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Abstract

Auxiliary Power Units (APUs) are critical for the safe and reliable operation of modern aircraft, providing
electrical power and compressed air during ground operations and in-flight emergencies. As APUs op-
erate worldwide, they are exposed to harsh conditions such as sand ingestion leading to compressor
deterioration and APU performance degradation. The objective of this thesis, conducted in collabo-
ration with EPCOR, was to investigate whether Computational Fluid Dynamics (CFD) can be used to
predict compressor performance degradation and its impact on overall APU performance to improve
APU condition monitoring and predictive maintenance strategies.

In this study, the centrifugal compressor of a Pratt & Whitney APS5000, as used in the Boeing 787, was
reverse engineered using 3D scans of the impeller and diffuser. These geometries were reconstructed
and implemented in a CFD model that was validated against a pass-off test measurement. Through
a literature study, it was concluded that the main compressor deterioration effects are increases in
impeller tip clearance and impeller and diffuser surface roughness. The impact of these effects on
compressor efficiency, pressure ratio, and flow capacity was simulated and incorporated into a Gas
turbine Simulation Program (GSP) model to assess the resulting APU performance degradation by
evaluating changes in Exhaust Gas Temperature (EGT), fuel flow, and compressor pressure ratio.

The results show that increased surface roughness and tip clearance both lead to reductions in com-
pressor efficiency, pressure ratio and flow capacity, which translate into higher exhaust gas tempera-
tures and increased fuel flow at the APU system level. Plotting the reduction in pressure ratio, increase
in EGT and increase in fuel flow as a function of compressor efficiency deterioration and flow capacity
deterioration, a compressor deterioration map was made. This map is overlaid with simulated points
of varying surface roughness and/or tip clearance serving as a decision tool to aid in root cause deter-
mination during APU disassembly.

Although the absolute accuracy of the results is limited by assumptions in geometry reconstruction, tur-
bulence modeling, and validation data, the study provides an indication of the relative reduction in APU
system performance and demonstrates a working proof of concept in the form of a deterioration map.
Therefore, it is concluded that compressor CFD with gas turbine simulation offers a viable approach to
assess compressor deterioration effects and their impact on APU performance, thus enhancing APU
condition monitoring and supporting root cause determination in a maintenance environment.
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1
Introduction

Auxiliary Power Units or APUs as used in commercial aviation are turboshaft engines often located in
the tail cone of an airplane. They play a vital role in commercial aviation by providing electrical power
and compressed air to various aircraft systems during ground operations and in-flight emergencies
during main engine failure. Since they are a safety critical component, they need to be maintained
regularly to ensure reliability.

This study is conducted in collaboration with EPCOR who maintain and overhaul APUs and pneumatic
components for a number of airlines. By monitoring APU performance indicators like exhaust gas tem-
perature and number of cycles, the company advices airlines when the APU is in need of maintenance.
As these APUs operate all over the world they are subjected to harsh environments like sand and oil
ingestion, ice formation or bird strikes. In Eastern countries, EPCOR has seen APUs that need to be
overhauled 50% faster compared to other climates as a result of sand and dust ingestion. Since the
APU compressor is the first component in the APU gas path, these environments can cause compres-
sor erosion and fouling, deteriorating the compressor stage and reducing the overall APU efficiency by
increasing the needed Exhaust Gas Temperature or EGT and specific fuel consumption.

The research objective of this study is to investigate APU performance degradation as a result of com-
pressor performance deterioration to improve APU predictive maintenance strategies. Components of
an existing relevant compressor from a Boeing 787 airliner are reverse engineered using 3D scans to
construct a Computational Fluid Dynamics or CFD model. By taking scans and measurements of both
used and unused compressor components, compressor damage effects are modeled and simulated
quantifying the performance degradation of the compressor. Using a Gas turbine Simulation Program
or GSP the APU system performance degradation as a result of this compressor deterioration can then
be simulated and quantified to aid APU condition monitoring and maintenance planning.

This thesis is structured as follows. Section 2 provides the relevant research objective and sub-questions
this study hopes to answer. Section 3 contains a literature study to investigate compressor deteriora-
tion mechanisms with the relevant damage effects, CFD turbulence models and reverse engineering
strategies. Section 4 includes the compressor reverse engineering process and CFD model setup and
development. This is followed up by Section 5 where the results are presented and analyzed. Section
6 reflects on the study and discusses possible implications or limitations. Finally, section 7 summarizes
the main findings and gives recommendations for further research.

1



2
Research Objective

This thesis concerns simulation of APU performance degradation through centrifugal compressor per-
formance deterioration. The goal of the paper is to use computational fluid dynamics to predict compres-
sor performance deterioration as a result of compressor wear. As the APU compressor geometries are
not available they need to be reverse engineered based on 3D scans of the real parts. Using this com-
pressor performance deterioration, the overall APU performance loss and increased fuel consumption
can be modeled with the goal of improving APU condition monitoring.

Main Research Question:
Can APU performance degradation as a result of compressor deterioration be estimated using com-
pressor CFD simulation with reverse engineered compressor geometries?

Sub-questions:
• How can the impeller and diffuser geometry of a centrifugal compressor be reverse engineered

to be used in CFD simulation?
• What are the main deterioration mechanisms in an APU centrifugal compressor and what are the

corresponding damage effects?
• How can these damage effects and resulting performance loss be simulated in CFD simulations?
• Can the compressor CFD simulation with reverse engineered geometries be validated using an

APU test cell result?
• Can the performance reduction of an APU with a degraded compressor be simulated?

2



3
Literature Study

3.1. Auxiliary power units in aircraft
An auxiliary power unit or APU originates from the first world war where a small internal combustion
engine was used on military ships and airplanes to power critical systems when encountering a loss
of power through main engine failure. This allows operation of communication equipment or restarting
of the main engines. With the rise of the first military turbojet engines, APU’s were used as they are
crucial to restart the engine in case of engine failure. An example of this is the BMW 003 turbojet that
used a two stroke two cylinder internal combustion engine to directly spin the compressor shaft of the
turbojet during the starting procedure [1].

Current APU’s are gas turbine turboshaft engines with the first being introduced in the Boeing 727 in
1963. It was located in the main landing gear bay of the aircraft allowing the aircraft to operate on
smaller airports where ground power might not be available [2]. As the Boeing 727 has 3 main engines,
the APU was not needed for extra redundancy and did not allow airborne operation [3]. Nowadays,
most modern airliners include an APU that is located in the rear tail section of the aircraft with the
exhaust pointing out of the tail cone. Although most modern airports provide ground power and even
preconditioned air for cabin temperature control, the APU is still required to start one or both main
engines using bleed air, and it also serves as an emergency power source in the event of a main
engine failure during flight [4].

When one of the main engines on an airliner fails the APU can be switched on to restore full electrical
power and provide bleed air if needed. In a scenario where both main engines fail, the APU allows
restarting of the main engines, cabin pressurization and air condition through bleed air that is taken from
a compressor stage or from a designated load compressor [4]. On a Boeing 777 the APU generator has
the same output as the generator from a main engine allowing it run all essential loads of the aircraft.
This includes electric hydraulic pumps enabling all power control units and control surfaces allowing
full control over the airplane including high-lift devices, landing gear and brakes. It can thus be said
that the redundancy of the APU plays a crucial role in aviation safety.

3.2. Auxiliary power units (APU) System and components
Commercial airliners use many different models and sizes of APU’s with the size and power require-
ments varying depending on the application. Generally, an airliner APU consists of a turboshaft engine
with 1-2 centrifugal compressor stages and 1-3 axial turbine stages on a common rotor shaft. Pneu-
matic power is provided through a load compressor or by extracting bleed air from the compressor
stage. At the front of the engine a gearbox is attached to the rotor shaft and spins a generator to pro-
vide electrical power as well as accessories like the auxiliary starter generators, oil pumps, scavenge
pumps, etc...

3



3.3. APU Compressor Deterioration 4

3.2.1. Boeing 787 APU (APS5000)
In this study, a Pratt & Whitney APS5000 as used in the Boeing 787 is investigated. As this airplane is
all electric the APU layout is simpler than most as it does not provide bleed air.

A cross section of the APU is shown in Figure 3.1. It can be seen that air is drawn from an inlet plenum
that is fed through a FOD or foreign object damage screen into a single stage centrifugal compressor.
This compressed air is guided to a reverse flow annular combustion chamber where fuel is injected
using swirlers around the circumference of the combustion chamber resulting in an air fuel mixture
enabling a continuous cycle when the engine is running. Of course, on startup the mixture needs to be
ignited by igniters. After the combustion chamber the hot combustion gasses spin a dual stage axial
turbine which spins the common rotor shaft. At the front of the power unit, a gearbox driven by the rotor
shaft reduces the rotational speed and drives 2 auxiliary starter generators that are used to start the
power unit and supply a combined 450 kVA at nominal speed. As the generators are able to operate
at varying frequencies, the rotational speed of the APU can be increased at flying altitudes.

Figure 3.1: APS5000 APU cross section.

3.2.2. APS5000 Compressor
As the APU does not provide bleed air, it does not have a load compressor eliminating the need for a
surge control valve and inlet guide vane. The centrifugal stage contains three blade rows consisting
of an impeller as shown in Figure 3.2 and a vaned diffuser with an outlet guide vane which is shown
in Figure 3.3. Because of the impeller diameter and high operational speed of the compressor, the
impeller operates in the transonic regime. Turboshaft engines in helicopters and APU’s are trending
towards higher power to weight ratio and reduced Specific Fuel Consumption or SFC [5]. By reducing
the amount of stages the overall weight and size is reduced resulting in the in the compressor staged
needing a high per stage pressure ratio.

3.3. APU Compressor Deterioration
Performance degradation in gas turbines is becoming an increasingly important topic with [6] showing
an increase in the number of published degradation related journal articles. Both external influences
and general running can cause wear reducing the overall performance of the machine. External influ-
ences like dust and sand ingestion [7, 8], ice formation and ingestion [9], volcanic ash, fly ash from coal
plants [10], bird strikes or oil and fuel leaks can all adversely affect machine performance resulting in
increased exhaust gas temperature or EGT, increased SFC or unreliable operation. This section of the
study will first discuss the various compressor deterioration mechanisms after which the performance
impact of the main damage effects is discussed.
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Figure 3.2: Compressor impeller. Figure 3.3: Compressor diffuser with exit guide vanes.

3.3.1. Deterioration mechanism
Particle ingestion and erosion
Through military applications it was found that turboshaft engines as used in helicopters are found to
have a reduced lifespan when operating in sandy areas [11]. Erosion is caused by ingestion of abrasive
particles removing material from flow surfaces resulting in reduced output power, increased SFC and
decreased surge margin [12, 13]. Sources [13, 14, 15] all investigate ways of determining where this
erosion in rotating cascades will occur in order to better protect gas turbine engines.

Similar to the aforementioned helicopter engines, APU’s are operated all over the world thus subjecting
them to particle ingestion like sand and dust when operating in sandy areas. Ingestion of solid parti-
cles in rotating cascades can lead to both structural and aerodynamic performance deterioration as
discussed in [16]. The source indicates that two-phase flow conditions as a result of particle ingestion
can lead to a change in blade surface pressure distribution altering the engine performance during the
period of ingestion. Particle ingestion can also cause erosion damage increasing the surface rough-
ness, pitting and cutting the blade resulting in an increased total pressure loss across the compressor
blade row.

Source [17] reports an experimental test where the intake of an axial flow compressor was injected
with sand during operation. The results show a reduced stage efficiency from 1.86% up to 2.89% at
higher mass flow rate with the main cause being increased losses at the blade leading edge tip. The
blade loading was found to be very similar up to a radius of 0.9 blade length with a 5.5% decrease in
blade loading at the tip section. The main contributors to the loss in stage efficiency are said to be:
changes in blade leading and trailing edge, surface roughness, tip leakage as a result of tip clearance
and pressure distribution. Although the tested machine is an axial compressor, it can be assumed that
a centrifugal compressor will suffer similar types of wear.

Not only small particles but larger foreign objects can also be ingested. Like most APU’s, the APS5000
has an air inlet screen to prevent ingestion of FOD objects during operation. During APU disassembly,
EPCOR technicians often find remains of birds stuck to this air inlet screen with parts of the bird being
sucked through the compressor. The holes in the inlet screen are sizable so small rocks and other
debris can still pass through, possibly chipping or breaking off pieces of blades. An example of impeller
leading edge chipping is shown in Figure 3.4.

Figure 3.5 shows the same impeller with a deformed blade resulting from the APU starting while the
impeller was frozen solid. Ice can form in cold climates after ingesting water or as a result of conden-
sation. Although this is not a common occurrence, APU’s generally do not have any de-icing systems
possibly resulting in significant damage as is the case in this example.
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Figure 3.4: Impeller leading edge blade chipping and
fouling.

Figure 3.5: Impeller blade deformation marked by red circle.

Another observation from the ECPOR technicians is the reduced lifespan of APU’s operating in sandy
areas as a result of cooling passages clogging up. This results in reduced cooling with parts of the APU
running at hotter temperatures. A common outcome of this is overheating of the turbine blades leading
to the blades deforming or ”walking” potentially seizing the APU. A similar investigation is discussed in
[18]. As this is not related to the compressor section of the APU, it is not investigated further.

Rubbing
Rubbing is another damage mechanism that is often seen by EPCOR technicians. The impeller touches
the shroud during operation causing abrasion which removes material on the impeller and grooves the
shroud. Figure 3.6 shows a worn impeller tip with Figure 3.7 showing a part of the corresponding
shroud damage. EPCOR technicians mostly attribute rubbing to vibrations, bearing wear or foreign
object damage changing the shape of an impeller blade. Damage is said to mostly occur at mid span
of the impeller tip or on the impeller outlet. As shown in Figure 3.7, the damage on the shroud is usually
in local regions and not on the full circumference as is the case on the impeller. As can be expected,
rubbing can increase the tip clearance as material is removed from the impeller tip [12]. Increased
surface roughness on the damaged regions of shroud can also be expected.

Figure 3.6: Impeller blade rubbing damage. Figure 3.7: Shroud rubbing damage.

Fouling
Another consequence of airborne contaminants is compressor fouling. Previously discussed abrasive
contaminants but also non-abrasive contaminants like oil and combustion products like hydrocarbons
can accumulate on the surfaces of the compressor stage [10]. Fouling increases surface roughness
and can to a smaller degree change the shape of the flow surfaces [12]. Source [19] estimates gas
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turbine fouling in axial machines to be responsible for 70% to 85% of all gas turbine performance losses.
Fouling also influences the operating characteristics of the gas turbine as the reduced mass flow results
in the stage operating closer to the surge line thus reducing the available surge margin [10, 20]. Figure
3.4 shows fouling with a visible texture at the leading edge of the blade. In Figure 3.5 a clear color
difference between the pressure and suction side as well the blades and hub as a result of impeller
fouling can be seen.

As discussed in [21], both online and offline washing of a gas turbine compressor can slow down or
reduce the amount of fouling a compressor experiences and recover up to 30% of the lost power in
certain scenarios. Reference [22] investigated the economic viability of online compressor washing for
a variety of gas turbine compressors and concluded that higher washing intervals increased return on
investment in most cases. In auxiliary power units like the APS5000, washing is not on the maintenance
schedule. This is likely because they are difficult to access and having a shorter maintenance interval
would result in increased downtime for airlines.

3.3.2. Performance degradation
Through the degradation mechanisms it is concluded that airborne contaminants can result in both com-
pressor erosion and fouling while bearing wear and vibrations can cause compressor rubbing. Similar to
source [12], the main damage effects are concluded to be increased surface roughness and increased
tip clearance. As the goal of this study is to investigate the possibility of simulating performance degra-
dation of a centrifugal compressor through CFD simulations, the performance degradation as a result
of tip clearance and surface roughness is investigated further.

Tip Clearance effects
In a centrifugal compressor, a tip clearance is needed to avoid the impeller hitting the shroud as thermal
expansion and blade deformation change the impeller shape during operation. As discussed in [23],
investigating the effect of tip clearance on compressor performance is difficult because the effect can
not be isolated as other loss mechanisms will also be present. Measuring the clearance on a running
impeller also posses problems as this gap is small and only a fraction of the blade height. Measuring
the cold clearance before running is inaccurate as thermal expansion and impeller thrust forces during
operation change the actual clearance. It is also discussed that the tip clearance is often not circumfer-
entially uniform because of machining tolerances. Source [24] conducted an aero-thermo-mechanical
analyses for 2 different impellers and concluded a reduction of 25.4% and 46.7% in tip clearance at the
leading edge of the blade as a result of impeller deformation. The cold tip clearance therefore changes
to a non-uniform tip clearance during operation.

This tip clearance results in a leakage flow or tip leakage where fluid escapes between the impeller
tip and shroud of the compressor moving from the pressure to the suction of the blade. Tip clearance
loss is extensively researched with many sources creating relations to try and model the loss [25, 26,
27, 28]. Reference [23] indicates the leaking fluid not only causes a pressure loss but it can also
disturb the flow structure in the next blade channel as it enters the channel in the opposite direction to
the shroud secondary flow direction. This can result in a wake which interferes with the primary flow.
The parameters of the impeller geometry, diffuser geometry and the tip clearance can all influence
the primary and secondary flows making it difficult to evaluate the flow field and losses for a single
parameter resulting in many sources reporting the overall performance difference of the compressor
when changing tip clearance [29].

To allow for an equal comparison independent of the geometry, sources investigating tip clearance in
compressors mostly use clearance ratio which is the tip clearance divided by the blade height of the
impeller at the outlet. Source [27] investigated the deterioration of compressor performance due to
tip clearance and concluded that performance is always reduced with increased tip clearance. For
an equal clearance ratio, compressors with a higher pressure ratio show reduced efficiency loss with
reduced shaft speed or flow rate also reducing the performance loss. Reference [23] conducted an
experimental test on an unshrouded centrifugal impeller where the running tip clearance was measured
using a non brittle material on 3 places around the impeller resulting in a circumferential averaged
measurement. After changing the axial tip clearance 3 times using shims, it was concluded that a
single point increase in clearance ratio results in a 0.77% reduction of pressure ratio with a 0.31%
loss in polytropic efficiency. A higher performance sensitivity is also observed at smaller clearances.
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The effect of tip clearance on an centrifugal compressor as used in an APU is investigated in [30].
The axial tip clearance is varied 7 times after which it is concluded that a single point change in tip
clearance results in a reduction in isentropic efficiency ranging from 0.35% to 0.45%. As expected,
the pressure ratio also reduces. Interestingly, when the clearance increases, the surge line of the
compressor occurs at higher mass flows thus narrowing the operating range while the choke line is
almost unaffected. Reference [28] indicates that tip clearance ratio is almost proportional to efficiency
drop and tip clearance loss. It is also concluded that the tip clearance ratio is the most influential factor
on tip clearance loss although, not the only one. Sources [24] and [29] include many similar sources
investigating compressor performance change as a result of tip clearance.

As expected, it can thus be concluded that the tip clearance is directly linked to the compressor ef-
ficiency and pressure ratio. Because of the complexity of the problem and the amount of influential
parameters, a single relation to approximate the performance change as a result of increased tip clear-
ance can not be made. It is however clear that an increase in tip clearance should result in a decrease
in both isentropic efficiency and pressure ratio.

Regarding the APS5000 compressor, the cold tip clearance during assembly should be within a 0.09mm
window. Within EPCOR, this is measured with a feeler gauge at the impeller outlet on multiple different
points around the circumference. Because of vibrations, bearing wear, thermal expansion and compo-
nent deformation, it is difficult to estimate the running tip clearance of the impeller. Another point of
difficulty is the measured cold tip clearance which often reduces instead of increasing. When measur-
ing the cold tip clearance during disassembly as done during assembly, the tip clearance at the outlet of
the impeller can decrease as was the case with the two APS5000 impellers that were shown in Figures
3.4 and 3.6. An EPCOR engineer mentioned that this is likely due to thrust bearing wear resulting in
the common shaft moving axially thus reducing impeller tip clearance compared to the shroud.

To quantify the tip clearance as a result of wear on the impeller, a 3D scan of a used impeller is taken
after which it is compared with the scan of a new unused impeller. It is then possible to see the deviation
in vane contour as shown in Figure 3.8. This only quantifies the wear on the impeller mostly resulting
from rubbing and does not include the aforementioned tip clearance reduction as a result of bearing
wear etc. Impellers with severe rubbing damage are not scanned as they cannot be reused. The most
severe rubbing case for an APS5000 compressor that was scanned is shown in Figure 3.9 and shows
a maximum reduction of 0.27mm.

Figure 3.8: 3D scanned vane contour comparison of used
and unused impeller.

Figure 3.9: 3D scanned vane contour comparison of
impeller with rubbing.

Surface Roughness effects
Increased surface roughness in gas turbines can occur as a result of erosion, corrosion or fouling
and can influence fluid dynamics and heat transfer by affecting the boundary layer flow and turbulent
structure [31]. In centrifugal compressors, roughness influences compressor loss through earlier flow
transition, increased boundary layer losses, and flow separation as is the case in axial compressors
[6]. Sources [32, 33, 34] investigated the effect of roughness in centrifugal compressors using one-
dimensional models and concluded that the effect of roughness increases with increasing Reynolds
number [6].
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Source [35] investigates roughness in a transonic axial compressor rotor and concludes that comparing
a coating with a rough surface finish of 2.54−3.18µm with a smooth coating resulted in a 5% loss
in pressure ratio and a 3−5% reduction in efficiency for an operating point near design mass flow.
Performance deterioration modeling including validation with test results on an axial compressor is
discussed in [36]. At both 90% and 100% speed the loss in pressure ratio reaches up to 0.5% at high
mass flow when a moderate average surface roughness or Ra of 4µm is considered. A larger effect is
seen on the adiabatic efficiency which reduces by roughly 2%. Adding increased tip clearance to the
model resulted in an additional 1.5% to 2% reduction in adiabatic efficiency.

Reference [37] investigated the possibility of predicting surface roughness effects on centrifugal com-
pressor performance through a sand blasting experiment and corresponding CFD simulation. It was
concluded that the FLUENT CFD solver underestimated the performance loss as a result of increased
surface roughness. After increasing the surface roughness to align the CFD simulation with the test
results it was found that the reduction in efficiency is almost linear with increased surface roughness.
When increasing the surface roughness of only the impeller and diffuser surfaces the efficiency reduc-
tion was found to be in the order of 1% per 4µm increase in Ra. When including the casing shroud the
efficiency reduction increased to 1.5% per 4µm of increase in Ra

3.4. Turbomachinery CFD
Development of turbofan and turbojet engines is extremely expensive with the GE90 developed by
General Electric in the 90’s reported to have cost $1.6 Billion [38]. Because of these high development,
testing and manufacturing costs, computational fluid dynamics or CFD plays a crucial role in predict-
ing behavior of turbomachinery gas flow and machine performance with the design process almost
completely relying on it [39, 40].

As said in [41], global parameters like pressure ratio and efficiency can be predicted with reasonable
accuracy. Accurately simulating flow fields including unsteady effects and transient behavior is much
more difficult. For the scope of this project it is not necessary to accurately capture these flow physics
but it is of importance to accurately simulate the performance characteristics of the APU compressor
depending on the geometry and relevant damage metrics of the impeller. The goal is to achieve this
by simplifying the simulation as much as possible while maintaining accuracy.

3.4.1. Modeling & Simulation Tools
Many different CFD tools exist for different applications. Open source software like OpenFoam and SU2
are flexible but can be harder to learn as they are operated using a command line interface. Ansys
Fluent and STAR-CCM+ are widely used in industry because of their easy of use and robustness. In
terms of Turbomachinery specific tools, Ansys CFX is the most widely used and has a large amount of
available documentation. It also allows for simple integration from geometry to meshing to simulation.
Most available publications and sources like [41] also used CFX allowing for comparison.

3.4.2. Turbulence modeling
Flow in turbomachinery is inherently turbulent having a high Reynolds number. Simulating this turbu-
lence correctly is important to accurately simulate the flow and predict the performance of the machine.
Directly solving the Navier-Stokes equations for all turbulence length and time scales requires a large
amount of computational power as the number of needed grid points increases exponentially with the
Reynolds number. Source [42] indicates that the number of required grid points N is proportional to
Re9/4 with later source [43] reporting a number of grid points ReLx

37/14. As indicated in [44], Direct Nu-
merical Simulation or DNS is currently out of reach for most flows with high Reynolds numbers because
of the high computational cost.

Turbulent flow consists of eddies with different sizes and amounts of energy. The smaller the eddy, the
finer the mesh needs to be to resolve them. By decomposing the turbulent flow into larger eddies that
are resolved by the mesh and smaller eddies that are modeled by a Sub-Grid model, the needed mesh
size and computational power is reduced. This is called a Large Eddy Simulation or LES. Although the
needed CPU power is reduced, LES for high Reynolds number flow is still demanding and generally
restricted to academia [44].
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In turbomachinery industry, Reynolds-Averaged Navier-Stokes or RANS is the most used turbulence
model [45]. By time averaging the Navier-Stokes equations a mean flow is obtained. This turbulence
model is thus an approximation that averages the fluctuating quantities of the turbulence solving none
of the turbulence eddies and greatly reducing the needed computational power. As a result of this
averaging, transient or unsteady behavior can not be accurately captured using RANS models unlike
LES and DNS where both unsteady behavior and transient flow can be simulated. As said in [45],
”Reynolds-averaged Navier–Stokes numerical simulations solvers, although they are affected by nu-
merical and physical approximations, perform reasonably accurately and require less computational
resources”. Because of these approximations, these models need to be used correctly and in the
right conditions as it is known that RANS simulations can perform poorly outside of steady state or in
off-design conditions. Reference [46] concludes that compressor performance and related flow fields
are predicted with reasonable accuracy when performed close to design condition. Despite turbulence
methods like hybrid LES-RANS or DES becoming more popular, RANS is the current most used tur-
bulence model and should allow accurate simulation of the overall machine performance while greatly
reducing the needed computational power.

3.4.3. RANS Turbulence models
RANS turbulence models rely on decomposing the turbulent flow into a mean or time averaged flow
field and a fluctuating flow field. Substituting this decomposition into the Navier-Stokes equations and
performing an averaging process results in simplified equations for the mean flow. A result of this av-
eraging process is a Reynolds-stress term sometimes called the Reynolds stress tensor. To close and
solve the RANS equations this term needs to be modeled resulting in a variation of RANS turbulence
models.

As the RANS turbulence models have been in use for a long time there is a large amount and wide
variety of models. The most commonly used class are the eddy viscosity models consisting of the
following most widely used models:

• k− ϵ is one of the first turbulence models and widely used. It consists of two equations which are
a partial differential equation for the turbulent kinetic energy k and a transport equation for the
turbulence dissipation rate ϵ. Multiple versions of this model like the RNG k − ϵ and Realizable
k − ϵ models try to make up certain shortcomings of the model. A known drawback is that it is
not accurate at predicting boundary layers with adverse pressure gradients [47]. All the following
models were proposed at a similar time and aim to improve this behavior.

• Spalart-Allmaras or SA is a one equation model that solves a transport equation for a modified
turbulent viscosity originally proposed in source [48]. Because of this single transport equation
less computational power is required. It performs well in simple attached flows but is known to
be less suitable for turbomachinery applications as it shows premature stall prediction, predicts
larger separation zones and increased total pressure loss [49].

• The Standard k − ω model is similar to the k − ϵ model but a transport equation for the specific
turbulence dissipation rate ω is used instead of ϵ. The model is known to perform well near the wall
even with adverse pressure gradients. The main drawback of the model is a high sensitivity in skin
friction coefficient for small differences in free stream turbulence resulting in poor performance
away from the wall [50].

• As the k − ϵ model does not have this problem a model combining the k − ϵ away from the wall
with the k − ω model near the wall was proposed. This is called the Shear Stress Transport or
SST k − ω model and is the most widely used model in industrial applications [51]. Figure 3.10
shows how the models are used depending on their distance from the wall. The blending region
consists of blending functions where both models are used with a certain weight depending on
the distance from the wall and local flow properties [52].
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Figure 3.10: SST turbulence model blending [50].

Another category of RANS turbulence models are Reynolds Stress Models or RSM but they are not
considered as they have a higher computational cost and are more prone to numerical instability [51].
It is thus concluded that the SST k−ω turbulence model is the best fit for the posed problem as it is the
most used model in both turbomachinery and industrial applications as well as being the recommended
model in the Ansys CFD RANS turbulence guide [47].

3.4.4. Meshing
Depending on the meshing software used, certain mesh statistics are generated to describe the mesh
quality. These are used to ensure the mesh is of adequate quality when changing the mesh settings.
As an example, the generated mesh statistics from Ansys TurboGrid are considered. The reported
mesh statistics in order of importance as per TurboGrid documentation [53] are as follows:

1. Minimum volume
2. Maximum & minimum face angle
3. Edge length ratio
4. Element volume ratio
5. Connectivity ratio

It is also mentioned that it might not be possible for all meshes to satisfy all the criteria but they serve
as general guidelines. Another important meshing parameter is y+ which is represented by

y+ =
uτ · y
ν

, (3.1)

where y+ is the non-dimensional wall distance, uτ is the friction velocity at the wall, y is the distance
from the first cell to the wall and ν is the kinematic viscosity [54]. This non-dimensional wall distance
is used in CFD solvers to quantify the first cell height away from the wall and thus gives an indication
of the mesh refinement near walls.

In CFD, the turbulent boundary layer close to a wall is often divided up into multiple regions or layers.
These layers are the viscous sub-layer, buffer layer and log-law region. Figure 3.11 shows these regions
with a profile for the non dimensional velocity U+ as a function of the non dimensional wall distance y+.
This approximation is called the law of the wall and is used to model turbulent behavior close to the wall.
In the outer layer, the flow is less influenced by the wall and the relation is not applicable. The black
line on the figure represents the velocity profile as obtained from DNS simulation. The blue and green
lines are empirical relations created to fit to this velocity profile. These are called wall functions and
allow for approximation of the near wall turbulence instead of fully resolving thus greatly reducing the
needed computational power. Depending on the distance from the wall as indicated by y+, a different
wall function should be used. The blue wall function fits well when y+ < 5 while the green wall function
fits well when using y+ > 30.

Although these wall functions are handled and blended automatically by the CFD solver, it is important
to note that the chosen y+ should depend on the chosen turbulence model. Both the k−ω and k−ω SST
model solve turbulence equations all the way to the wall or in the viscous sub-layer region. A y+ ≈ 1
is thus recommended with larger values resulting in the use of wall functions potentially reducing the
accuracy in that region. The k − ϵ model for example relies on wall functions entirely resulting in a
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general recommended y+ larger than 30 but smaller than 300 greatly reducing the needed mesh size
[55].

Figure 3.11: Law of the wall as visualized in [56].

Another meshing parameter that needs to be considered is the Reynolds number Re as shown in [57]
where it is described by

Re =
u · L
ν

=
ρ · u · L

µ
, (3.2)

where ρ is the density of the fluid, u is the flow velocity, L is the characteristic length and µ is the
dynamic viscosity of the fluid. Using air as a fluid and the operational conditions of the compressor,
the Reynolds number can be estimated. When the Reynolds number increases, the friction velocity uτ

generally increases as well. This means the same y+ will become smaller increasing the mesh size. A
higher Reynolds for the same y+ will thus result in a finer and more computationally demanding mesh.
Using the SST turbulence model with the recommended y+ of 1 will result in a greatly increased mesh
size over a k − ϵ model with a larger y+. A value for y+ can be set in meshing software allowing the
mesh to be adjusted accordingly. As this value is only an estimation, the actual range of y+ on the
simulated surfaces needs to be verified in Ansys CFD-Post after simulating a point.

A mesh independence study or grid convergence study will be done to ensure the mesh resolution is
sufficient. The total-to-total pressure ratio πtt and isentropic efficiency ηc will be simulated while increas-
ing the mesh resolution until there are no significant changes in the result. To enable fair comparison
between different operating and simulation conditions, the referred or corrected mass flow rate is used
as described in [58] and given by equation:

ṁcorr =
W ·

√
θ

δ
, (3.3)

where ṁ is the corrected mass flow rate in kg/s, W is the mass flow rate in kg/s, δ is the inlet pressure
divided by the reference pressure and θ is the inlet temperature divided by the reference temperature.
The reference conditions are Tref = 288.15K and pref = 101 325Pa.

After the mesh quality is deemed sufficient, a convergence study is done similar to the mesh indepen-
dence study. By increasing the residual target the pressure ratio and efficiency will be visualized until
there are no large changes in the result.

3.4.5. Validation
To validate the CFD simulation, a pass-off result from an APS5000 APU validation test at EPCOR will
be used. This test consists of a newly rebuilt APS5000 APU that is tested using various generator loads
to validate the performance of the APU. Measurement points are taken at both nominal 100% speed
and overspeed condition for different generator loads. A 100% speed point with nominal generator
load is chosen as a reference point and will be used as a source of operating conditions as well as a
validation reference for the CFD simulation. As each point is at a different generator load, only a single
point is available at nominal operating conditions to validate the CFD simulation.



3.4. Turbomachinery CFD 13

As the air mass flow rate of the test result is not measured in the test cell, an approximation is made us-
ing an energy balance and solving for one of the unknown mass flow rates. The gasses are considered
ideal gasses and no bleed air is assumed. The energy balance is represented by

ṁ2 · h2 + ṁf · LHV = ṁ5 · h5 + Ps, (3.4)

where ṁ2 and ṁ5 are the mass flow rate at the compressor inlet and turbine outlet with ṁf representing
the fuel mass flow rate which is measured in the cell. The total enthalpy at the same locations is
described by h2 and h5 with Ps being the shaft power. The lower heating value LHV of the Jet-A fuel
is assumed to be 43 031 kJ/kg as described in literature like [59]. The power taken from the shaft by
the generators is estimated using

Ps = (S · PF )/ηgen, (3.5)

where Ps is the shaft power in kW, S is the apparent power in kVA, PF is the power factor of the
generators and ηgen is the generator efficiency. Using the nominal 450 kVA of the APU and assuming
a PF of 0.9 with a 95% generator efficiency results in a shaft power of 427 kW which is also used in
the GSP model. The total enthalpy used in equation 3.4 at locations 2 and 5 is approximated using

h2,5 = Cp2,5
· Tt2,5 , (3.6)

where the average inlet temperature Tt2 is the average of 8 sensors at the APU inlet and the outlet
temperature Tt5 is the average EGT measurement of 9 sensors at the turbine outlet. Specific heat
capacity at the inlet Cp2

is assumed to be 1.006 kJ/(kgK). To estimate Cp5
of the exhaust gas, programs

like NASA CEA can be used [60]. This value is however greatly dependent on the AFR or Air-Fuel Ratio.
Assuming a stoichiometric air-fuel ratio results in a Cp of 1.2 kJ/(kgK) greatly reducing the estimated
mass flow rate. As discussed in [61], modern gas turbines generally operate in lean conditions to
reduce NOx emissions. This results in excess air in the exhaust thus lowering the Cp5

and increasing
the estimated mass flow rate. As the AFR is unknown the average Cp of air at the inlet and the exhaust
gas at stoichiometric ratio at the outlet will be used resulting in a Cp of 1.1 kJ/(kgK). The isentropic
compressor efficiency is estimated using the isentropic work divided by the actual work as described in

ηc =
Cp · Tt2 · ((

Pt2

Pt1

)(
γ−1

γ
) − 1)

wactual
, (3.7)

where Cp is the average of the compressor inlet and outlet Cp given the temperature and pressure
resulting in 1.044 kJ/(kgK). The specific heat ratio γ is assumed to be 1.4 and the actual work wactual

is calculated using the enthalpy difference as given in

wactual = h3 − h2, (3.8)

where the total enthalpy h3 is calculated using equation 3.6 with the compressor outlet temperature Tt3

as measured in the test cell.

3.4.6. Reverse Engineering
To simulate the performance of a new and used compressor stage, the geometries need to be imported
in the chosen CFD software. As the geometry of the impeller and diffuser are not available, they need to
be 3D scanned and converted to the appropriate file type. Having the geometry in a CAD or computer-
Aided Design format would allow it to be used with most CFD tools. Ansys TurboGrid on the other hand,
only supports either .curve files from Ansys BladeGen or a CAD file import using Ansys DesignModeler
where the geometry is redrawn into an Ansys specific file type. EPCOR has an ATOS scanning booth
as shown in Figure 3.12 where parts like the shown impeller in Figure 3.13, can be scanned. This 3D
scan generates a triangulated mesh in the form of a .STL file. Although there are software tools like
Geomagic that try to convert a 3D scan to a CAD file automatically, they still need some user input. An
example of this is shown in [62] where the workflow mostly consists of reconstructing the needed part
by using references and curves from the 3D scan. A SolidWorks plug-in called QuickSurface is found
to allow approximation of complicated curves like the impeller blades while the rest of the geometry can
be reconstructed manually using measurements from the 3D scan. The reverse engineering workflow
is thus heavily dependant on both the chosen mesher and CFD software. The final workflow would
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preferably also include an overlay where the constructed CAD file is overlaid with the 3D scan to see
how much the reconstructed geometry deviates.

Figure 3.12: EPCOR ATOS scanbox. Figure 3.13: Impeller scanning setup.

3.4.7. Modeling of compressor deterioration effects
Tip Clearance
Tip clearance can be simulated by leaving a gap between the impeller shroud and diffuser. In Ansys
Turbogrid for example, the shroud tip clearance can be set directly. This distance can be set as the
normal distance resulting in an equal tip clearance along the full span of the blade or it can be set using
a variable tip clearance where the leading edge and trailing edge distance is set separately. More
options are available but they do not give fine control over the tip clearance distance.

Surface Roughness
To quantify the surface roughness in fluid dynamics or CFD solvers, a sand grain roughness parameter
or ks is used. This parameter is dependent on a number of statistical variables like the roughness height,
roughness skewness and roughness kurtosis which describes the height distribution [31]. As seen in
most sources discussing surface roughness, the empirical relation to quantify ks is often related using
a measured surface roughness like the average surface roughness Ra or the Root Mean Square value
Rrms which can both be measured using a profilometer. Sources like [36] discuss the performance
deterioration as a result of surface roughness and use empirical relations to estimate the ks from the
surface roughness Ra with this source using the relation ks = 6.2 · Ra originating from [63]. The sand
grain roughness can also be estimated using an algorithm as shown in [64], resulting in the relation
ks = 5.863 ·Ra.

Both sources [6] and [31] include substantial tables with empirical relations to estimate ks in gas turbines
from both experimental as well as CFD simulated research. In the conclusion of the former source it is
said that the use of the ks parameter hampers modeling as it does not account for different roughness
effects on skin friction, boundary layer transition and heat transfer. The latter source concludes that the
sand grain roughness fails to completely characterize roughness in many cases as it is dependent on
many variables. Moreover, source [65] as reported in [6] concludes that the most used estimations of
ks vary up to an order of magnitude depending on the chosen empirical relation. As there is no single
consensus on the empirical relation to estimate ks, the relation ks = 5.863 · Ra from [64] will be used.
It aligns with the previously mentioned relation ks = 6.2 ·Ra from [36] where compressor performance
deterioration as a result of erosion is modeled and validated with test data.

Modeling and simulating particle ingress to estimate erosion locations and surfaces with increased
roughness is studied in literature with reference [66] trying to simulate and predict erosive wear locations
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while source [67] simulates particle trajectories in a centrifugal compressor. To simplify the problem,
the simulated surfaces with increased surface roughness will be chosen as visually seen from a worn
impeller.

To simulate the effect of surface roughness on the APU compressor stage the average surface rough-
ness or Ra will be measured with a profilometer for both a new and worn impeller. By using the relation
ks = 5.863 ·Ra, the sand grain roughness is quantified and used in the chosen CFD solver on the com-
pressor surfaces where fouling and increased surface roughness is seen. The performance impact on
the APU as a result of increased surface roughness can then be simulated.



4
Compressor model development

4.1. Geometry modeling
In this section, the reverse engineering process used to model both the impeller and vaned diffuser of
the compressor stage is discussed.

4.1.1. Impeller scanning
Using the ATOS scanbox, a high fidelity scan of an unused impeller is taken and exported as a .STL file.
The original scan contains a triangulated impeller mesh consisting of 47.5 million polygons and a file
size of 2.32GB, making it very slow to work with. A reduced version was exported by EPCOR consisting
of a 171.5MB file size and 3.5 million polygons. Figure 4.1 shows the original 3D scan with Figure 4.2
showing a rendered version of the impeller. As the impeller needs to be scanned from different angles
and sides it is spun around in the scanning booth by setting it on a custom piece resulting in the bottom
of the geometry not being scanned perfectly. This results in open edges increasing the number of
polygons while not contributing to the geometry. Figure 4.4 shows the bottom of the impeller and some
floating surfaces with open edges being indicate in purple. Figure 4.5 shows a hole in the scan on one
of the impeller blades. These open edges result in a high number of polygons that do not increase the
detail of the geometry.

Figure 4.1: High fidelity impeller 3D
scan.

Figure 4.2: Render of high fidelity
impeller 3D scan.

Figure 4.3: Reduced and cleaned
impeller 3D scan.

The mesh is cleaned up manually using Rhinoceros 3D or Rhino. After deleting floating polygons and
most of the bottom side of the impeller, the mesh is closed by manually inserting mesh faces. A closed
mesh is needed as most CAD software like Solidworks will convert a .STL file to a surface or body.
Because of each polygon being saved as a surface, importing the geometry into CAD software causes
a long load time. The same happens when saving the .STL as a .STEP file which also increases the
file size. This introduced the need to further reduce the file size. Using the ReduceMesh command in
Rhino the mesh is reduced to 90757 polygons with a file size of 4.4MB which is shown in Figure 4.3.
The scan is now closed, has no errors, and can be imported into the preferred CAD tool.

16
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Figure 4.4: Bottom surface with open edges. Figure 4.5: Impeller blade hole with open edges.

4.1.2. 3D Modeling
As a scan or mesh cannot directly be used in Ansys CFX, an Ansys BladeGen model needs to be
made. To measure the required impeller geometry parameters, a 3D model of the impeller is made
in SolidWorks. The reduced mesh is converted to a surface using the MeshToNurbs Rhino command
allowing for a faster import in SolidWorks. Section views for both the hub, main blade and splitter
blade outlines from the 3D scan are used as a reference to model the impeller. The shape of the
blades is approximated by a surfacing tool called QuickSurface. The final 3D model is not a perfect
representation of the original geometry but is used to measure the needed parameters of the impeller.

4.1.3. Ansys BladeGen
Impeller
Using the 3D model, the dimensions of the impeller can be measured to recreate it in Ansys BladeGen.
Ansys Workbench is used to connect Ansys BladeGen with Ansys Turbogrid allowing the recreated
geometry to be imported and updated easily. Using the measured dimensions a rough start of the
impeller model is made. Feeding both the Ansys BladeGen model and the original 3D scan into Ansys
DesignModeler allows for comparison by overlaying the geometries as shown in Figure 4.6 where
the BladeGen model is shown using different blade colors and the 3D scan is shown by the orange
mesh. As the BladeGen model in DesignModeler automatically updates when it is changed, the model
parameters can be changed until a good visual match between the BladeGen model and the 3D scan
is made. Making a 3D model in CAD is thus not necessary and is omitted when making a BladeGen
model for the diffuser.

Figure 4.6: Impeller 3D scan overlaid with BladeGen model. Figure 4.7: Diffuser 3D overlaid with BladeGen model.

Vaned Diffuser
After initial simulations only containing the impeller, the vaned diffuser is added to the simulation domain.
The 3D scan of the compressor diffuser is shown in Figure 4.8. To simplify the BladeGen model, only
the diffuser vane in the same plane as the impeller is added to the domain with the guide vane after the
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diffuser bend being cut off as shown in Figure 4.9. Similar to what was done with the impeller, Figure
4.9 shows the reduced and cleaned up scan converted to a surface model using Rhino. From reverse
engineering the impeller, it was clear that the simplest way of constructing the BladeGen model is to
start from rough dimension taken straight from the 3D scan after which the scan can be overlaid with
the BladeGen model to visually adjust the BladeGen dimensions as shown in Figure 4.7. The diffuser
is not reverse engineered in Solidworks as it does not provide a benefit over what is available from the
scan.

Figure 4.8: Diffuser 3D scan. Figure 4.9: Reduced and cut diffuser 3D scan.

4.2. CFD modeling
In this section the constructed CFD model is discussed.

4.2.1. Simulation Setup
Due to the simple integration between the different Ansys software packages, Ansys CFX is chosen
as the CFD software with Turbogrid being used as the meshing software. Ansys Workbench is used to
connect the various software packages where the constructed BladeGen model is fed into Turbogrid,
after which the mesh is fed into CFX-pre to set up and run the simulation.

A steady state simulation assuming air as an ideal gas is performed on a single vane passage. Period-
icity is used for both the impeller and diffuser with a mixing plane interface in between. The simulated
domain is shown in Figure 4.11. Using the pass off test result as a reference point, the total inlet tem-
perature is set to 278.8K, the rotational speed is set to 35 409 rpm with the total-to-total pressure ratio
used in 4.2.4 to validate the simulation. In terms of boundary conditions, the mass flow rate at the
inlet is varied while the static pressure at the outlet is set to 7.6 bar to match the outlet pressure of the
reference point. A constant span nominal shroud tip clearance is set as 1.7mm as this is the middle
value of the cold tip clearance during compressor assembly. During initial simulations, the surfaces
were set to smooth meaning no surface roughness. The turbulence intensity at the inlet is set to the
medium value of 5% as generally recommended and shown by a similar case in [68]. In terms of the
CFX solver settings, most options are left as standard. This means a high resolution advection scheme
and first order turbulence numerics are used. However, the double precision solver option is enabled.

To construct a speed line and evaluate the performance of the compressor stage at various mass flow
rates, the inlet mass flow rate is varied in 10 steps. Initially, only the impeller was simulated to reduce
the computational power needed and to verify if the modeled geometry can achieve performance similar
to the test result. Using the SST turbulence model the impeller showed a significantly lower pressure
ratio compared to the test points. Switching to the k− ϵ turbulence model closely aligned the simulated
pressure ratio with the test result. Sources like [24], [37] and [66], indicate that the k− ϵ model is often
adequately accurate to evaluate turbomachinery performance.

After adding the diffuser, another simulation using the SST turbulence model using a finer mesh was
tested. Due to the high Reynolds number, the recommended y+ of 1 resulted in a mesh that was too big
for the available computational power. The k− ϵ model is deemed more appropriate for the application
and is used for the remaining simulations.
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4.2.2. Meshing & Grid independence Study
Ansys TurboGrid is used to mesh both the impeller and diffuser resulting in a structured hexahedral
mesh for both components. The standard Turbogrid mesh limits are used to evaluate the mesh quality.

To ensure the meshed is of adequate resolution, a grid or mesh independence study is carried out. The
same 10 mass flow points will be simulated after which the pressure ratio and isentropic compressor
efficiency are visualized. The global size factor of the mesh is then increased until the simulated results
no longer change significantly indicating that the solution is gid independent. When increasing the
global size factor of the impeller mesh the diffuser mesh global size factor is increased the same amount
to make sure there are no large cell discrepancies between the meshes. Table 4.1 shows the global
size factor as well as the resulting mesh sizes for 5 different meshes with Figure 4.10 showing the
resulting simulated points.

As mentioned in 3.4.4, TurboGrid allows setting an offset y+ value after which it estimates the near
wall spacing in the boundary layer using a formula largely depending on the Reynolds number. As
this Reynolds number is an approximation, the actual y+ as calculated by the solver can vary from
the estimated offset. After simulating a point, a y+ contour plot for both the impeller and diffuser is
generated in CFD-Post to verify the actual y+ of the mesh. Not only the simulated speed lines but also
the actual y+ is taken into account to choose the correct mesh resolution.

As shown in Figure 4.10, step 4 and 5 show very similar values until the compressor approaches surge
conditions. The y+ contour of step 4 is shown in Figure 4.12 where it can be seen that the actual y+
of the domain is within the recommended 30 and 300 for the k − ϵ model. As CFX uses scalable wall
functions with the k − ϵ model as standard, this large y+ variation is accounted for. This mesh is thus
used moving forward.
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Figure 4.10: Total-to-total pressure ratio and isentropic compressor efficiency as a function of mass flow rate for increasing
mesh sizes.

Global size factor Impeller nodes Diffuser nodes Total mesh size
Step 1 1 346366 68300 414666
Step 2 1.3 662080 145652 807732
Step 3 1.6 1187754 247349 1435103
Step 4 1.9 1764120 384984 2149104
Step 5 2.15 2328880 536640 2865520

Table 4.1: Mesh resolution steps.
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Figure 4.11: Simulated compressor domain in CFX. Figure 4.12: Actual y+ for the step 4 mesh.

4.2.3. Convergence tolerance analysis
After the mesh was deemed sufficiently fine, the convergence residuals of the solver are increased to
make sure the solution is adequately solved. Figure 4.13 shows the previously chosen step 4 mesh
for increasing solver residuals. Both Figures 4.10 and 4.13 show that the previously used Root Mean
Square or RMS of 5e−5 was not adequately solved as the pressure ratio and efficiency show large
fluctuations when approaching surge. When increasing the residuals, the fluctuations reduce while
the lowest mass flow point containing a converged solution increases as the compressor approaches
surge. The finest residuals of 5e−6 were chosen and used for the CFD simulations.
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Figure 4.13: Total-to-total pressure ratio and isentropic compressor efficiency as a function of mass flow rate for increasing
solver residuals.

4.2.4. Validation
To validate the CFD model, a comparison between the simulation and test result pressure ratio and
efficiency is made in Figure 4.14. The simulated pressure ratio at the lowest mass flow point of the
compressor stage without deterioration effects is 7.77 aligning well with the 7.83 pressure ratio of the
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test result. In terms of mass flow rate, the test result shows 3.81 kg/s with the lowest mass flow rate
of the simulation being 3.82 kg/s. Although the calculated test result mass flow rate is close to the
surge condition of the CFD simulation, applying a surface roughness to the simulation reduces the
flow capacity. This shifts the speed line towards the left bringing the test result closer to a realistic
operating region. The mass flow rate calculation of the test cell data carries some uncertainty due to
the assumed exhaust gas heat capacity Cp5

. The assumed Cp5
= 1.1 results in a corrected mass flow

rate of 3.81 kg/s whereas a leaner exhaust gas with a Cp5
= 1.05 would result in a significantly higher

corrected mass flow rate of 4.10 kg/s. Another uncertainty is the inaccuracy of the test cell fuel flow
sensors which was mentioned by the EPCOR technicians.

In terms of the isentropic efficiency a larger difference between the simulation and test result is seen.
At the lowest mass flow rate the simulation overestimates the test result by 6.28% and up to 7.23%
at higher mass flow rates. This can be attributed to the k − ϵ turbulence model as it is known to
struggle with adverse pressure gradients, underestimating flow separation resulting in an overestimated
efficiency. As the objective of this study is to evaluate the relative performance differences resulting
from compressor deterioration, the absolute deviation from the experimental data is of less importance.
Therefore, the CFD model is considered suitable for performing a sensitivity analysis despite the limited
availability of test data.
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Figure 4.14: Simulated Total-to-total pressure ratio and isentropic compressor efficiency as a function of mass flow rate
compared to test result.

4.2.5. Deterioration effects modeling
With the validated model including sufficient mesh resolution and convergence criteria, the deterioration
effects can now be added. To evaluate the performance impact of tip clearance and surface roughness,
the same speed line consisting of 10 different mass flow points will be simulated using different tip
clearances, geometry surface roughness or both. To simulate the deterioration effects, 2 impellers will
be used as reference. A used but cleaned impeller that is within the desired specification to be used
again will be considered the clean impeller. This clean impeller is shown in Figure 4.15. Figure 4.16
shows a used and damaged impeller with a deformed blade and leading edge chipping as previously
shown in Figures 3.4 and 3.5. Although the geometry of this impeller is heavily damaged, it only ran
half the amount of hours APU’s normally run before overhaul, which likely results in reduced fouling
and surface roughness. This impeller will be considered as the used or dirty impeller.
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Figure 4.15: Within specification cleaned impeller. Figure 4.16: Used and unwashed impeller.

Surface roughness
To simulate the performance impact of the surface roughness on the compressor stage, the surface
roughness of the impeller is measured using a PCE-RT 1200 profilometer as shown in Figure 4.17. By
dragging a fine diamond tip over a surface the profilometer measures the surface profile. It is calibrated
with a calibration plate by measuring the surface roughness of the plate and adjusting the gain to match
the result to the value on the calibration plate. The profilometer is set to evaluate the average surface
roughness Ra using a sampling length of 0.8mm with an evaluation length of 5. This results in a
measurement being the average value of 5 samples each spanning 0.8mm totaling a length of 4mm.
As there is no test setup available and the profilometer can only measure a straight surface, the suction
side of the impeller ±4mm from the leading edge is measured as shown in Figure 4.18.

Figure 4.17: PCE-RT 1200 profilometer and calibration
plate..

Figure 4.18: Surface roughness measurement close to
leading edge of impeller..

The same area on the impeller is measured 3 times after which the average Ra value is taken to cal-
culate the sand grain roughness ks. For the used impeller an extra measurement as close as possible
to the leading is taken as there is visibly increased surface roughness as previously shown on Figure
3.4. The results of the surface roughness measurements are shown in Table 4.2 with the used impeller
showing a 50.1% increase in surface roughness at the same location. The extra measurement close
to the leading of the impeller shows another 17.5% increase in average surface roughness.
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Measurement Meas. 1 [µm] Meas. 2 [µm] Meas. 3 [µm] Avg. Ra [µm] ks [µm]
Clean 0.629 0.641 0.647 0.639 3.688
Used 1.021 0.944 0.913 0.959 5.623
Used (leading edge) 1.195 1.128 1.058 1.127 6.608

Table 4.2: Measured surface roughness for both the clean and used impeller.

This calculated sand grain parameter ks is directly used in Ansys CFX to simulate surface roughness.
The roughness is applied to both impeller and diffuser together as well as separately to evaluate the
performance sensitivity of both components individually as well as the overall compressor. All surface
roughness simulations are performed using the nominal tip clearance of 1.7mm. Initial simulations
using the clean sand grain roughness of 3.688µm on all impeller and diffuser surfaces showed a large
reduction in pressure ratio and isentropic efficiency as shown in Figure 5.1. Setting the shroud as a
smooth surface reduced this pressure and efficiency loss by more than half. The compressor shroud is
made of a different material than the impeller and diffuser and generally does not suffer from increasing
surface roughness. Local increased surface roughness as a result of impeller rubbing can occur but
this is considered insignificant. As the simulated performance impact is very large, the shroud for both
the impeller and diffuser is considered smooth to eliminate this effect from the simulation. Including
simulations for a further increased roughness using ks = 10µm and adding it to the tip clearance
simulations results in a test matrix as shown in Table 4.2.

Case ID ks [µm] Impeller surfaces Diffuser surfaces Tip clearance [mm]
1 3.688 Blade, hub Blade, hub 1.7
1 5.623 Blade, hub Blade, hub 1.7
1 10 Blade, hub Blade, hub 1.7
2 3.688 Blade, hub - 1.7
2 5.623 Blade, hub - 1.7
2 10 Blade, hub - 1.7
3 3.688 - Blade, hub 1.7
3 5.623 - Blade, hub 1.7
3 10 - Blade, hub 1.7
4 3.688 Blade, hub Blade, hub 1.4
4 3.688 Blade, hub Blade, hub 1.7
4 3.688 Blade, hub Blade, hub 2.0
4 3.688 Blade, hub Blade, hub 2.3
5 3.688 Blade, hub Blade, hub 2.0
5 5.623 Blade, hub Blade, hub 2.0
5 10 Blade, hub Blade, hub 2.0
6 3.688 Blade, hub Blade, hub 2.3
6 5.623 Blade, hub Blade, hub 2.3
6 10 Blade, hub Blade, hub 2.3

Table 4.3: Simulation test matrix.

Tip clearance
As the running tip clearance is difficult to determine, a range of tip clearances using 0.3mm steps
increasing and decreasing from the nominal 1.7mm cold clearance will be simulated. The tip clearance
is assumed to be constant span. A test matrix containing the various simulations is shown in Table 4.3.
In terms of surface roughness, the sand grain roughness of the clean impeller is used on both the
impeller and diffuser blades and hub.
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4.3. System performance
To evaluate the APU system performance degradation as a result of compressor deterioration, a GSP
model is used to simulate a gas turbine and evaluate the relative difference in fuel flow, pressure ratio
and EGT. GSP is a component modeling tool that can be used to model various configurations of gas
turbine engines. The program models the thermodynamic cycle of a gas turbine using 0D modeling,
which means the flow properties are averaged over flow cross section areas between the interfaces
of the components. A design point with certain parameters is used as a reference point, after which
an off design analysis using a deteriorated compressor can be performed to evaluate the performance
difference. To calculate the performance of this design point, a compressor map is needed. The turbine
uses a generic map that is available in GSP.

4.3.1. Compressor map generation
As there is no compressor map available, a map is made using a single speed line from the smooth
impeller and diffuser CFD simulation as shown by the blue line in Figure 5.1. GSP needs a full map
so a 0.9 and 1.1 corrected speed line is made by multiplying the pressure ratio and mass flow rate
by a scaling factor. The GSP simulation is performed at International Standard Atmosphere or ISA
conditions and constant rotational speed to ensure the compressor operates on the Nc = 1 speed line
making the other speed lines irrelevant. When introducing compressor deterioration, GSP scales the
compressor map as the compressor behavior changes. The final compressor map is shown in Figure
4.19.

Figure 4.19: GSP compressor map made using smooth CFD result.

4.3.2. GSP performance deterioration
In GSP, compressor deterioration is defined in the deterioration tab, where reductions in flow capacity
dṁcorr and isentropic compressor efficiency dηc relative to the design point are specified. These
reductions are derived from the CFD simulated performance lines where the flow capacity dṁcorr is
estimated using the average reduction in mass flow rate between the smooth and deteriorated lines
while the reduction in efficiency dηc is the difference between the smooth and deteriorated lines at the
mass flow rate of the design point. After simulating the design point, the efficiency and flow capacity
deterioration are used in an off design simulation to calculate the relative performance difference in fuel
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flow dWf , exhaust gas temperature dEGT and pressure ratio dπtt. To take into account the ambient
pressure, the relative percentage difference in pressure ratio is calculated using

dπtt =
πtt2 − πtt1

πtt1 − 1
· 100, (4.1)

where dπtt is the relative percentage difference in pressure ratio, πtt2 is the new pressure ratio and πtt1

is the reference pressure ratio.

The design point parameters of the GSP model are taken from different simulated results depending on
the surface roughness or tip clearance comparison. The relative performance difference with increasing
surface roughness is evaluated against the simulated result with nominal tip clearance and smooth
geometries, with the corresponding design point or DP parameters provided in column 2 of Table 4.4.
The relative performance difference with increasing tip clearance is compared to the base roughness
of 3.688µm at nominal tip clearance 1.7mm which is shown in column 3 of Table 4.4. As mentioned in
3.4.5, turbine external load is calculated and set using the 427 kW from the test point. The rotor speed
n is kept constant and corrected to ISA conditions based on the test result, corresponding to a rotor
speed of 36 000 rpm, which equals a corrected speed of Nc = 1.

Variable Surface roughness DP Tip clearance DP
Total-to-Total pressure ratio πtt [-] 7.78 7.66
Corrected mass flow rate ṁcorr [kg/s] 3.94 3.94
Isentropic efficiency ηc [%] 75.66 74.84
Shaft power Pshaft [kW] 427.00 427.00
Rotor speed n [rpm] 36000.00 36000.00

Table 4.4: Gas turbine simulation design point parameters.



5
Results

5.1. Compressor performance
In this section, the simulated results of the compressor are shown. The performance and flow capacity
loss is evaluated using the average relative difference between the different curves. The difference only
includes operating conditions that are present in both curves. In terms of pressure ratio and efficiency
the difference in y-axis for the same mass flow conditions is considered with the flow capacity using
the difference in x-axis on the pressure ratio plot.

5.1.1. Surface roughness effects
Shroud surface roughness
As previously mentioned in 4.2.5, including the shroud to the surfaces with increased surface roughness
greatly increases the pressure ratio and efficiency loss compared to a smooth shroud. Figure 5.1 shows
the pressure ratio and compressor efficiency using the clean impeller surface roughness value for both
the impeller and diffuser geometries with and without shroud roughness. Including the shroud surface
roughness results in an average pressure ratio reduction of 0.44 or 5.71% and an average loss of 2.81%
in isentropic efficiency compared to the smooth geometry.

Removing the surface roughness of the shroud from both impeller and diffuser results in a 0.19 or
2.50% loss in pressure ratio with a 1.29% loss in efficiency compared to the smooth geometries. The
remaining simulations as indicated in Table 4.3 all consist of a smooth shroud.
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Figure 5.1: Simulated total-to-total pressure ratio and isentropic compressor efficiency as a function of mass flow rate
comparing a smooth shroud and a shroud with surface roughness.

Case ID 1: Compressor roughness
Using a smooth shroud and 3 different levels of surface roughness for the impeller and diffuser hub and
blades results in Figure 5.2. Increasing surface roughness results in a reduction in pressure ratio, effi-

26
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ciency and flow capacity as expected with the overall shape of the speed lines staying consistent. The
lowest mass flow rate condition of the 5.623µm speed line shows an inconsistent result as it overlaps
with the 3.688µm point. Table 5.1 summarizes both the relative losses in pressure ratio, efficiency and
flow capacity compared to the smooth curve as well as the relative loss per µm of surface roughness.
Figure 5.6 plots this trend to visualize the sensitivity of these parameters which indicates that the losses
of the impeller and diffuser simulations scale almost linearly with surface roughness, although the rate
of loss in pressure ratio and efficiency reduces at higher roughness values.

3.7 3.8 3.9 4 4.1 4.2 4.3

5.8

6

6.2

6.4

6.6

6.8

7

7.2

7.4

7.6

7.8

8

3.7 3.8 3.9 4 4.1 4.2 4.3

64

66

68

70

72

74

76

Figure 5.2: Simulated total-to-total pressure ratio and isentropic compressor efficiency as a function of mass flow rate for
increasing surface roughness on impeller and diffuser blades and hub.

Case ID 2: Impeller roughness
Doing the same for only the impeller surface roughness results in Figure 5.3 showing a similar result
with less pressure ratio, efficiency and flow capacity losses. The surface roughness sensitivity shown
in Figure 5.6 indicates that the impeller loses less efficiency and pressure ratio but more flow capacity
compared to only the diffuser simulation. Similar to the impeller and diffuser simulation, the relation of
losses with surface roughness is almost linear but the rate of loss reduces at higher surface roughness.
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Figure 5.3: Simulated total-to-total pressure ratio and isentropic compressor efficiency as a function of mass flow rate for
increasing surface roughness on impeller blades and hub.

Case ID 3: Diffuser roughness
Only increasing the diffuser surface roughness with a smooth impeller results in Figure 5.4. Compared
to the impeller simulation, there is less flow capacity loss at choking conditions. Figure 5.6 shows a
higher pressure ratio and efficiency loss but a lower flow capacity loss when increasing surface rough-
ness. The 5.623µm falls out of line with the other points possibly indicating a simulation inconsistency.
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Figure 5.4: Simulated Total-to-total pressure ratio and isentropic compressor efficiency as a function of mass flow rate for
increasing surface roughness on diffuser blades and hub.

Roughness comparison
Comparing the same surface roughness of 5.623µm for the impeller, diffuser or both shows larger
losses for the diffuser compared to the impeller with the 2 components together having the highest
losses as shown in Figure 5.5. As previously mentioned, the diffuser shows less flow capacity loss at
choking conditions as it crosses over the impeller line.
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Figure 5.5: Simulated total-to-total pressure ratio and isentropic compressor efficiency as a function of mass flow rate.

Performance and ͩow capacity sensitivity
Averaging the relative loss in pressure ratio, isentropic efficiency and flow capacity of the different
surface roughness conditions compared to the smooth curve results in Figure 5.6. This figure thus in-
dicates the performance sensitivity of the different parts with respect to increasing surface roughness.
All 3 simulated parameters show a similar decreasing trend when increasing surface roughness. In-
creasing surface roughness on the impeller or diffuser shows similar results with the diffuser having a
higher loss in pressure ratio and efficiency while the impeller has a higher loss in flow capacity. Adding
up the relative losses of the separate impeller and diffuser simulations is indicated by the ’Impeller
+ Diffuser’ line which shows a close match with the impeller & diffuser simulation suggesting that in-
creasing the surface roughness of individual components does not cause additional interaction effects
further increasing overall compressor losses. Only the 5.623µm result shows an increased loss as a
result of the diffuser having increased losses at that point resulting in the added up line overshooting
the impeller and diffuser simulated together. This possibly indicates an inconsistent CFD result.

Table 5.1 shows the values as used in Figure 5.6 as well as the loss per µm of surface roughness
compared to the smooth curve. Apart from the inconsistent 5.623µm diffuser point, all the considered
configurations show reduced losses per µm when increasing surface roughness.
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Figure 5.6: Relative loss in pressure ratio, isentropic efficiency and flow capacity as a function of surface roughness parameter
ks.

Case Metric Surface roughness [µm]
0 → 3.688 0 → 5.623 0 → 10

1: Impeller
& diffuser

Pressure ratio loss [%] 2.87 3.82 5.41
Pressure ratio loss per µm [ %

µm ] 0.78 0.68 0.54
Efficiency loss [%] 1.72 2.25 3.13
Efficiency loss per µm [ %

µm ] 0.46 0.40 0.31
Flow Capacity loss [%] 1.17 1.53 2.34
Flow Capacity loss per µm [ %

µm ] 0.32 0.27 0.23

2: Impeller

Pressure ratio loss [%] 1.48 1.97 2.88
Pressure ratio loss per µm [ %

µm ] 0.40 0.35 0.29
Efficiency loss 0.90 1.13 1.62
Efficiency loss per µm [ %

µm ] 0.24 0.20 0.16
Flow Capacity loss [%] 0.66 0.90 1.36
Flow Capacity loss per µm [ %

µm ] 0.18 0.16 0.14

3: Diffuser

Pressure ratio loss [%] 1.54 2.46 2.89
Pressure ratio loss per µm [ %

µm ] 0.42 0.44 0.29
Efficiency loss 0.97 1.34 1.70
Efficiency loss per µm [ %

µm ] 0.26 0.24 0.17
Flow Capacity loss [%] 0.53 0.91 1.09
Flow Capacity loss per µm [ %

µm ] 0.14 0.16 0.11

Table 5.1: Relative loss and relative loss per µm of pressure ratio, isentropic efficiency and flow capacity as a function of
surface roughness parameter ks.

5.1.2. Tip clearance effects
Case ID 4:
Figure 5.7 shows pressure ratio and efficiency of the compressor with base surface roughness 3.688µm
for different tip clearances. Increasing tip clearance reduces pressure ratio, efficiency and flow capac-
ity. Reducing tip clearance gives the opposite result but results in less flow capacity gain in choking
conditions. The overall shape of the curves for both increasing and decreasing tip clearance is similar.
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Figure 5.7: Simulated total-to-total pressure ratio and isentropic compressor efficiency as a function of mass flow rate for
different impeller tip clearances with surface roughness 3.688µm.

Performance and ͩow capacity sensitivity
Plotting the performance and flow capacity in terms of tip clearance results in Figure 5.8. Pressure
ratio and isentropic efficiency loss show a similar reducing rate of increasing losses with increasing tip
clearance while the flow capacity shows an increasing rate of losses as tip clearance increases. Table
5.2 contains the used values as well as the relative loss per 0.1mm.
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Figure 5.8: Relative loss in pressure ratio, isentropic efficiency and flow capacity as a function of tip clearance.
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Case Metric Tip clearance [mm]
1.7 → 1.4 1.7 → 2 1.7 → 2.3

4: Impeller
tip clearance

Pressure ratio loss [%] -8.62 7.37 13.51
Pressure ratio loss per 0.1mm [ %

0.1mm ] -2.87 2.46 2.25
Efficiency loss [%] -2.99 2.70 5.08
Efficiency loss per 0.1mm [ %

0.1mm ] -1.00 0.90 0.85
Flow Capacity loss [%] -2.03 3.39 7.04
Flow Capacity loss per 0.1mm [ %

0.1mm ] -0.68 1.13 1.17

Table 5.2: Relative loss and relative loss per 0.1mm of pressure ratio, isentropic efficiency and flow capacity as a function of
impeller tip clearance.

5.1.3. Surface roughness effects at higher tip clearance
Increasing impeller and diffuser surface roughness at increased tip clearance 2mm and 2.3mm results
in Figures 5.9 and 5.10 respectively. Both show similar results where an increase in surface roughness
beyond 5.623µm does not further reduce pressure ratio and efficiency across the whole curve but does
reduce flow capacity.

Case ID 5 & 6:
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Figure 5.9: Simulated total-to-total pressure ratio and isentropic compressor efficiency as a function of mass flow rate for
increasing surface roughness with 2mm impeller tip clearance.



5.1. Compressor performance 33

3.4 3.5 3.6 3.7 3.8 3.9 4 4.1 4.2 4.3 4.4

5.6

5.8

6

6.2

6.4

6.6

6.8

7

7.2

7.4

7.6

7.8

8

3.4 3.5 3.6 3.7 3.8 3.9 4 4.1 4.2 4.3 4.4

62

64

66

68

70

72

74

76

Figure 5.10: Simulated total-to-total pressure ratio and isentropic compressor efficiency as a function of mass flow rate for
increasing surface roughness with 2.3mm impeller tip clearance.

Performance and ͩow capacity sensitivity
Figure 5.11 shows the performance and flow capacity loss for the increased impeller tip clearance as
well as the earlier results using the nominal 1.7mm tip clearance. As the relative difference is always
compared to the smooth 1.7mm result, there is a large increase in losses from 0µm to 3.688µm surface
roughness. Table 5.4 contains the relative loss and relative loss values per µm of surface roughness
for both 2mm and 2.3mm tip clearance. Subtracting the relative losses between 10µm and 3.688µm of
the different tip clearances results in Table 5.3. This table shows that increasing surface roughness at
2mm tip clearance shows similar losses compared to increased roughness at the nominal 1.7mm tip
clearance. Only flow capacity showed additional losses. Further increasing the tip clearance to 2.3mm
shows increased losses in pressure ratio and efficiency. Flow capacity losses increased in line with the
other tip clearance steps.

Tip clearance [mm] 1.7 2.0 2.3
Pressure ratio loss difference [%] 2.54 2.38 3.09
Isentropic efficiency loss difference [%] 1.41 1.40 1.94
Flow capacity loss difference [%] 1.17 1.31 1.62

Table 5.3: Difference in relative loss between 10µm and 3.688µm roughness for 1.7mm, 2mm and 2.3mm tip clearance.
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Figure 5.11: Relative loss in pressure ratio, isentropic efficiency and flow capacity as a function of surface roughness
parameter ks for different tip clearances.

Case Metric Surface roughness [µm]
0 → 3.688 0 → 5.623 0 → 10

5: 2mm tip clearance

Pressure ratio loss [%] 9.75 10.49 12.13
Pressure ratio loss per µm [ %

µm ] 2.64 1.87 1.21
Efficiency loss [%] 4.16 4.60 5.56
Efficiency loss per µm [ %

µm ] 1.13 0.82 0.56
Flow Capacity loss [%] 4.29 4.70 5.60
Flow Capacity loss per µm [ %

µm ] 1.16 0.84 0.56

6: 2.3mm tip clearance

Pressure ratio loss [%] 16.11 17.05 19.20
Pressure ratio loss per µm [ %

µm ] 4.37 3.03 1.92
Efficiency loss [%] 6.69 7.30 8.63
Efficiency loss per µm [ %

µm ] 3.80 2.64 1.67
Flow Capacity loss [%] 7.88 8.57 9.50
Flow Capacity loss per µm [ %

µm ] 2.14 1.52 0.95

Table 5.4: Relative loss and relative loss per µm of pressure ratio, isentropic efficiency and flow capacity as a function of
surface roughness parameter ks.

5.2. APU system performance
5.2.1. Surface roughness effects
Using the previously shown performance and flow capacity sensitivities, the average loss in isentropic
efficiency and flow capacity is used in GSP to simulate decreasing compressor performance. Figure
5.12 shows the relative increase in fuel flow and EGT when increasing the surface roughness for dif-
ferent tip clearances. Increasing surface roughness at higher tip clearances shows a larger increase
in both fuel flow and EGT. The difference in pressure ratio loss between surface roughness 3.688µm
and 10µm at 1.7mm is 0.78% and 2.50% at 2.3mm.
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Figure 5.12: Relative fuel flow and EGT increase as a function of surface roughness parameter ks for different tip clearances.

5.2.2. Tip clearance effects
Evaluating the fuel flow and EGT as a result of tip clearance using the base surface roughness 3.688µm
result in Figure 5.13. The relative increase in fuel flow and EGT increases as tip clearance increases
with the initial increase from 1.4mm to 1.7mm resulting in a 0.78% reduction in fuel flow and a 1.12%
reduction in EGT. Increasing the tip clearance to the maximum 2.3mm results in a 4.22% increase in
fuel flow and a 5.71% increase in EGT.
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Figure 5.13: Relative fuel flow and EGT difference as a function of impeller tip clearance.

5.2.3. Deterioration map
Simulating the difference in EGT, pressure ratio and fuel flow for 4 steps of efficiency deterioration dηc
and flow deterioration dṁcorr results in Figure 5.14. The figure also includes the previously shown re-
sults for increasing roughness at 1.7mm and 2mm tip clearance as shown in case 1 and 5. Figure 5.15
shows the same deterioration map but includes increasing tip clearance at base roughness 3.688µm.

Increasing efficiency deterioration dηc shows linear increases for the 3 considered variables. Losses
in dEGT increase at high flow capacity deterioration with losses in fuel flow reducing slightly. Pressure
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ratio loss shows a high sensitivity to flow capacity deterioration with sensitivity to efficiency deterioration
increasing at higher flow capacity deterioration.

Figure 5.14: Relative difference in EGT, pressure ratio and fuel flow as a function of deterioration in compressor mass flow
dṁcorr and efficiency dηc overlaid with different surface roughness as shown in case 1 and 5.

Figure 5.14 shows higher flow capacity deterioration when increasing surface roughness at 2mm com-
pared to 1.7mm. Because of this increased flow capacity deterioration and the upwards trend of the
EGT towards these higher values, the dEGT increases more at a higher tip clearance for the same
increase in surface roughness. At the same efficiency deterioration, the fuel flow loss slightly reduces



5.2. APU system performance 37

when increasing flow capacity deterioration resulting in the relative loss in fuel flow when increasing
the surface roughness from 3.688µm to 10µm being the same for both 1.7mm and 2mm tip clearance.
Figure 5.15 also shows increasing flow capacity deterioration from 2mm to 2.3mm compared to going
from 1.7mm to 2mm. This results in a higher fuel flow increase and even higher EGT increase as
dEGT increases at high flow capacity. The reduction in pressure ratio shows a similar trend with a
decrease of 1.32% from 2mm to 2.3mm compared to 0.83% from 1.7mm to 2mm.

Figure 5.15: Relative difference in EGT, pressure ratio and fuel flow as a function of deterioration in compressor mass flow
dṁcorr and efficiency dηc overlaid with increasing tip clearances.



5.2. APU system performance 38

When comparing Table 5.2 with Figure 5.15, it can be seen that there is a discrepancy in the flow
capacity and efficiency deterioration values. This is because Table 5.2 shows the relative performance
difference of the changing tip clearance with base surface roughness 3.688µm compared to the nominal
tip clearance 1.7mm at 3.688µm while Figure 5.15 shows the relative performance difference compared
to nominal tip clearance 1.7mm but using a smooth impeller and diffuser. To enable a direct comparison
of the effects of changing tip clearance and increasing surface roughness on the same deterioration
map, the relative performance difference with respect to the smooth geometries at nominal tip clearance
is used for both cases. This means the GSP results of the deterioration map are both compared to the
smooth geometries design point parameters of column 2 in Table 4.4. Because of this, the 1.7mm
value with surface roughness 3.688µm already shows performance deterioration.



6
Discussion

6.1. Application in maintenance environment
The constructed deterioration map can be used as a decision tool to aid in root cause determination
during disassembly. When an APU shows a 40K increase in EGT and 1% increase in fuel flow the map
can be used to indicate an expected tip clearance towards 2.3mm assuming the impeller is clean. If the
impeller shows a lot of fouling and a rough surface, the same can be done for the surface roughness
or even for both tip clearance and surface roughness. When inspecting the compressor, the map can
confirm the performance loss avoiding further disassembly of the APU. If the compressor does not show
this expected increase in tip clearance and/or surface roughness, the root cause of the performance
loss must be in another component of the APU.

In flight condition monitoring includes fuel flow and EGT but does not include compressor pressure
ratio limiting the accuracy of the deterioration map in this use case as only 2 of the 3 available relations
between the physical compressor deterioration and APU performance can be used. Performing an
APU test in a test cell allows a pressure ratio reading increasing the accuracy of the map. For example,
if an overhauled APU does not pass the pass-off test after assembly, the map can be used to aid as
a decision tool before disassembling the entire APU. If the APU shows an increased EGT of 40K,
pressure ratio loss of ≈ 1% and a ≈ 1% increase in fuel flow, the compressor stage is expected to
show an increased tip clearance of 2mm if the surface roughness is the base 3.688µm. Of course, an
estimate of different combinations of tip clearance and surface roughness can also be made using the
map. If the physical compressor wear aligns with the deterioration map, the compressor stage can be
assumed to be the root cause of the APU performance deterioration.

Although the simulations and map are performed for a single model APU, the map is ISA corrected
with many APUs having a similar layout, size and performance possibly allowing the map to give an
indication for other APU models. If a test is performed and the APU is disassembled, alignment of the
compressor stage deterioration with the APU performance loss can be cross checked with the map to
validate if the map aligns to that APU model.

6.2. Limitations
The limitations of the performed work are listed below.

• Geometry fidelity: The impeller and diffuser geometries were reconstructed using 3D scans which
may not perfectly capture all geometry features. Another limitation is the construction of the
BladeGen geometry which is compared visually. Although the geometry looks very similar there
will be differences.

• Computational domain: The simulated domain does not include any geometry in front of the
impeller as well as the second blade row of the diffuser possibly affecting the pressure recovery
and loss distribution.

• Turbulence model: To reduce the mesh size and the needed computational power, the k−ϵ turbu-
lence model is used instead of the SST turbulence model. As shown in literature and confirmed by
the results, the k− ϵ model is known to overestimate efficiency as a result of underestimated flow
separation with the SST turbulence model generally being better for turbomachinery applications.

• CFD validation: Although the model is considered suitable to perform a sensitivity analysis, the
correlation between the test point and the CFD simulations can be improved. Only a single test

39
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point is used to validate the simulation with the estimated mass flow rate using assumptions for
exhaust gas heat capacity Cp5

, fuel lower heating value LHV , generator power factor PF and
efficiency ηgen.

• Surface roughness measurement: Because of a lack of surface roughness measurement setup,
the measured surface roughness was measured locally after which it was applied across the full
impeller and diffuser geometries possibly overestimating the surface roughness. Additionally, the
surface roughness of the diffuser was not measured separately. Because of the damage to the
blades, the measured impeller of the investigated case had a reduced amount of operating hours
possibly reducing the impeller fouling and measured surface roughness.

• Sand grain parameter relation: The chosen empirical relation to estimate the sand grain parame-
ter ks from the measured average surface roughness Ra greatly varies between sources affecting
the simulated surface roughness.

• Tip clearance: Since the tip clearance during compressor operation cannot be measured directly,
the measured cold tip clearance is used in the simulations. This simulated tip clearance is as-
sumed to be constant along the circumference of the impeller and constant span from hub to
shroud. In reality, the tip clearance reduces because of thermal expansion and mechanical de-
formation while bearing wear can result in non-uniform tip clearance around the circumference of
the impeller thus limiting the accuracy of the simulated tip clearance.

• GSP simulation: The constructed model is not a perfect model of the considered APU with many
parameters like the combustion efficiency or turbine map being unknown.

• Chosen reference simulation: The relative performance difference for the deterioration map is
calculated with respect to a smooth impeller and diffuser, which is not realistic. Increasing the
quality of the surface roughness measurement followed by a new reference simulation using real-
istic surface roughness values for both the the impeller and diffuser could increase the accuracy
of the deterioration map as well as the absolute performance values.
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Conclusion and future work

This thesis set out to determine whether auxiliary power unit performance degradation resulting from
compressor deterioration can be simulated using computational fluid dynamics and gas path simula-
tion. Both the impeller and first row of the diffuser are successfully reverse engineered into an Ansys
BladeGen model using a 3D scan after which Ansys CFX is used to perform a steady state RANS CFD
analysis using a k − ϵ turbulence model. A grid independence and convergence tolerance analysis is
performed after which the CFD model is validated using a pass-off test result from the considered APU.

To evaluate compressor deterioration, changes in impeller tip clearance and/or surface roughness are
simulated. Tip clearance is evaluated using increasing and decreasing steps from the nominal cold tip
clearance as measured during compressor assembly. Surface roughness is modeled by a sand grain
parameter calculated from an average surface roughness value measured using a profilometer. The
most important CFD results are summarized in Table 7.1, which shows that:

• Increasing surface roughness on both impeller and diffuser shows reducing increases in losses
with increasing roughness.

• Reducing the tip clearance from the nominal value shows a higher efficiency and pressure ratio
gain compared to the loss when increasing the tip clearance the same amount. The increase in
flow capacity, however, is smaller.

• Increasing tip clearance above the nominal value shows an almost linear increase in pressure
ratio loss, efficiency loss, and flow capacity loss.

Case Metric Surface roughness [µm]
0 → 3.688 0 → 5.623 0 → 10

Surface roughness:
impeller & diffuser

Pressure ratio loss [%] 2.87 3.82 5.41
Pressure ratio loss per µm [ %

µm ] 0.78 0.68 0.54
Efficiency loss [%] 1.72 2.25 3.13
Efficiency loss per µm [ %

µm ] 0.46 0.40 0.31
Flow Capacity loss [%] 1.17 1.53 2.34
Flow Capacity loss per µm [ %

µm ] 0.32 0.27 0.23

Case Metric Tip clearance [mm]
1.7 → 1.4 1.7 → 2 1.7 → 2.3

Impeller tip clearance

Pressure ratio loss [%] -8.62 7.37 13.51
Pressure ratio loss per 0.1mm [ %

mm ] -2.87 2.46 2.25
Efficiency loss [%] -2.99 2.70 5.08
Efficiency loss per 0.1mm [ %

mm ] -1.00 0.90 0.85
Flow Capacity loss [%] -2.03 3.39 7.04
Flow Capacity loss per 0.1mm [ %

mm ] -0.68 1.13 1.17

Table 7.1: Relative loss and relative loss per µm and mm of pressure ratio, isentropic efficiency and flow capacity as a
function of surface roughness parameter ks and tip clearance resulting from compressor CFD simulations.

The results demonstrated that both surface roughness and tip clearance impact compressor efficiency,
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pressure ratio and flow capacity. Using these deteriorated compressor data, the impact on APU system
performance is simulated using gas turbine simulation program GSP. A summary of the results is shown
in Table 7.2 where increasing surface roughness shows a reducing increase in losses. Reducing tip
clearance shows a lower fuel flow decrease, EGT decrease and pressure ratio gain compared to the
losses when increasing tip clearance the same amount. Increasing tip clearance another step showed
a further increase in fuel flow, EGT and pressure ratio loss indicating a stronger sensitivity when tip
clearance increases.

Case Metric Surface roughness [µm]
0 → 3.688 0 → 5.623 0 → 10

Surface roughness:
impeller & diffuser

Fuel flow increase [%] 0.78 1.09 1.56
EGT increase [%] 0.97 1.32 1.88
Pressure ratio loss [%] 0.28 0.36 0.58

Case Metric Tip clearance [mm]
1.7 → 1.4 1.7 → 2 1.7 → 2.3

Impeller tip clearance
Fuel flow increase [%] -0.78 1.09 4.22
EGT increase [%] -1.12 1.85 5.71
Pressure ratio loss [%] -0.50 1.09 2.39

Table 7.2: Relative fuel flow increase, EGT increase and pressure ratio loss as a function of surface roughness parameter ks
and tip clearance resulting from GSP system simulations.

An ISA-corrected deterioration map visualizes the increases in EGT, pressure ratio and fuel flow for a
range of compressor efficiency deterioration and flow deterioration. Overlaying this with the compressor
efficiency and flow capacity deterioration caused by surface roughness and tip clearance, a relation
between physical compressor wear and APU system performance is made allowing the map to serve
as a decision tool to identify whether the compressor is the source of performance loss within the APU.

Although the absolute accuracy of the results is limited by assumptions in geometry reconstruction,
turbulence modeling, and validation data, the study provides an indication of the relative reduction in
APU system performance and demonstrates a working proof of concept in the form of a deterioration.
Therefore, it is concluded that compressor CFD with gas turbine simulation offers a viable approach to
assess compressor deterioration effects and their impact on APU performance, thus enhancing APU
condition monitoring and supporting root cause determination in a maintenance environment.

7.1. Research questions
Main Question:
Can APU performance degradation as a result of compressor deterioration be estimated using com-
pressor CFD simulation with reverse engineered compressor geometries?
Yes, 3D scanned impeller and diffuser geometries are reverse engineered into an Ansys BladeGen
model and meshed using Ansys TurboGrid. A steady RANS CFD simulation is performed using Ansys
CFX to estimate the performance deterioration as a function of tip clearance and surface roughness.
The compressor CFD analysis is used to construct a compressor map which is implemented into a
GSP gas turbine model. Losses in compressor efficiency and flow capacity are used to evaluate APU
system performance in terms of fuel flow, EGT and compressor pressure ratio producing a deteriora-
tion map of the APU performance due to compressor deterioration. Although absolute accuracy of the
result is limited, the relative performance reduction is estimated successfully.

Sub-questions:

• How can the impeller and diffuser geometry of a centrifugal compressor be reverse engineered
to be used in CFD simulation?
A high fidelity 3D scan is reduced using Rhino 3D to reduce the file size. After manually removing
floating elements and closing the mesh holes it is converted to a surface after which it is be
imported to Ansys DesignModeler. An Ansys BladeGen model is created and overlaid with the
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3D scanned surface mesh in Ansys DesignModeler so they can easily be compared. Using Ansys
Workbench to manage the BladeGen model allows it to automatically update in DesignModeler
enabling quick changes and visual comparison. When the BladeGen model is completed it is be
fed into TurboGrid to start meshing.

• What are the main deterioration mechanisms in an APU centrifugal compressor and what are the
corresponding damage effects?
It is concluded that the main deterioration mechanisms are rubbing, fouling, particle ingestion, and
erosion. Particle ingestion and erosion increase surface roughness and may cause cutting and
pitting of the impeller blades. Rubbing occurs when the impeller blades contact the shroud mainly
leading to impeller damage and an increase in tip clearance. Fouling results in contaminants
sticking to the compressor flow surfaces increasing surface roughness and potentially changing
the shape of the surfaces to a smaller degree.

• How can these damage effects and resulting performance loss be simulated in CFD simulations?
Ansys TurboGrid allows setting a tip clearance during the meshing process. In this thesis, the
tip clearance is assumed to be constant span along the impeller radius. The surface roughness
can be applied to flow surfaces in Ansys CFX using a sand grain parameter ks. This variable is
calculated using an empirical relation including an average surface roughness measurement Ra.
There is a wide variation in empirical relations reported across sources, with no clear consensus.
This leads to a large variety in the possible surface roughness ks.

• Can the compressor CFD simulation with reverse engineered geometries be validated using an
APU test cell result?
The mass flow rate of the test result is calculated using an energy balance with assumptions for
Cp, fuel LHV , generator efficiency and power factor resulting in limited accuracy. The simulated
pressure ratio matches the test result while the efficiency is overestimated because of the k − ϵ
turbulence model. Since the aim of this thesis is to evaluate relative performance differences, the
simulation is considered to match the test result sufficiently.

• Can the performance reduction of an APU with a degraded compressor be simulated?
Yes, a GSP model is used to evaluate the APU system performance. This is done using a con-
structed compressor map made from a simulated speed line. Keeping the operating conditions
and shaft power the same with the corrected speed Nc equal to 1, the difference in fuel flow,
pressure ratio and EGT is evaluated.

7.2. Future work
With more available CPU power, the accuracy of CFD compressor model can be increased by using an
SST turbulence model with a finer mesh. This would likely result in better efficiency alignment compared
to the test result. The second row of the compressor diffuser could also be reverse engineered and
included in the simulation domain.

Similar to the work in this thesis, the turbine side of the APU can also be characterized after which the
constructed GSP model can be improved to increase accuracy of the simulated performance parame-
ters.

If alignment of the compressor deterioration map with a certain model APU is deemed insufficient, the
workflow of this thesis could be improved to construct a similar model in a short time frame allowing
different maps for different APU models to be created.
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