwise length of the leading edge. The slight shift downstream of the bow shock
was apparent. There was an acceleration of the flow downstream of the bow shock.

Some off-design physics was evidenced in all the four blade passages.
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Figure 3.7. Relative Mach number contours at 90% span; undamaged (left), Cragged
damage (right)

Figure 3.8 shows relative Mach number contours at 90% span for the Eroded
damage case. Here, the impact of chord loss at the leading and trailing edges was
clearly observed, and the resultant modifications to the flow field. The leading edge
and its attendant bow shock were further downstream compared to the Undamaged

case. A richer shock-expansion field arose with the second normal shock emanating
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from the pressure surface, significantly stronger than in the Undamaged case,
and impinged on the wake of the adjacent blade, farther downstream than in the
Undamaged case. Although relative Mach numbers were supersonic, the axial Mach
number did not exceed 1, so upstream influence of the Eroded passage flow arose,
leading to significant off design physics in all four of the blade passages. The wake

behind the eroded blade was small and was observed to quickly dissipate at this

’ ’ V

location.
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Figure 3.8. Relative Mach number contours at 90% span; undamaged (left), Eroded
damage (right)

Figure 3.9 shows relative Mach number contours at 90% span for the Curled
damage case. The bow shock was much stronger since the leading edge curl acted

as a much larger leading edge. A reverse flow region arose immediately downstream
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of the curl feature. The flow field within the blade passage blades was observed to
be quite complex with five distinct shocks-expansion pairs appearing. The wakes of

all four blade passages were significantly impacted.
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Figure 3.9. Relative Mach number contours at 90% span; undamaged (left), Curled
damage (right)

In Figure 3.10, relative stagnation pressure contours were plotted at (z/¢)pup =
.66 downstream of the hub leading edge for the damaged and undamaged cases. In
the undamaged blade passages, a high loss region was observed at the casing-suction
surface corner associated with the shock-tip clearance vortex physics discussed
above (Figure 3.5). A number of additional observations applied. Firstly, a low
Porer Tegion arose on the suction surface near midspan for all passages/cases. This

high loss region was due to boundary layer interaction with the adjacent blade’s
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Figure 3.10. Instantaneous relative stagnation pressure contours at (z/c¢)pus = 0.66;
Undamaged (top-left), Eroded (bottom-left), Cragged (top-right), Curled (bottom-right)

bow shock. The size and shape of this loss region was significantly impacted by the
three damaged blade geometries. The Curled tip blade in particular gave rise to
significantly larger regions of high loss adjacent to the blade surfaces in passages
on either side of the damage.

Rotor performance parameters are summarized in Table 3.1. These were defined
based on computational domain outlet and inlet boundary values. These param-
eters were normalized with the results for the Undamaged case. The averaging
techniques outlined in Appendix A were employed. Specifically, enthalpy averaged
stagnation pressure ratio (SPR), mass weighted stagnation temperature ratio (STR),
and adiabatic efficiency (based on mass weighted enthalpies) are tabulated. All
three damaged rotors exhibited significant reductions in the stagnation pressure

ratio, stagnation temperatures ratio and adiabatic efficiency. Consistent with the
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observations above, the Cragged rotor exhibited modest performance deterioration,
followed by more significant reductions for the Eroded blade, and yet more severe

impact for the Curled damage.

Table 3.1. Comparison of Overall Performance Parameters

Case Undamaged Cragged Eroded Curled
RPM/RPMypna 1.000 1.001 1.006 1.007
Ahg1 /Ahot und 1.000 0.975 0.888  0.856
SPR/SPR 4 1.000 0.981 0916  0.854
STR/SPRyna 1.000 0.995 0977  0.967
Mt/ Mt und 1.000 0.990 0.960  0.887

Figures 3.11 and 3.12 show the spanwise distributions of mass-weighted STR
and enthalpy-averaged SPR. These were normalized using the mid-span values of
the Undamaged case. A number of observations were forthcoming. The undamaged
blading exhibited a near-linear reduction in stagnation temperature from 10% span
to midspan, consistent with the roughly linear decrease in turning observed in
the normalized absolute flow angle profile shown in Figure 3.13. The STR profile
remained approximately flat from midspan to approximately 80% span and then
increased markedly to the near tip region where endwall effects manifest. These
outer span behaviors were again consistent with the absolute flow angle profile. The
SPR variation was consistent with Rotor 37 (Figure 2.14). It was observed that the
SPR decreases by about 15% from the near hub region to the near tip region. Near
the endwall, the SPR decreased significantly. The normalized adiabatic efficiency
also decreased across the span, as shown in Figure 3.14, from approximately 1.1
near the hub to 0.85 at 80% span, then dropping precipitously to near 0.4 at the

casing, this arising due to increasing M,, and shock strength with radius, tip
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clearance flow, and relative casing rotation.
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Figure 3.11. Spanwise distribution of normalized stagnation temperature ratio at the

outlet
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Figure 3.12. Spanwise distribution of normalized stagnation pressure ratio at the outlet
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Figure 3.13. Spanwise distribution of absolute flow angle at the outlet

The damaged rotor performance profiles showed generally consistent spanwise
trends with the undamaged rotor, since the physics of the damaged passage flow field
remained largely the same (boundary/operating conditions, wave fields, secondary
flows), and only one blade of every four is damaged. However, there was less work
done (SPR, STR), and increased loss (SPR and 7, ), across the entire span for all
three damage modes. Damage severity could again be rank ordered from Cragged,
which showed only modest deterioration of the four parameters considered, across
the span, followed by Eroded and Curled, which exhibited highly compromised
performance deterioration. In general, the damaged blades performed less turning,
thereby imparting lower stagnation enthalpy rise to the flow. Also, the shock,
boundary layer and wake losses were successively higher in these blades, as illustrated
above. Lastly, performance deterioration was observed to be most significant in the

outer spans where most of the damage is present.
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Figure 3.14. Spanwise distribution of normalized adiabatic efficiency at the outlet

3.2.3 Impact on SFC

In Section 2.4, a method was presented for setting appropriate operating and
boundary conditions for a damaged compressor CFD analysis, i.e., as a pilot
would operate the engine under these circumstances. Maintaining full power
with significantly reduced stage 1 compressor efficiency detrimentally impacts
overall engine SFC. Estimating this power-plant SFC reduction is of importance to
aircraft operators in that it impacts mission duration, fuel costs and off-platform
refurbishment planning.

In this case, the SFC was estimated for the complete T700 engine. In Figure
3.15, a side-view cutaway of the T700 compressor is shown.

A standard gas turbine cycle deck was written to estimate the impact of the
stage 1 rotor damage modes studied here on expected turboshaft SFC. The goal

was to have an easily adaptable/upgradable tool to assess compressor and overall
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Figure 3.15. Side cut-away view of T700 compressor section [56]

engine performance using clean and damaged blade measurements (T700/NAVAIR)
and present CFD.

For this machine, the compressor was "split" into stage 1, stages 2-5 and the
centrifugal stage, per the numbering shown in the figure. This is consistent with
stage stacking techniques used for multi-stage compressor analysis. One can easily
derive performance stacking relations for incremental stagnation pressures and
temperatures within the compressor Eqs. 3.1-3.3, leading to overall compressor

stagnation pressure and temperature ratios Eq. 3.4.

1 _
Po2a = Po2 CPRs1, Tosa = Too [1+ 777(CPR(S”1 DA )] (3.1)
1
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1 _
Po2b = Po2a CPRsa 5, Toe = Tooa [1 + nS—(CpRgYZ_ls)/v —1)] (3.2)
2-5
1 _
po3z = poay CPRsc, Toz = Toa [1+ U—(CPREJC D] (3.3)
sc
1
Pos = po2 CPR, Ty =Ty [1 + —(CPROV/ — 1) (3.4)
Te

By invoking reasonable/known assumptions for the efficiencies of the inlet,
turbine, burner, and exhaust engine sections, as well as assumptions for fuel type,
bypass ratio and free-stream Mach number (both zero here), and turbine/exhaust
specific heat ratio, one can derive an expression for SFC following [4] (for example).
The inputs to the model were the predicted or measured stage 1 stagnation pressure
ratio, C PRg, and adiabatic efficiency, ng1, and the measured, computed (or design
intent) values for the other compressor stages, CPRgy_5, CPRg3, Ns2_5, Ns3-

In Figure 3.16, predicted values of SFC, normalized by the undamaged model
value, were plotted for the four configurations. As the nature of the damage became
more severe, the normalized SFC increased as expected, to a maximum of just
over 3% increase for the curled damage blade. This was accompanied by an overall

reduction in CPR (also normalized) of 14.5% as plotted in Figure 3.17.

59



1.04

Curled

Undamaged

0.99 ‘ ‘ ' ‘ '
088 0.9 092 094 096 098 1

Stage 1 nﬁ/ntt.?m(f
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Figure 3.17. Normalized SFC vs Normalized Compressor Pressure Ratio
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Chapter 4

Unsteady Full Stage Simulations

This chapter presents the results for the unsteady simulations performed for the first
stage of the axial compressor of the T700. A brief discussion of the computational
domain and simulation parameters is performed. Results of the baseline undamaged
T700 first stage are discussed followed by a comparison with the damaged rotor
blade cases. The differences between the steady state rotor only simulations and

the unsteady full stage simulations are discussed.

4.1 Computational Domain and Simulation Param-
eters

A computational domain with 4 rotor blades and 6 stator blades was considered
for each case, and is shown in Figure 4.1. The mesh at 50% span is shown in
Figure 4.2. The ratio corresponds very closely to the integer blade-vane-count in
the T700 first stage. The ratio of 4:6 was used rather than 2:3 to enable analysis of
damage scenarios where all blades do not exhibit the same damage. In this work,

three undamaged blades and 1 damaged blade were considered for each four-blade
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Figure 4.1. A view of the full stage computational domain
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Figure 4.2. A view of the mesh for the Undamaged case at 50% span

62



The simulations were set up as in discussed in Chapter 2 Section 2.1.4. In
addition, all cases were run time accurate, using the available coupled solver, with
second order discretization in space and time. A physical timestep of 1.372107°
seconds was used, corresponding to 50 timesteps per rotor passing period. Each
simulation was run for about 4000 rotor passing periods to achieve near statistical
stationarity for the 4 rotor blade (1 damaged): 6 stator vane configurations studied.
An exactly conservative sliding interface was defined between the rotor and stator
meshes. The simulations were run in the absolute frame-of-reference, with rotor

mesh motion.

4.2 Results

4.2.1 Undamaged Stage

Results for the baseline undamaged T700 first stage are presented in a fashion
similar to Chapter 3 Section 3.2.1. Similar to the first stage rotor, a complicated
compressible wave field arose, as illustrated by the instantaneous relative Mach
number contours at 90% span shown in Figure 4.3. This and all subsequent
instantaneous visualizations were obtained at the same physical timestep (i.e.,
relative rotor-stator positions). The bow shock propagated upstream on the suction
side and intersected the adjacent suction surface aft of midchord as a lambda shock
which decelerated the boundary layer there. Expansion waves/acceleration were
observed on the pressure side. Downstream of the shock-boundary-layer interaction,

a weak normal shock appeared and at this near casing location separated the
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pressure side boundary layer. The shock system in the blade passage clearly gave
rise to significant boundary layer and wake thickening. Referring to Figure 3.3, it
was observed that the wake downstream of the rotor dissipated faster as a result of
interaction with the stator half stage. The significant wake thickening observed in

the rotor only case was not witnessed here.
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Figure 4.3. Instantaneous relative Mach number contours at 90% span of the Undamaged
case
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Figure 4.4 shows a front view of instantaneous relative Mach number contours
at (x/c)pup = 0.27 downstream of the hub leading edge. The spanwise variation of
the shock location was evident. A low momentum region at the casing was induced
by the impinging shock there.
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Figure 4.4. Instantaneous relative Mach number contours at (x/¢)pup = 0.27: Undamaged

The undamaged rotor has a tip clearance of 0.4% of span, and the tip clearance
flow was visualized in Figure 4.5, using relative frame streamlines integrated through
the time-averaged flow field. Double leakage above the adjacent blade was observed
as the tip clearance streamlines migrate across the blade passage.

Figure 4.6 shows a top view of the same streamlines, with a 0.98 span surface

contoured by time-averaged relative velocity. In both views, the interaction of the
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Figure 4.5. Tip clearance gap streamlines of Undamaged case with contours of relative
velocity at several axial planes in the passage

tip vortex with the passage shock was observed, which was seen to redirect and
decelerate the vortex. The redirected vortex structure developed as it migrated
across the blade passage and impinged at the pressure side of the adjacent blade
aft of midchord. These observations were consistent with the Rotor 37 studies of
Yamada et al. [73].

The unsteady nature in the different quantities was observed in Figure 4.7. The
spanwise distributions of the minimum and maximum value of the STR and SPR
(normalized by the mid-span value of the Undamaged case) were plotted along
with the time-averaged values. The STR profiles showed a linear decrease from
the hub to about 80% span followed by an increase towards the shroud. This was

consistent with STR profiles observed in CFD efforts for Rotor 37. The variation
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Figure 4.6. Streamlines in the tip clearance gap region with contours of relative velocity
at 98% span

in the min-max values of the STR profile was observed to increase from near hub
region (about 8%) to the tip region (about 14%). The SPR profiles showed a linear
variation between 10% span and 90% span, before it precipitously fell to a much
lower value at the shroud and tip clearance region. The variation in the min-max
values of the SPR profile remained almost consistent from 10% span to the tip

region (about 20%) with a maximum variation in the near hub region (about 30%).
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Figure 4.7. Spanwise distributions of time-averaged normalized STR (left) and normalized

SPR (right) with min-max values for the Undamaged case
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4.2.2 Damaged Configurations

A qualitative and quantitative comparison of the damaged configurations with
the baseline Undamaged case is now presented. A narrative as seen in Chapter 3
Section 3.2.2 is pursued here. The Cragged configuration shown in Figure 2.5, is
considered first. Figure 4.8 shows instantaneous relative Mach number contours at
90% span.
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Figure 4.8. Instantaneous relative Mach number contours at 90% span; Undamaged
(left), Cragged damage (right)

In this figure, and all subsequent blade-to-blade representations, the damaged
blade is labeled. Comparing the two contour plots, modest differences were observed,
and this was somewhat expected since damage to the rotor blade was confined to

the leading edge along the span. Slight differences in shock and boundary layer
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fields were observed, particularly in the passages on either side of the damaged
blade. Downstream of the bow shock on the suction side, an increased acceleration
of the flow was observed compared to the Undamaged case. Although relative Mach
numbers were supersonic, the axial Mach number did not exceed 1, so upstream
influence of the Cragged passage flow arose, leading to off-design physics in all four
of the blade passages. The wake downstream of the Cragged blade was thinner and
dissipated more quickly at this location.

Figure 4.9 shows instantaneous relative Mach number contours at 90% span for

the Eroded damage case.
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Figure 4.9. Instantaneous relative Mach number contours at 90% span; Undamaged
(left), Eroded damage (right)

Here again, the impact of chord loss at the leading and trailing edges was clearly

observed, and the resultant modifications to the flow field. The leading edge and its
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attendant bow shock were further downstream, and a richer shock-expansion field
arose. A stronger near-normal shock in the suction side passage adjacent to the
damaged blade was evident. Also, the shock emanating from the blade’s pressure
surface was significantly stronger than in the Undamaged case, and impinged on
the wake of the adjacent blade, further downstream than in the Undamaged case.
Again, off-design physics was observed in all four of the blade passages. The wake
behind the eroded blade was small and quickly dissipated at this outer span location.
Referring to Figure 3.8, it was also observed that the wakes downstream of the
rotor dissipated as a result of interaction with the stator half stage. This, in turn
led to a less complex shock field downstream of the rotor compared to the rotor
only case. A throttling effect due to wake thickening in the rotor only case where
more downstream shocks were formed was observed to be less prominent or absent
in this case.

Figure 4.10 shows instantaneous relative Mach number contours at 90% span for
the Curled damage case. Similar to the rotor only case, the bow shock was much
stronger since the leading edge curl acted as a much larger leading edge. A reverse
flow region arose immediately downstream of the curl feature. There was also
evidence of flow acceleration downstream of the bow shock, which was interpreted
as a Prandtl-Meyer expansion fan. The flow field within the damaged blade pressure
side passage was more complex, with multiple shock expansion interaction features
arising. On the suction side, much more expansion was observed. The wakes of all
four blade passages were significantly impacted.

In Figure 4.11, instantaneous relative stagnation pressure contours were plot-

ted at (z/c)pupy = .66 downstream of the hub leading edge for the damaged and
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Figure 4.10. Instantaneous relative Mach number contours at 90% span; Undamaged
(left), Curled damage (right)

undamaged cases. Observations similar to the rotor only case were made. In the
undamaged blade passages, a high loss region was observed at the casing-suction
surface corner associated with the shock-tip clearance vortex physics discussed
above (Figure 4.5). A number of additional observations applied. Firstly, a low
Po.rel Teglon arose on the suction surface near midspan for all passages/cases. This
high loss region was due to boundary layer interaction with the adjacent blade’s
bow shock. The size and shape of this loss region was significantly impacted by
all three of the damaged blade geometries. The Curled tip and Eroded blades in
particular gave rise to significantly larger regions of high loss adjacent to the blade

surfaces in passages on either side of the damage.
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Figure 4.11. Instantaneous relative stagnation pressure contours at (z/c)pu = 0.66;

Undamaged (top-left), Eroded (bottom-left), Cragged (top-right), Curled (bottom-right)

Figure 4.12 shows the tip clearance flow for the Eroded and Curled cases visual-
ized with the same viewing angle and seeding locations as Figure 4.5. Comparing
the three streamline plots, they were generally similar, however some differences
could be observed. In the Eroded case, the tip vortex remained more closely
confined to the blade, not extending all the way to the pressure side of the adjacent
blade. Unlike the Undamaged case, double leakage over the adjacent blade was not
observed. In conjunction with Figure 4.11, there was evidence of the tip vortex
developing along the shroud creating a broad region of low momentum fluid. In the
Curled case, a significantly larger tip vortex was observed, with migration across

the blade passage. Again, in conjunction with Figure 4.11, the attendant regions of
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low momentum fluid near the shroud, closer to the pressure side of the adjacent
blade were observed. There was minimal double leakage over the adjacent blade.
The streamlines for the Cragged case were not included here, since the near-tip
geometry was similar to the undamaged blade, and the streamlines were thereby

quite similar.

(vrei)mag
(m/s)

Figure 4.12. Tip clearance gap streamlines with contours of relative velocity at several
axial planes in the passage: Eroded (top), Curled (bottom)
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Stage performance parameters are summarized in Table 4.1. These were defined
based on computational domain outlet and inlet boundary values. These parameters
were normalized with the results for the Undamaged case. Specifically, enthalpy
averaged stagnation pressure ratio (SPR), mass weighted stagnation temperature
ratio (STR), and adiabatic efficiency (based on mass weighted enthalpies) are
tabulated. As discussed in Section 2.4, specifying appropriate operating conditions
for the damaged runs involved specifying a higher shaft speed and lower rotor 1
stagnation enthalpy rise, Ahg;, and these are listed as well. All three damaged
rotors exhibited significant reductions in the stagnation pressure and temperatures
ratios, and adiabatic efficiency. Consistent with the observations above, the Cragged
rotor exhibited modest performance deterioration, followed by more significant
reductions for the Curled blade, and yet more severe impact for the Eroded damage.
This differed from the rotor only simulations as the Curled case performed better

than Eroded case for the full stage simulations.

Table 4.1. Comparison of Overall Performance Parameters

Case Und. Crag. Curl. Erod.
RPM/RPMy,q, 1.000 1.001 1.003 1.004
Ahg1/Ahotuna  1.000 0.975 0.932  0.912
SPR/SPR,,g 1.000 0.981 0.949 0.932
STR/STRuna 1.000 0.995 0.987 0.983
Nt/ Net und 1.000 0.991 0.973 0.966

Figure 4.13 shows the spanwise distribution of normalized adiabatic efficiency at
an axial plane 0.34 stator axial chord downstream of the stator trailing edge plane.
All profile data were normalized using the mid-span values of the Undamaged case.

For all cases, the normalized adiabatic efficiency decreased across the span, from
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approximately 1.05 near the hub to 0.9 at 80% span, then dropped precipitously
to near 0.6 at the casing, this decrease arising due to increasing M,.; and shock

strength with radius, tip clearance flow, and relative casing rotation.
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Figure 4.13. Spanwise distribution of normalized adiabatic efficiency at the stator outlet

Figures 4.14 and 4.15 show the spanwise distributions of mass-weighted STR and
enthalpy-weighted SPR, also at an axial plane 0.34 stator axial chord downstream
of the stator trailing edge plane. Figure 4.16 shows the spanwise profile of absolute
flow angle at the rotor-stator interface. Flow angles were also referenced to the
mid-span Undamaged case. A number of observations were forthcoming. As seen
in Figure 4.14, all four cases exhibited decreased stage work and rotor turning with
span across the inner 80% span, a general characteristic of the stage design. All
three of the damaged blades gave rise to significant reductions in STR and attendant

rotor under-turning across most of the span. This re-distributive unloading was
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observed for all stages despite the damage itself being restricted to outer spans for
the Curled and Eroded blades. As seen in Figure 4.15, the stagnation pressure rise

decreased correspondingly with the increasing severity of the damage morphology.
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Figure 4.14. Spanwise distribution of normalized stagnation temperature ratio at the
stator outlet

The damaged stage performance profiles showed generally consistent spanwise
trends with the undamaged stage, since the qualitative physics of the damaged
passage flow field remain largely the same (boundary/operating conditions, wave
fields, secondary flows), and only one blade of every four was damaged in this study.
However, there was less work done and increased losses across the entire span for
all three damage modes. Damage severity was again rank ordered from Cragged,
which showed only modest deterioration of the four parameters considered, across
the span, followed by Curled and Eroded, which exhibited highly compromised

performance deterioration.
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Figure 4.15. Spanwise distribution of normalized stagnation pressure ratio at the stator
outlet
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Figure 4.16. Spanwise distribution of normalized absolute flow angle at the rotor-stator
interface
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4.2.3 Impact on SFC

The methodology to assess the impact on SFC discussed in Chapter 3, Section
3.2.3 is invoked here. Since the stator half stage does not perform any work, it was
completely appropriate to do so.

In Figure 4.17, predicted values of SFC, normalized by the undamaged model
value, were plotted for the four configurations. As the nature of the damage became
more severe, the normalized SFC increased as expected, to a maximum of just over
a 1.4% increase for the Eroded damaged stage. This was accompanied by an overall

reduction in CPR (also normalized) of 6.8% as plotted in Figure 4.18.
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Figure 4.17. Normalized SFC vs Normalized Stage 1 Adiabatic Efficiency
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Figure 4.18. Normalized SFC vs Normalized Compressor Pressure Ratio

4.3 Results Comparison - Full Stage and Half Stage

calculations

A comparison was made between the unsteady full stage simulations [74| and the
steady state rotor only simulations [75]. First, a side-by-side comparison of the flow
fields (in terms of relative Mach number contours) was made. Figure 4.19 shows
the comparison between the contours at 90% span for the Eroded case. At the
same axial location, significant differences between the shock and wake field were
observed. In the steady case, the wake behind the blade kept growing, causing

the flow between the blade passages to choke. This resulted in the formation of
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stronger normal shocks downstream of the main passage shock. In the unsteady
case, due to the rotor-stator interaction, the wake growth was limited and the shock

strength in the passage flow was diminished.

same axial location

) ,\

F 3

Figure 4.19. Comparison of relative Mach number contours at 90% span for the Eroded
case: steady rotor only (left), unsteady full stage (right)

Figure 4.20 shows the comparison between the contours at 90% span for the
Curled case. Similar observations comparable to the Eroded case were made. In
the steady case, there were multiple downstream shocks as a result of the choking

of the passage flow due to wake thickening. The differences in the wave field were

observed to be markedly starker in the Curled case, where the complexity of the
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flow field was markedly lower for the unsteady simulation.
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Figure 4.20. Comparison of relative Mach number contours at 90% span for the Curled
case: steady rotor only (left), unsteady full stage (right)

Denton [76] qualitatively described some of the loss mechanisms in turbomachin-
ery and related losses to mechanism of entropy generation. Entropy creation within
shocks is due to heat conduction and high viscous normal stresses within the shock
wave. Wakes generate additional entropy due to mixing. Koch and Smith [77] also
investigated loss mechanisms in axial compressors and concluded that shocks were
one of the four major sources of efficiency loss. The presence of additional (or even
stronger) shocks and larger wakes were a significant source of entropy and hence

performance loss as evidenced in the rotor only simulations.
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To enable a direct comparison, performance parameters extracted at the location
of the rotor-stator interface were used. The same plane was imported into the rotor
only simulations and the extracted parameters are summarized. Figures 4.21 and
4.22 show the variation of normalized STR and normalized SPR respectively for
the different cases. As expected, there was no significant difference between steady
and unsteady runs for the Undamaged and Cragged cases. There was no significant

difference in the wave field at this axial location for these two cases.
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Figure 4.21. Normalized STR at the rotor-stator interface for each case

For the Eroded case, the unsteady calculation predicted the normalized STR
and normalized SPR to be 0.46% and 1.62% higher respectively than the steady cal-
culation. This was attributed to the reduced shock strength and less complex wave
field in the blade passage, resulting in lower entropy generation and hence leading

to better performance. Similarly, for the Curled case, the unsteady calculation
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predicted the normalized STR and normalized SPR to be 1.75% and 9.51% higher
respectively than the steady calculation. This was again, attributed to the lower
entropy losses as a result of the much improved wave field in the blade passage.
The improvement in the wave field and hence the performance parameters for the
Curled case was observed to be very significant. This resulted in the unsteady
simulations predicting that the Eroded case was the worst performing damage

configuration.
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Figure 4.22. Normalized SPR at the rotor-stator interface for each case

Belamri et al. [78] performed CFD analyses of a 15-stage axial compressor pro-
totype and concluded that transient simulations predicted performance parameters
more accurately than steady-state simulations, especially for off-design conditions.
Burberi et al. [79] performed a comparison between steady and transient simulations

for an 11-stage axial compressor. They observed that the transient simulations
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predicted the design point parameters and the onset of stall more accurately than
the steady simulations. Yang and Boulanger [41] performed an unsteady analysis of
a full annulus axial fan and verified the validity and need for unsteady CFD models
compared to steady models for turbomachinery applications. The findings in this
dissertation further confirmed that unsteady full stage simulations were necessary
for better predictions of performance degradation as the inherent averaging in
steady simulations could inaccurately evaluate the role of flow interactions at the

rotor-stator interface and hence impact the overall performance parameters.
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Chapter 5
Erosion Modeling Due to Particle

Ingestion

The simulations in Chapters 3 and 4 presented results of pre-test predictions for
blades that were already damaged. This chapter aims to directly assess the impact
of particle ingestion using Lagrangian multiphase simulations. Specifically, this
chapter discusses the study of erosion modeling performed in STAR-CCM+ [59].
The methodology employed in this erosion prediction research is described. A
well-documented data set for erosion by an air-jet containing sand impinging on a
stainless steel sample was selected as a method validation case. This is due to the
lack of data sets containing quantitative erosion measurements for turbomachinery
applications. The results of the validation case are presented and conclusions are
discussed. Qualitative estimates of erosion of NASA Rotor 37 blade surface due to
sand ingestion are then presented and discussed. This is followed by an illustration
of the erosion coupled deformation methodology with a blade section of Rotor 37

spanning from 40% span to 60% span.
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5.1 Lagrangian Multiphase Simulation

The Lagrangian multiphase solver in STAR-CCM+ [59] incorporates particle-
boundary interaction and erosion models in a time accurate context [59]. In this
chapter, this combined Eulerian-Lagrangian approach was used to make qualitative
estimates of erosion at the rotor blade surface of NASA Rotor 37. A method
validation based on the results of Nguyen et al. [48] was performed to lend credibility
to these results. First, a discussion of the physics model and numerical methodology
used for erosion is presented, followed by the method validation study. Next,
qualitative predictions of erosion patterns of the NASA Rotor 37 are presented,
followed finally by an illustration of the erosion coupled surface deformation of

Rotor 37 blade section.

5.2 Description of the Method Validation Case

The method validation is described first to lend better clarity to the methodology
employed in this chapter. As there are no published data-sets available for erosion
studies in turbomachinery beyond the qualitative estimates of erosion patterns and
regions of maximum erosion, a validation case was chosen in which the data are well
documented and provides quantitative estimates for various erosion characteristics.
Nguyen et al. [48] constructed an erosion testing rig for sand-air erosion with incident
velocities up to Mach 3. They performed a study on an SUS304 stainless steel
sample in terms of the impact angle and testing time. They obtained results in terms

of erosion rate, surface profile evolution and surface micro-structure characteristics.
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For each sample tested, at a range of incident velocities, maximum erosion was
observed at an incidence angle of 40°. This was attributed to the fact that stainless
steel has a face centered cubic structure with a slip plane at an angle of 40° to 45°
increasing the likelihood of erosion. All the erosion testing was performed with
an air-jet whose inlet velocity was 200m/s. The fluid Reynolds number based on
the nozzle diameter and air velocity was 110,000 and was in the same order of
magnitude as the Rotor 37 case. This data-set had the closest air velocity compared
to the inlet of NASA Rotor 37. The sample material was SUS304 stainless steel
which has similar strength and hardness to 12 chrome steel in the AISI 400 series
(the most common material used for axial compressor blading [80]). SUS304 has a
density of 7929kg/m?® and Vicker Hardness Number of 196. The erodent particle
is sand that contains mainly aluminum oxide (AlyO3) and silica (Si0y) with an
average size of 90 mesh. A 90 mesh size corresponds to the particle size distribution
shown in Table 5.1. The sand has a density of 2400kg/m? and a hardness of 9Moh.

Sand flow rate of 1g/s was used for this study.

Table 5.1. Particle size distribution for 90 mesh sand
Radius (mm) 0.074 0.088 0.105 0.125 0.149 0.177

Mass Fraction (%) 1.25 2.95 9.25 2335 59 4.2

The 90° impact angle case was chosen for this study as the surface profile
measurements and the time evolution history of the surface were only available for
this data point. Figure 5.1 shows the surface profile measurement for the case of
the 90° impact angle after 120s of erosion.

The measured time evolution history of the surface profile for 90° impact angle
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Figure 5.1. 3D surface profilometer measurement of the sample for 90° impact angle [48|

case is shown in Figure 5.2. It was noted that the erosion rate peaked at 120s
and then decreased. This authors attributed this to strain hardening effects of the
sample material after a certain period of impaction by the erodent material. Table
5.2 provides the time history of the maximum depth for this case along with the

confidence intervals of the surface measurements involved.

Table 5.2. Maximum depth of cut for sample at 90° impact angle [48]
Time (s) 30 60 120 180 240 300
Depth of cut (um) 3445 7643 22144 238+5 276+6 35245

The technical approach to implement the erosion prediction of this validation
case is discussed next. The details of the geometry and computational domain are

discussed in Section 5.3.1.

89



0 = — — e
) - 30s -
6ls /
100 - \ /
=150
-200 ' 120s
250 180s
240s
-300
-350
-200 pmy) 300s

Figure 5.2. Surface profile evolution history of the sample for 90° impact angle [48]

5.3 Technical Approach

A combined Eulerian-Lagrangian approach was used for these studies. Specifically,
the fluid phase was solved using the Eulerian approach and the particle (solid)
phase was solved using the Langrangian approach in STAR-CCM+ [59].

This work aimed to improve upon the methodology pursued by Lopez et al. [50],
Duarte and de Souza [53] and Agrawal et al. [52]. In these three works, they
pursued different versions of a combined Eulerian-Lagrangian simulation of particle
ingestion into the fluid flow, followed by a time-averaged erosion calculation. The
computed erosion field was coupled with a moving mesh deformation algorithm in
the respective studies to produce deformed geometries after pre-set time intervals.
This was done to take into account the multiple time scale nature of the erosion

process.
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In this study, firstly, the fluid flow (continuous phase) was solved using an
unsteady RANS approach, while keeping the Lagrangian solver inactive. Once
the fluid flow had achieved statistical stationarity, the particles (dispersed phase)
were injected into the domain via the inlet after turning on the Lagrangian solver.
The time-scales involved in erosion phenomena vary greatly in terms of order of
magnitude. In this unsteady phenomenon, the continuous phase achieves statistical
stationarity orders of magnitude sooner than the dispersed phase and its impact
on the boundaries. The fluid phase may become statistically stationary in a matter
of milli-seconds while the deformation due to erosion will only be significant at a
much later time. This required special treatment where multiple scales of time
were considered. Hence, the erosion field was calculated, and a time-scaling factor
was utilized in order to save computational time and expense. In order to take
into account, the stochastic effect due to Lagrangian nature of the particle paths,
several realizations of the simulation were run. An ensemble average of the time-
averaged erosion deformation was computed and was used to create the deformed
geometry at different erosion steps after considering the time-scaling factor for
erosion. This averaged surface profile was smoothed using a smoothing algorithm
in MATLAB and was used to creat a new deformed geometry in SolidWorks |57,
followed by its re-integration in STAR-CCM+ [59]. Using this deformed geometry,
the methodology was repeated until the desired time of erosion was achieved. The
algorithm employed is illustrated in the flow-chart shown in Figure 5.3. At was
the time-step used to solve the fluid phase and the dispersed phase until statistical
stationarity was achieved in both the fluid flow and the time-averaged erosion flux.

The computed erosion displacement was then multiplied by a time scale factor 7 to
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obtain the erosion deformation. The steps were repeated until the end-time T4
of the erosion study. For the validation case, At was 0.00001s. The time scale
factor 7 was either 30 or 60 since the erosion is accelerated to times of 30s, 60s and

subsequently 120s in this study. The end time 7,,4 was 120s for the erosion study.

Step 1:
Solve for the fluid flow —
(continuous phase) using Eulerian Step 2.1:

approach, using unsteady RANS Tllle LMP solver con.llputes the
. . instantaneous erosion flux
with a time-step At

(kg/m2-s) at the boundaries

¥ ]

phase) using Lagrangian
Multiphase (LMP) solver until
statistical stationarity in erosion

computed and is converted into
erosion displacement per second by
division with wall material density

Step 2: Step 2.2:
Solve for the particles (dispersed The time-averaged erosion flux is

.4

\ 4

Step 3:

Multiple instances of the
simulation are run and an ensemble
average of the erosion deformation

of the boundaries is computed

Step 2.3:

The erosion displacement is
multiplied by a time-scale factor to
obtain the deformation at a certain

time-interval T

3

Step 4:
Update the geometry to obtain
eroded geometry, re-mesh the
domain

Step 5:

Repeat Steps 1-4 until the desired
end of erosion study time T

Figure 5.3. Flowchart of the methodology employed for the erosion studies



5.3.1 Computational Domain and Boundary Conditions

The CFD domain for simulating the experiment by Nguyen et al. [48] is shown
in Figure 5.4. The nozzle had a diameter of 8mm and extended for a length of
43.50mm. The nozzle exit had a stand-off distance of 12.40mm from the sample
surface. The sample had the dimensions of 25mm x 25mm x 5mm. The nozzle inlet
was set as a velocity inlet with a uniform velocity of 200m/s. The nozzle bore was
considered to be an adiabatic smooth wall. The sample surface was also set as an
adiabatic smooth wall with the impact erosion model activated. The rest of the

surfaces were set as an outlet boundary.
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Figure 5.4. CFD domain for the method validation case
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5.3.2 Meshing Strategy

The automated mesher in STAR-CCM+ [59] was used to create an unstructured
polyhedral mesh with prism layers along the nozzle bore and the sample surface.
Further refinement of the mesh was performed along the region of the turbulent
air-jet. The mesh was also refined along the surface of the sample. The refinements
in the region of interest enabled the optimization of the mesh size, which in turn
reduced the computational cost. In the regions far from the turbulent jet or the
sample, the mesh was set to be coarse as there were no sharp gradients in the flow.

Views of the mesh used for the method validation case are shown in Figure 5.5.

Figure 5.5. CFD domain for the method validation case
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5.3.3 Eulerian Modeling of Fluid Phase

The fluid phase was modeled using an Eulerian approach. The RANS solver of
STAR-CCM+ [59] was used. All the simulation runs were performed with the
coupled solver with second order discretization in space and time. They were run
as using the implicit unsteady solver with a time-step of 0.00001s. The choice of
time-step is explained in the next section. Perfect gas air was used as the continuous

phase. The Menter-k-w SST turbulence model [63] was used.

5.3.4 Lagrangian Modeling of Particle Phase

The dispersed phase was modeled using a Lagrangian approach. In STAR-CCM-+
[59], this approach involves the description of particles in terms of elements known
as parcels. A parcel refers to a collection of particles being tracked by the solver. A
parcel is a discretization of the population of the dispersed phase in the same way
as cells are a discretization of the continuous phase. The distribution of particles
within the parcel are not provided by the solver. The state of each parcel after
injection is tracked in terms of parcel centroid location and parcel velocity using a
first order tracking integration scheme with respect to time. The maximum particle
velocity was about 200m/s and will be discussed in Section 5.4.1. The time-step of
0.00001s was chosen such that the particle traversed a maximum of 2mm at every
time-step enabling a compromise between accurate tracking of its particle path
and making the computation very expensive. At every time-step of an unsteady
simulation, the solver recorded the centroid location and the velocity of the parcel.

Figure 5.6 illustrates an example of a parcel in STAR-CCM+ [59] as well as its
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interaction with the wall.
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Figure 5.6. Definition of a parcel and its interaction with the wall [59]

Once the particles were injected into the domain, the behavior of the dispersed
phase was governed by a series of sub-models associated with this approach. The
particles were considered to be of constant density and inert, i.e., they do not react
with the flow. Since the continuous phase was turbulent, a turbulent dispersion
model was activated to account for the randomness due to the interaction of the
particles with the velocity field, resulting in statistically meaningful results. The
continuous and dispersed phases were two-way coupled in the mass and momentum
equations. Coupling of the energy equations was not required as the particles were
considered to be non-reactive and did not have any heat transfer characteristics
associated with them. In addition, drag force as well as erosion models were
incorporated into these studies and explained further in the coming sub-sections.

The Discrete Element Model (DEM), described below, was used to model the
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interaction between the particles in the flow.

5.3.5 Force Models

The conservation equation of momentum for a particle in the Lagrangian framework
as per the STAR-CCM+ user manual are presented here [59]. The rate of change in
momentum is balanced by the body and surface forces acting on the particle. The

momentum conservation equation for a particle of mass m, is given by Equation

5.2

d
mp%:Fg—i-FB (51)

where v, denotes the instantaneous particle velocity, Fy is the resultant of the
forces that act on the surface of the particle, and Fj is the resultant of the body
forces. The Froude number based on the fluid velocity and characteristic length
scales was very large for the cases discussed in this chapter. The effect of gravity
and thereby buoyancy were therefore negligible. Also, there were no electrostatic

or electromagnetic forces involved. The surface forces are further decomposed into:

Fs=Fp+ F,+ F,, (5.2)

where Fp is the drag force, F}, is the pressure gradient force and F,,, is the virtual
mass force.
The drag force is the greatest force acting per unit mass of the particle. The

definition of the drag force Fp is given by Equation 5.3:
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1
Fp = §C’DpAp|vs|vs (5.3)

where Cp is the drag coefficient of the particle, p is the density of the continuous
phase, v is the particle slip velocity (i.e. the difference between the instantaneous
velocities of the particle and the continuous phase v — v,) and A, is the projected
area of the particle.

The drag coefficient is dependent on the small-scale flow features around the
individual particles and was not explicitly resolved and was modeled. The Schiller-
Neumann correlation [81] was selected as it is suitable for small, non-reactive
particles in viscous flow. The formulation for C'p in terms of the particle Reynolds

number Re, is given by Equations 5.4 and 5.5:

;—jp(l + 0.15Re)%")  Re, < 10°

0.44 Re, > 103

s|d
Re, = '0|UT|p (5.5)

where where d, is the particle diameter, p is the dynamic viscosity.

The virtual mass force F,,, is a reaction force exerted on a moving particle by
the surrounding fluid, as fluid accelerates to occupy the empty space the particle
leaves behind [82]. This is an optional model and is negligible for particle-gas flows.
This force affects the particle motion and determines the particle track and is given

by the Equation 5.6:

98



Dv dv
va = Cvmpvp(ﬁ — d_tp) (56)

where C,,, is the virtual mass coefficient. The default value of 0.5 is used for this
study.
The pressure gradient force F), is the force due to pressure gradients in the flow

and is given Equation 5.7:

FP = _%Vpstatic (57)

where V), is the volume of the particle and Vpgs. is the gradient of pressure in
the continuous phase.

Discrete Element Model (DEM) is an extension of the Lagrangian model. The
DEM solver was activated to model the inter-particle forces as a result of particle
to particle collision that is encountered in these flows. This is done by including
a contact force Fo term in the momentum conservation equation of the particles.
The contact force between the parcels is dependent on the area of the contact plane

between them.

5.3.6 Particle Injection

The surface injector option was utilized for this study. The surface injector enabled
the uniform injection of particles at the inlet. The surface injector allowed the
specification of number of injection points at the surface using an injection point
density parameter defined in terms of injection points per unit area. It also allowed

for the randomization of injection sites as well as time-randomization which further

99



enhanced the random, i.e., realistic, nature of particle injection in addition to the
turbulence. Mass flow rate of the particle phase was specified along with these
injector options and ensured that the required mass flow rate of particles is injected

into the flow.

5.3.7 Erosion Models

Several erosion models are available in literature for the modeling of impact wear
due to particle incidence on different materials. These are empirical models devised
as per the conditions studied in each set of experiments leading to the corresponding
model. The general correlation of erosion rate which has been established empirically

[83] [84] is given by Equation 5.8 shown below:

E = M,KF(§)u" (5.8)

where, E is the weight loss of the target material, M, is the total mass of particles
hitting the target material, v, is the particle impact velocity, ¢ is the particle
impact angle, K and n are constants that depend upon the physical characteristics
of the combinations of materials used for the empirical study and F'() is an angle
function describing the dependence of erosion on the particle incidence angle.
The variables M, v, and 6 are computed by the Lagrangian solver, while the
constants K and n are dependent on the impact wear model selected. There are
several models available in literature for the combinations of gaseous continuous
phase and solid dispersed phase, namely, Oka [85], [86] and [87], DNV (88|, Zhang [89]

and Mansouri [49]. All the models are empirical in nature based on fitting the data-
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sets produced in the respective studies. The models are based on the volumetric
erosion rate (mm?/kg) i.e. the volume of the eroded material removed mm? per
the amount of erodent material (kg) incident upon the sample studied. It might
be noted, in erosion literature, the "rate" is not a time rate of change as normally
defined in fluid mechanics and CFD applications. The results are typically reported
as the volume of the eroded material lost per mass of erodent particle incident over
a given time duration.

A numerical study on erosion model selection was performed by Weng and
Cao [90] in the case of a pipe bend with gas-solid flow. The DNV model was found
to be most accurate for the erosion characterization in the study. They observed
good agreement between the predictions and the experimental data. The other
models either over-predicted or under-predicted the erosion. A study of the different
models for the method validation effort in this dissertation showed that all the
models besides the DNV model resulted in over-prediction to the tune of several
orders of magnitude. The results are shown in Table 5.3. The exact values are not
presented here since the study of suitability of the erosion models was performed

on a single realization of the simulation run for each case.

Table 5.3. Erosion Model Comparison
Model Maximum Depth of Cut (um)

Experiment 34+5
DNV 32
Oka Over-prediction by O(10!)
Zhang Over-prediction by O(10?)

Mansouri Overprediction by O(10%)

The DNV model was selected for this study. The model of impact erosion
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was described in detail in [88]. Haugen et al. [88] performed an empirical study
considering erosion in choke valves used in the oil and gas industry. A total of 28
different materials including standard steel grades, solid tungsten carbide materials,
coatings and ceramics were tested under various impact angles and velocities of
sand particles, and examined for erosion characteristics. The test results were used
to determine an empirical model in terms of Equation 5.8. The impact angle (22.5°
and 90°) and impact velocity (20m/s-200m/s) were varied to determine K and n
for each material. F(6) for all materials was determined through the study and is

given by Equation 5.9 as shown below:

F(6) = Z(—l)(””flz(@) (5.9)

where the constants A;s are given in Table 5.4.

Table 5.4. Values of A; in angle function F'(#) in DNV model [88|
Ay Ay As Ay As Ag Az As
9.370 42.295 110.864 175.804 170.137 98.298 31.211 4.170

The chosen parameters K and n for the sand and steel combination were 2.0210~°

and 2.6 respectively.

5.3.8 Coefficients of Restitution

The coefficients of restitution (tangential (CoRy4ng) and normal (CoR,.m)) dictate
the magnitude of the rebound velocity for the parcels. This is governed by the
momentum transfer occurring as a result of the interaction of the parcels with solid

boundaries, which in turn affects the erosion behavior. Appropriate modeling of

102



these coefficients is necessary for accurate prediction of the erosion of the boundary.
Several efforts have been made to model these coefficients. Grant and Tabakoff [91]
devised a formulation for the coefficients of restitution based on their computational
study into the prediction of erosion patterns in turbomachinery due to sand ingestion.
They were based on a polynomial fit of their data and are dependent on the particle

incidence angle () in degrees. The coeflicients of restitution are given in Equations

5.10 and 5.11.
CoRyporm = 0.993 — 0.03076 + 0.0004756% — 0.000002616° (5.10)
CoRtang = 0.988 — 0.02906 + 0.0006436* — 0.000003566° (5.11)

5.3.9 Grid Independence Study

Since the method validation was performed using the data from Nguyen et al. [48],
a grid independence study was performed for the case of 30s of erosion at an impact
angle of 90°. Three different meshes namely, Grid 1, Grid2 and Grid3 in increasing
order of mesh density were run. For each of the meshes, the methodology described
in the previous sections were employed where several realizations were run, and the
ensemble average of the time-averaged erosion was computed. Grid 1 over-predicted
the maximum depth of cut compared to Grids 2 and 3, but the surface profiles were
generally same in terms of their shape. There were no significant differences between
the predicted eroded surface profiles and the maximum depth of cut and profiles

for Grid2 and Grid3 as shown in Figure 5.7. Accordingly, the meshing parameters

103



of Grid2 mesh were used for the method validation study as a compromise between
computational expense and accuracy. The results of the grid independence study

are presented in Table 5.5.

Surface Profile - Comparision at 30s of Erosion
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Figure 5.7. Surface profiles of the sample at 30s of erosion for the different grids

Table 5.5. Results - Grid Independence Study - Validation Case

Case Cells  Maximum depth of cut (un)
Experiment ~ NA 3445

Gridl 131258 37

Grid2 169496 32

Grid3 270497 32
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5.4 Results

The results of the method validation case are presented first and discussed. This is

followed by the results of the erosion studies for the NASA Rotor 37.

5.4.1 Method Validation Case

The results of the CFD simulations for the erosion study for the validation case are
discussed here. The technical approach was discussed in Section 5.3. The results
of the validation case are presented in terms of flow field, surface profiles, surface
contours and maximum depth of erosion cut at different time intervals defined in
the experimental case by Nguyen et al. [48].

The velocity magnitude contours of the fluid phase are shown in Figure 5.8.
There was acceleration of the flow as the boundary layer growth resulted in a
convergent nozzle effect. As expected, the turbulent jet expanded and formed an
entrainment region and impinged on the sample surface. A stagnation region was
formed close to the center of the sample.

The velocity vectors for the different phases are shown in Figure 5.9. As
expected, the particle vectors closely followed the streamlines of the air jet until
impact at the sample surface. After the impact, the particles scattered outwards.
The particles in the experiment were injected at 200m/s. The particles were
observed to have a maximum velocity of about 203m/s at impact. Nguyen et
al. [48] did not perform any particle velocity measurements at the exit of the nozzle

or any other cross-section. Hence, the particle velocity could not be verified.

105



Velocity magnitude
(m/s)
225

200
175
150
125

1o

¥

b,

Figure 5.8. Mid-section view of velocity magnitude contours of the fluid phase

It must be noted that the surface profile data were discrete as the data were
extracted from the unstructured surface mesh of the sample and hence a blending
contour style was used. Figure 5.10 shows the time-averaged eroded surface depth
contours of a single realization. The contours were observed to be not fully
axisymmetric. The patchiness in the erosion was attributed to the stochastic nature
of the model. The particle paths were observed to be affected by the randomness

of the Lagrangian particle paths in the flow. The randomization options within
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Figure 5.9. Mid-section view of the velocity vectors: fluid phase (left), particle phase

(right)
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Figure 5.10. Sample surface contours of time-averaged eroded depth at 30s of erosion
for a single realization
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the surface injector also enabled this observation and reflected real world scenario
where the particles are not uniformly distributed within the flow. This necessitated
the need for ensemble averaging to produce statistically meaningful results.

In order to enable a direct comparison to the surface profile data in Figure 5.2,
the cylindrical average at different radial locations from the sample mid-point was
taken. Then, the ensemble average was computed from the data obtained from
various realizations of the time-averaged results. Figures 5.11 and 5.12 illustrate
the ensemble averaged surface profiles for different number of realizations.

Ensemble 1 consisted of 2 realizations, Ensemble 2 of 3 realizations and so on. 10
realizations were used for the ensemble averaging and was deemed to be sufficient for
the averaging since there were no perceptible differences in the ensemble averaged

surface profile after 6 realizations were used.

T

T
—s— Experiment
—+— CFD-Ensemblel

CFD-Ensemble2
—+— CFD-Ensemble3
—+— CFD-Ensemble4
CFD-Ensembles

X (mm)

Figure 5.11. Comparison of ensemble averaged surface profiles using 2 to 6 realizations
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Figure 5.12. Comparison of ensemble averaged surface profiles using 6 to 10 realizations

Figure 5.13 shows the ensemble averaged surface profile of the sample surface
after 30s of simulated erosion. It was seen that there was good agreement between
the experimental and CFD results. The CFD results were observed to be within
the measurement uncertainty of the experimental results.

As a result of the cylindrical averaging, the CFD results were enforced to be
symmetric about the nozzle axis unlike the experimental results as shown in Figure
5.2. It must be noted the experimental results for other times at 60s, 120s, 240s
and 300s were symmetric. The shift in the center point of the experimental surface
profile measurements at times at 30s and 180s could be attributed to measurement
uncertainties of the surface profilometry. The maximum depth of cut of the CFD
results were within the uncertainty limits of the experimental results and was almost

94% of the experimental value. The CFD surface profile was almost Gaussian and
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Figure 5.13. Comparison of ensemble averaged sample surface profile at 30s of erosion

had a similar slope as the experimental results. Figure 5.14 shows the ensemble

averaged surface contours of the eroded surface depth at 30s of erosion. The eroded

surface depth profile was in good agreement with the contours shown in Figure 5.1.

Figures 5.15 and 5.16 show the surface profile of the sample surface after 60s and

120s of simulated erosion. Unlike the 30s case, there was severe under-prediction in

the predicted erosion depth. In the 60s case, the maximum erosion depth was about

14% less than the experimental results. In the 120s case, the maximum erosion

depth was about 55% less than the experimental results.

It was noted that there was no significant change in the flow field. The maxi-
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Figure 5.14. Ensemble averaged sample surface contours of eroded depth at 30s of
erosion

mum depth of cut in the experimental case was 221um i.e., 0.221mm, which was
insufficient to cause any appreciable changes in the flow. This observation was a
direct result of the formulation of the erosion models. A closer look at the main
erosion model Equation 5.8 showed that the models do not have a time-varying
variable which could have explained the time variation in the erosion rate seen in
the experimental results.

Figure 5.17 shows comparison of the maximum depth of cut for the 90° impact
angle case between the experimental and CFD results. The CFD results at 180s,

240s and 300s were obtained as a result of linear extrapolation.
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Figure 5.16. Comparison of ensemble averaged sample surface profile at 120s of erosion
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Figure 5.17. Comparison of time evolution history of maximum depth of cut of the
sample surface

It was observed that the erosion rate initially increased between 30s and 120s
and then decreased between 120s and 180s and then increased beyond 180s. This
was attributed to the physical process of strain hardening of the sample material,
which is a time-varying phenomenon. This time dependence of the erosion rate
has not been taken into account by any existing erosion models available. This
pointed to the need for an erosion model that could sufficiently capture the time
varying nature of erosion while being rooted in the physics associated with erosion,
particularly the mechanisms involved in material removal when particle impaction

occurs.
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5.4.2 Erosion Characterization of NASA Rotor 37 Blade Sur-
face

The method validation case showed that STAR-CCM+ [59] could be a useful
tool for qualitative estimates of erosion in terms of erosion patterns. Hence, a
qualitative study of damage due to erosion was performed using the NASA Rotor
37 configuration. As discussed in Chapter 2, NASA Rotor 37 is a well-studied axial
compressor transonic stage. In this section, the results for the qualitative estimates
of blade surface erosion patterns are presented.

The technical approach discussed in Section 5.3 was utilized with some modifi-
cations. Firstly, since the aim was to perform a qualitative estimate, a steady-state
analysis was performed. The algorithm in Section 5.3.1 was not utilized as the time
evolution history of erosion was not computed. Secondly, the meshing strategy,
computational domain and boundary conditions outlined in Chapter 2 were utilized.
Finally, to simulate realistic particle ingestion for turbomachinery applications, the
injected particles were considered as per the specifications found in the work by
Ghenaiet et al. [16]. The particle distribution studied by Ghenaiet was representa-
tive of the typical particles ingested by aero-engines. The particles mainly consisted
of silica sand (0 - 1000pm), which is commonly used for gas turbine erosion testing
according to US Army specifications MIL-E-5007E [92]. The injected particles
consisted of sand of density 2600kg/m?® and the cumulative distribution of the
particle size is given in Figure 5.18. The mass flow rate of ingested particle was
specified to be 0.2g/s, which corresponded to a medium particle concentration.

The flow field and other characteristics of NASA Rotor 37 were discussed in
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Figure 5.18. Cumulative distribution of sand particle size as per MIL-E-5007E [92]

detail in Section 2.2. The results of the erosion study are presented here. Figures
5.19 and 5.20 show the predicted erosion patterns on the pressure side and the
suction side respectively of the Rotor 37 blade surface. The surfaces were contoured
with the erosion flux for making a qualitative assessment of the erosion impact.
The contours were graded on a logarithmic scale.

The patchiness of the erosion patterns was ascribed to the stochastic nature of
the Lagrangian particle model. This was expected as a result of the large number
of particles and the randomness of the particles paths. This was also observed in
the results of the method validation case described in Section 5.4.1. Specifically,
the erosion flux was computed at the surface where particle impact had taken place
and the steady-state erosion pattern was obtained. As expected, the erosion was
observed to be more significant on the pressure side than the suction side. On the

pressure side, maximum erosion was observed at the hub and the tip clearance
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Figure 5.19. Surface erosion patterns on blade pressure side of NASA Rotor 37

region and differed from the rest of the surface by several orders of magnitude.
Due to centrifugal forces, the particles move outward radially. The tip clearance
flow from the pressure side to the suction side caused the increased erosion in the
tip clearance region of the pressure side as it carried the particles with it. These
observations were consistent with Yamada and Suzuki [73]. The difference in the
erosion impact between the pressure side and the suction side was attributed to the
high incidence angles of particles on the pressure side leading to more erosion there.

Figure 5.21 shows the leading edge and trailing edge regions of the NASA Rotor

37 blade surface. Again, as expected, the erosion damage was mostly observed
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Figure 5.20. Surface erosion patterns on blade suction side of NASA Rotor 37

along the complete span (hub to shroud) of the leading edge region as it bore the
brunt of the incoming particles. In the trailing edge region, the particle impaction
was observed to be considerably lower, leading to reduced erosion.

Figure 5.22 shows the shroud and hub regions of the NASA Rotor 37. Again,
as expected, the erosion damage was mostly observed on the shroud compared to
the hub. This was due to the fact that the centrifugal forces acting on the particles
forces them to move radially outwards resulting in increased impaction on the

shroud surface.
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Figure 5.21. A close up view of surface erosion patterns on leading (left) and trailing
(right) edges of NASA Rotor 37

The quantitative analysis of predicting erosion depth was not pursued for this
case as validation data were not available and the method validation case illustrated
that predictions might not be accurate due to lack of an adequately physics-rich
erosion model. The qualitative estimates of erosion patterns were predicted and
there was good agreement with previous studies. However, as evidenced by the
method validation case as well, there is a need for a time dependent erosion

model that can accurately and more importantly quantitatively predict erosion
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Figure 5.22. A close up view of surface erosion patterns on the shroud (left) and hub
(right) of NASA Rotor 37

depth and hence the eroded surface. An improved erosion model in conjunction
with the algorithm outlined earlier in this chapter would be required to make
accurate quantitative predictions for erosion damage for axial compressors that

ingest particles.

5.4.3 Erosion Coupled Deformation of NASA Rotor 37 Blade
Surface

An illustration of the erosion coupled deformation of the NASA Rotor 37 blade
surface is discussed in this section. For this illustrative study, the simulation
parameters from Section 5.4.2 were used. The study was limited to the blade spans
ranging from 40% span to 60% span. Figure 5.23 shows the erosion patterns on the

pressure and suction sides of the blade and were consistent with the observations
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in the previous section. Figure 5.24 shows the erosion patterns on the leading
and trailing edge regions of the blade and were observed to be consistent with the
findings in the previous section, where the leading edge region was more damaged

than the trailing edge.
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40%
Figure 5.23. Surface erosion patterns on the section of Rotor 37, pressure side (top),
suction side (bottom)

The erosion was computed in terms of wear depth per second and multiplied
by a factor of 60 in order to simulate erosion at 60s. This erosion displacement
was input into the Surface Morphing algorithm available in STAR-CCM+ [59].
Figure 5.25 shows the pressure side leading edge of the blade before and after
the damage computation. The surface deformation was minimal (in the order of
micrometers or less) as expected after 60s of simulated erosion. The difference is
almost imperceptible in the figure. However, a close examination of the leading
edge region showed differences in the surface indicated by the differences in the

surface edges. A comparison of the domain volume before and after the surface
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Figure 5.24. Surface erosion patterns on the section of Rotor 37, leading edge (left),
trailing edge (right)

morphing showed that the volume increased by 0.0003% indicating that the rotor
blade surface had been eroded. It was noted that these results were only illustrative
of the effectiveness of the methodology described in this chapter and did not provide
quantitative estimates of the erosion damage. With the inclusion of a time varying
erosion model validated for erosion of axial compressor blades, the methodology
outlined in this dissertation could prove to be an effective tool in erosion prediction

and thereby provide performance assessment of these machines.
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Figure 5.25. Pressure side leading edge of Rotor 37, before damage (top), after damage
(bottom)
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Chapter 6

Summary and Future Work

This chapter provides a summary of the research undertaken, research contributions

and conclusions, and the scope of future work.

6.1 Summary

In Chapter 1, the background and motivation behind this dissertation was discussed.
Ingestion of particulate matter into gas turbine engines has a particularly damaging
effect on the front stages of the axial compressor leading to performance degradation,
which in turn affects the overall engine performance, fuel consumption, maintenance
issues and standby military readiness. The application of CFD along with high
performance computing resources and the incorporation of real and fabricated
geometries enabled the work presented in this dissertation.

In Chapter 2, the general methodology employed for the different CFD studies
using STAR-CCM+ [59] was discussed. The meshing strategy and simulation
parameters were presented. Grid independence studies were performed to determine

the appropriate meshes for the CFD analyses of the NASA Rotor 37 and T700
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first stage respectively. The target operating conditions that conform to real life
damage protocols were devised and presented. The methodology was validated
using NASA Rotor 37 as a test case.

In Chapter 3, steady-state simulation studies for 4 cases (one undamaged and
three damaged) of a rotor only configuration were performed to model the effects
of ballistic airfoil damage on axial compressor blading. The results were presented
in terms of compressible wave field and secondary /tip flows, spanwise performance
parameter distributions and efficiency. A simple scheme to estimate the effect of
rotor damage on overall engine SFC was presented. The results enabled the rank
ordering of the various damage modes in terms of expected impact on compressor
and engine performance.

In Chapter 4, the results for unsteady full stage simulation studies performed for
the 4 cases (one undamaged and three damaged) were presented. The results were
also presented in terms of compressible wave field and secondary/tip flows, spanwise
performance parameter distributions, efficiency and impact on SFC. The different
damage modes were again classified according to impact on overall performance
parameters. A comparison was made between the steady-state rotor only simulations
and the unsteady full stage simulations. It was found that modifications of the flow
field due to rotor-stator interaction in the unsteady simulations led to significant
change in predictions of performance degradation for the damaged cases.

In Chapter 5, an improved combined Fulerian-Lagrangian methodology was
devised to compute the deformation of geometry due to impact erosion. A method
validation case using sand in air-jet was performed. The results and conclusions

were discussed. A qualitative analysis of erosion for NASA Rotor 37 blade surface
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was performed and discussed. A time dependent erosion model is required for
making accurate quantitative predictions of erosion damage. An illustration of the
erosion coupled surface deformation in STAR-CCM+ [59] of the Rotor 37 blade

was discussed.

6.2 Original Contributions of this Dissertation

1. In this work, a thermoplastic Additive Manufacturing (AM) methodology
was employed to build a number of baseline undamaged rotor blades, and
then heat and tooling treatments were applied to obtain the several ballistic
compressor blade damaged geometries, which were then optically scanned
and incorporated into sublayer resolved RANS analyses. Specifically, the
local aerodynamic and attendant performance implications of representative
geometric models of three of these modes were studied — ballistically ben-
t/curved leading edges, spanwise cragged erosion of leading edges, and eroded
leading /tailing edges at outer spanwise locations. This new approach for
blade damage assessment enabled steady and unsteady models to study the
impact of damaged blades on compressor performance without relying on
experimental data, which are expensive to obtain, often unreliable in terms of
timeline and lack the richness in detail that CFD data provide. The damaged
geometries were requested by and sent to NAVAIR for their inclusion in their

upcoming experimental study.

2. Target conditions for running the simulation of damaged axial compressor

configurations were presented which reflect real life operational scenarios. This
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involved quasi-1D compressor meanline velocity triangle perturbation studies
and the application of the Euler turbomachinery equation. For the damaged
stage simulations, the rotation speed and the outlet hub static pressure were
adjusted, during iteration, such that the converged mass flow rate matched
that of the on-design mass flow rate, and the stagnation enthalpy rise for the

damaged stage satisfies the derived target condition.

3. The transonic first stage of the axial compressor of the GE T700-401C was
studied for the first time. The methodology was validated using the experi-
mental data of the well-documented case of the transonic NASA Rotor 37.
Steady-state simulations of the rotor only configuration yielded results in
terms of flow field, spanwise distributions of performance parameters and
impact on compressor pressure ratio and engine SFC. These analyses provided,
for the first time, the local physics and performance degradation mechanisms,
associated with several damage modes. An approach was developed to incor-
porate the effects of damage in first stage rotor blading into overall engine
performance assessment. Unsteady full stage simulations of the T700 first
stage were also performed for the first time. Specifically, full rotor-stator
analyses were carried out. In both sets of simulations, the different damage
morphologies were rank ordered based on their impact on the overall perfor-
mance parameters. The differences in steady-state and transient simulations
for the T700 first stage were discussed, providing future workers important

guidance, and how to approach these models.

4. A combined Eulerian-Lagrangian methodology, used to evaluate the impact
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of erosion due to sand particles impaction with improvements based on CFD
principles, was devised and implemented in STAR-CCM+- [59] for the first
time. The time-averaged erosion field was computed and an ensemble average
of the eroded surface profile of several instances was taken to account for the
stochastic effect of turbulence on the particle paths. Method validation using
a well-documented case of an air jet containing sand particles impinging on a
stainless steel sample was pursued and the results and the conclusions were
discussed. In addition, a qualitative analysis of the erosion characteristics of
NASA Rotor 37 blade surface due to sand ingestion was studied in STAR-
CCM+ [59] and the results were presented in terms of erosion patterns and
discussed. An illustration of the erosion coupled surface deformation in
STAR-CCM+ [59] of the Rotor 37 blade was performed and discussed for the

first time.

6.3 Scope for Future Work

There are many possible future directions for this research. There are mainly four
recommendations for future work that can be pursued to build up on the research

provided in this dissertation.

1. Perform CFD simulations for the full annulus of the compressor of the T700
including the intake geometries as well as the 5 axial compressor stages and
the single centrifugal compressor stage and compare it to soon to be available

experimental data for validation.

127



2. Perform CFD simulation of the T700 with scanned geometries of actual
damaged blades from the experimental run at NAVAIR using the methodology

outlined in this dissertation.

3. Collaborate with research groups studying erosion phenomena to build an
erosion model that incorporates the time-dependent nature of erosion physics

and validate it using CFD studies.

4. Perform CFD studies of the impact of particulate deposition and surface
roughness changes of the blade geometry on the performance of axial com-

pressors.

6.3.1 Full annulus CFD simulations of the T700

Since the experimental data for the T700 are forthcoming in Fall 2023, a full
annulus CFD simulation of the T700 intake and compressor section would be very
valuable in further lending credence to the methodology of CFD simulations for
the undamaged configuration outlined in this dissertation. This will add to the
validation provided by the CFD study of the NASA Rotor 37. It is hoped that
measurements of average stagnation pressure and temperature as well as their
spanwise distribution at different stations along the compressor could be used for
the validation. The CFD could include all the intake geometry including the inlet,
filter scroll, de-swirler, inlet guide vanes, the 5 stage axial compressor and the single

stage centrifugal compressor.
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6.3.2 CFD simulation with real damaged blades

Damaged blades from the forthcoming test at NAVAIR could be incorporated
into CFD studies using the methodology outlined in Chapters 2, 3 and 4 in
this dissertation. This will again lend additional credence to the robustness of
the methodology and would also lead to validation of the data for the damaged
configurations. In addition, the performance assessment of the axial compressor
with damaged blades could be used to create a catalogue of damage modes and their
associated performance degradation metrics. In the case when damaged blades are
not available, more damage configurations could be obtained from literature and
studied. A large array of damage modes incorporated in a catalogue format could
be useful in future instruction of maintenance crews as they could be trained to
assess the performance impact of the axial compressor through visual inspection

and compare it to the CFD predictions of performance degradation.

6.3.3 Time-dependent erosion models

As evidenced in Chapter 5 of this dissertation, a time-dependent erosion model is
necessary to capture the physics of the material removal involved in the erosion
process. Currently, the available models namely, Oka [85], [86] and [87], DNV [88],
Zhang [89] and Mansouri [49] fail to capture the time-varying nature of the erosion
process. This could be attributed to the models being empirical in nature and
not completely rooted in the physics of the erosion process. In the case of a
physics based model not being achievable, an empirical model with the addition

of time as a variable should be considered in addition to the existing parameters
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such as impact velocity, impact angle and hardness value. This research could
be pursued in collaboration with research groups specialized in erosion. There
is a lack of collaboration between research groups pursuing erosion research and
CFD research. This gap of research knowledge is worth exploring and could yield
results beneficial to both communities. The new models could be utilized in more
accurately predicting erosion in compressors using the CFD methodology outlined

in this dissertation.

6.3.4 Deposition Damage and Surface Roughness

Deposition of particulate matter is another form of damage very often encountered
in axial compressors and is described as compressor fouling. Meher-Homji et al. [2§]
and Kurz and Brun [29] are some of the studies cited earlier in this paper that
described fouling mechanisms and illustrated their impact on performance of axial
compressors and hence, gas turbine engines. Figure 6.1 shows a compressor blade

with deposition damage on the pressure side.

Figure 6.1. Different examples of deposition of particulate matter on axial compressor
blades [12]
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Fouling impacts the performance of the compressor in two ways by changing
the aerodynamic shape of the blade and the roughness of the blade surface. Blades
that have sustained deposition damage or 3D printed representative blades could
be analyzed for their performance implications by employing the methodology
outlined in this dissertation. Further understanding of fouling patterns could
lead to better protocols for compressor maintenance and compressor washing.
Specifically, understanding the performance degradation due to fouling could lead
to cost savings by understanding if the maintenance could be prolonged further and
downtime in the operation of gas turbines could be minimized as much as possible.
A combined Eulerian-Lagrangian study of deposition using models available in

STAR-CCM-+ [59] could also be pursued.
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Appendix A
Averaging Techniques

Cumpsty and Horlock [93| have stated that averaging non-uniform flow is important
for the analysis of different quantities of interest in turbomachinery and gas turbines,
especially with the advent of highly detailed results obtained through CEFD. Different
quantities require different treatment in order to preserve the essential features of

the non-uniform flow.

A.1 Averaging of Stagnation Temperature

The appropriate averaging for stagnation temperature is mass averaging [93] since
this gives the correct value of the enthalpy flux, according to the perfect gas as-
sumptions. The mass averaged stagnation pressure is computed using the Equation

Al

_ 1
m
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where T is the mass averaged stagnation temperature, 1 is the total mass flow

rate, Ty is the stagnation temperature of the differential mass flow element dm.

A.2 Averaging of Stagnation Pressure

The appropriate averaging for stagnation pressure is enthalpy averaging. The
expression was given by Pianko and Wazelt [94]. This is the most accurate averaging
for flow entering a compressor or turbine as determined by the study conducted by
Cumpsty and Horlock [93]|. The averaged stagnation pressure should be based on
uniform conditions giving work input/output from an ideal compressor or turbine
equal to the work with the nonuniform pressure. The enthalpy averaged stagnation

pressure is computed using the Equation A.2:

s

py= | Do
f 0-dm

=1
P 7

(A.2)
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