. machines

Article

Synergistic Effect of Physical Faults and Variable Inlet Guide
Vane Drift on Gas Turbine Engine

Waleligne Molla Salilew !, Syed Ihtsham Gilani !, Tamiru Alemu Lemma !, Amare Desalegn Fentaye %*
and Konstantinos G. Kyprianidis 2

check for
updates

Citation: Salilew, W.M.; Gilani, S.1.;
Lemma, T.A.; Fentaye, A.D.;
Kyprianidis, K.G. Synergistic Effect
of Physical Faults and Variable Inlet
Guide Vane Drift on Gas Turbine
Engine. Machines 2023, 11, 789.
https://doi.org/10.3390/
machines11080789

Academic Editor: Davide Astolfi

Received: 28 June 2023
Revised: 24 July 2023
Accepted: 28 July 2023
Published: 1 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Mechanical Engineering Department, Universiti Teknologi PETRONAS,

Bandar Seri Iskandar 32610, Perak, Malaysia; waleligne_20001048@utp.edu.my (W.M.S.)

School of Business, Society and Engineering, Méalardalen University, SE-72123 Visteras, Sweden
*  Correspondence: amare.desalegn.fentaye@mdu.se

Abstract: This study presents a comprehensive analysis of the impact of variable inlet guide vanes
and physical faults on the performance of a three-shaft gas turbine engine operating at full load.
By utilizing the input data provided by the engine manufacturer, the performance models for both
the design point and off-design scenarios have been developed. To ensure the accuracy of our
models, validation was conducted using the manufacturer’s data. Once the models were successfully
validated, various degradation conditions, such as variable inlet guide vane drift, fouling, and
erosion, were simulated. Three scenarios that cause gas turbine degradation have been considered
and simulated: First, how would the variable inlet guide vane drift affect the gas turbine performance?
Second, how would the combined effect of fouling and variable inlet guide vane drift cause the
degradation of the engine performance? Third, how would the combined effect of erosion and
variable inlet guide vane drift cause the degradation of the engine performance? The results revealed
that up-VIGV drift, which is combined fouling and erosion, shows a small deviation because of
offsetting the isentropic efficiency drop caused by fouling and erosion. It is clearly observed that
fouling affects more upstream components, whereas erosion affects more downstream components.
Furthermore, the deviation of performance and output parameters due to the combined faults has
been discussed.

Keywords: performance model; variable inlet guide vane; physical faults; gas turbine

1. Introduction

The main source of power for aircraft and industrial systems is the gas turbine. It
operates at high pressure, high temperature, high speed, and stress. A gas turbine is a com-
plicated machine involving mechanical, electrical, and hydraulic systems [1-3]. Actuator
wear, seal wear, blade erosion, blade fouling, blocked fuel nozzles, sensor issues, and do-
mestic object damage are factors that contribute to a decline in gas turbine performance over
time [4-6]. Due to harsh operating conditions, the performance of a gas turbine steadily
declines over time. Anomalous working circumstances must be avoided as soon as possible
to reduce the associated increase in energy consumption and environmental damage. Even
though the engine is working normally due to its decent inlet filtration system that enables
the use of clean air, the parts of the engine flow stream will be eroded, corrosion issues
that cause engine deterioration [7]. The use of an efficient condition monitoring technique
that can identify, analyse, and predict impending failure conditions and recommend the
necessary maintenance measures at the appropriate time is most sought. Energy usage and
environmental pollution will be significantly reduced by improving the operational per-
formance of gas turbines. To evaluate the overall performance of a gas turbine and satisfy
operational and maintenance requirements, knowledge of the gas turbine’s fundamental
state is crucial [8,9]. Several pieces of commercial simulation software have shown to be
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helpful tools for creating models of certain engine performance models [10]. The software
helps to develop both steady-state and transient models using component characteristics
and produce matching results. To investigate the performance of both clean and degraded
gas turbine engines, the thermodynamic interactive generalized turbine engine model must
be created [11,12].

Modern gas turbines include advanced features to achieve improved reliability, avail-
ability, and sustainability [13-15]. Variable geometry plays a crucial role in enhancing the
performance of gas turbines through various features such as variable stator vanes (VSVs),
variable inlet guide vanes (VIGV), variable area nozzles (VAN) and variable bleed valves
(VBV). These components collectively contribute to improving the overall efficiency and
performance of compressors and turbines [16]. Since VIGVs and VSVs are scheduled as a
function of spool speed, the nominal angle will be adjusted when the engine experiences a
speed fluctuation during startup, shutdown, and load changes [17]. Surging and stalling,
which frequently occur at low speeds during startup and shutdown, can always be in-
jurious to the engine’s health and performance [18]. Therefore, stability is ensured, and
performance is improved by removing compressor surge phenomena using the VIGVs and
bleed control system. Variable geometry mechanism faults, axial compressor fouling, and
increasing ambient temperature may also contribute to degradation [19]. Different con-
nections attached to guiding vanes are used as part of an actuation system to regulate the
VIGVs [20]. However, VIVGs may have various issues, like drifting beyond the standard
functioning range. These issues and faults finally cause an unexpected shutdown due to a
surge in the compressor.

Salar et al. [21] identified that low-speed stop, high-speed stop, hydraulic ram leakage,
and Rotary variable displacement transducer (RVDT) misalignment are the main causes
of VIGV drift. A soft sensor was created to forecast VIGV drift. The defect was located by
comparing the deviation between the actual guide vane position from the control panel and
the VIGV position provided by the soft sensor. According to Tsalavoutas et al. [22], other
factors, such as the wearing of the actuation mechanism linkages and the misalignment
or stacking of the vanes because of loosened bolts, caused VIGVs to deviate from their
typical schedule. Continuous monitoring is required to make sure that the movement and
position of the actuation mechanism are in sync with the actual design schedule to avoid the
occurrence of these issues. The vanes of the same compressor stage move synchronously
and, in general, have a common drift. To overcome this, an adaptive performance model to
identify VIGV problems was proposed by Stamatis et al. [23]. By artificially introducing
various VIGV drifts, some researchers have attempted to observe the impact of VIGV drift
on gas turbine performance. To investigate the impact of VIGV drift on the performance
of the compressor, Cruz-Manzo et al. [24] recently created a MATLAB Simulink-based
performance model. A comparison of the difference between the position that the VIGV
was intended to be in and the drift position was investigated, and a significant variation
has been observed. Additionally, Razak and Dosanjh [25] covered the significance of the
condition monitoring system for identifying VIGV drift.

Compressor fouling has an impact on the performance of gas turbines. When sticky
particles accumulate on the annulus passage of the compressor, including the rotors and
stators, compressor fouling occurs [26]. Ajoko and Tolumoye [27] studied the monitoring
of industrial gas turbine performance, which can be affected by fouling, erosion, and
other physical faults. The main goal of the study is to forecast an industrial gas turbine’s
performance utilizing a data analysis process to check, balance, and monitor the behavior of
the gas turbine while it is in operation. According to established facts, this low performance
is observed through the drastic drop in the measurable performance parameters, which
can be rectified and controlled with ambient temperature by regulating the intake supply
air, which is dense and close to the intended specification. Finally, Ajoko and Tolumoye
advised that, to avoid and minimize total gas turbine downtime, gas turbine operators must
be familiar with such information for early prognosis. R. K. Mishra [6] studied aero gas
turbine compressor fouling and corrosion. The conclusion showed that the physical faults
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have been demonstrated to be well-addressed by compressor washing. The frequency
of compressor wash must be carefully calculated from the perspectives of corrosion rate
and performance degradation. The research work [28] provides more information on the
impact of fouling and erosion on gas turbine performance. To prevent a severe performance
decline, adaptive performance models and simulations were conducted to estimate the
fouling rate during operation.

As discussed above, researchers have worked on the simulation of gas path faults
and gas turbine performance degradation. However, only a few numbers of researchers
have studied the performance degradation of all significant gas turbine components.
Variable inlet guide vane drift and its combined effect with other physical faults re-
mained unexplored. Therefore, the purpose of this study is to study the effect of variable
inlet guide vane drift and its combined effect with fouling and erosion on the three-shaft
gas turbine performance at part-load operation. The effects on component isentropic
efficiency and output parameters are studied and discussed. During the development of
the engine performance model, secondary air or cooling system and variable inlet guide
vane scheduling were considered. With the help of engine manufacturer data, the gas
turbine design point and off-design performance models have been built using GasTurb
13 and validated. Using the correlation between physical faults and performance param-
eters, fouling and erosion physical faults were introduced to the healthy engine model.
Investigations of the effect of the combined effect of variable inlet guide vane drift with
fouling and variable inlet guide vane drift with erosion on performance and output
parameters have been conducted. The study focused on a specific type of engine known
as a three-shaft gas turbine engine. This engine is composed of six main components that
make up the gas path. These components consist of a low-pressure compressor (LPC),
high-pressure compressor (HPC), combustion chamber, high-pressure turbine (HPT),
low-pressure turbine (HPT) and power turbine (PT). The power turbine is designed with
a single shaft, while the gas generator consists of two shafts. Within the gas generator,
there are LPC and LPT, as well as HPC and HPT. The LPC is driven by the LPT, while
the HPC is driven by the HPT. The power turbine, which is a free axial turbine, consists
of two stages. Figures 1 and 2 provide the schematic configuration and exergy flow
diagram of the three-shaft gas turbine.

A0

i

Combustor

Fower
Turbine

Pressure Pressure
Turbine Turbine

Figure 1. Configuration of a three-shaft gas turbine.
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Figure 2. Exergy flow diagram of three-shaft gas turbine (adapted from [29]).

2. Gas Turbine Performance Model Development

Many researchers have employed various approaches to construct gas turbine
performance models. Among these approaches, utilizing the method of evaluating
enthalpies and entropies at multiple crucial cycle points has proven to be the most
precise means of assessing gas turbine performance [30]. The performance model for
gas turbines requires the development of design point and off-design models [31]. The
design point model simulates the engine operating at the design load. In off-design
performance simulation, the design point is treated as a single operating condition. The
overall performance of the actual gas turbine cycle is determined by combining the
individual performances of each component of the gas turbine [30,32]. The input data for
the development of the design point model were gathered from the technical manuals
or catalogue of the manufacturer. To assess the design point and off-design model, the
energy balance approach and the iteration and optimization method were used to make
the model accurate and verify the produced results [33]. If the model result matches the
catalogue data, and then the model is taken as an accurate model in terms of predicting
engine performance [34].

2.1. Design Point Performance Modelling

In gas turbine engineering, a design point performance model refers to a mathematical
or computational model used to predict the performance characteristics of a gas turbine at
its design or rated operating conditions. The design point represents the specific combi-
nation of parameters, such as inlet air conditions, fuel flow rate, and rotational speed, at
which the gas turbine is designed to operate optimally. It considers various factors that
affect the performance of a gas turbine, including thermodynamics, aerodynamics, com-
bustion, and mechanical considerations. It aims to provide a quantitative understanding
of the gas turbine’s behavior and performance, such as power output, thermal efficiency,
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exhaust gas temperature, compressor and turbine efficiencies. In this study, the gas path
parameters were determined at design-point calculation. The ambient conditions, com-
ponent efficiencies, compressor pressure ratio, inlet mass flow rate, air—fuel ratio in the
combustion chamber and turbine inlet temperature are among the input data. A design
point performance model developed a single operating point employing thermodynamic
equations to calculate all unknown parameters. It is essential to examine the compatibility
or energy equilibrium between components that use a common shaft. Programming in
Matlab or another programming language can be used to create the design point model.
The model will continue to be improved until the error becomes smaller. In this study, the
performance model was developed using commercial software called GasTurb 13 [10]. The
software works by employing the most accurate and promising method called determining
enthalpy-entropy values at each gas path point. The input data and validation data were
gathered from several sources. The majority of the engine information was gathered from
engine manufacturer datasheets. The remaining input parameters were gathered from
scientific journal papers, and during model optimization, engineering judgments and esti-
mated values were used. The input data presented in the paper [19] were used to develop
the engine design point performance model and to calculate all the gas path parameters.
Using the optimization parameters, constraints, parameters, and figure of merit listed in
paper [19], the model has been tuned.

Design point performance was developed using the known input parameters col-
lected from the catalogue and the available literature, along with some engineering
judgments [35,36]. The secondary air system was taken into consideration. The com-
bustion chamber performance model was created using the energy balance equation, taking
pressure loss into account.

tahs + 1itg x LHV X e = (mﬂ+mf)h4 )

. g (hy + h3)
== _ 9 92 2
M = e X LHV — Iy @

Compatibility of the components work:

Wrpc = Whpr ®3)
Wrpc = Werpr 4
Wpr = Wioad ©)

where LHV is lower heating value, 1 is the combustion efficiency, 11, is the inlet air mass
flow rate, 1y is the fuel mass flow rate, and h; is high-pressure compressor exit enthalpy.
W pc is low-pressure compressor work, Wypc is high-pressure compressor work, Wipr is
high-pressure turbine work, Wpr is power turbine work, and Wy 4,4 is the load. The model
was optimized until the validation was matched. Finally, the output of the design point
model was compared to the design parameters from the gas turbine product datasheet, and
as the design point model output presented in the paper [19], it was determined that the
model has minimal discrepancies from the engine manufacturer data. Due to the agreement
with the actual design values and very low variance, the design point values produced by
the GasTurb 13 [10] simulation were found to be acceptable. As shown in the component
maps scaled and presented in Figures 3-7, the model has no issue with the surging and
choking that occur in the gas turbine operation. The yellow square in the maps shows the
design point.
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Figure 7. Power turbine map.

2.2. Off-Design Performance Modelling

Following the successful development of the cycle design point calculations, an off-
design model was developed. Off-design is the potential of the engine to run for the entire
operating conditions, including the design point. It is all about state change under ambient
conditions and engine load. For instance, the ambient temperature may change drastically
from winter to summer, which has a considerable impact on engine performance. As a
result, the engine must perform efficiently in both design point and off-design operating
points. The initial step in off-design simulations is the adaptation of the target engine’s
design point using the scaling approach and already existing compressor and turbine
mappings. The design point was scaled uniformly for each of the five component maps.
Component matching is the second step in off-design, and it is performed by employing
the Newton-Raphson iterative process to ensure mass flow and work compatibility [15,31].
A suitable characteristics map comprising design point data was selected for the alteration
of the compressor and turbine maps. An additional coordinate called beta (3) was added to
the component map digitization process, as suggested by Kurzke [37], to maintain accurate
component matching. The Newton-Raphson-based component matching procedure is
presented in Figure 8.
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Figure 8. Newton—Raphson algorithm for component matching in GasTurb 13 [31].

Gas Turb 13 commercial software [10], which is used to develop the design point
and off-design performance mode, ensures the flow and work of the connected indi-
vidual components are compatible. A steady-state off-design operating line is typically
built using the Newton—Raphson iterative methodology because of its simplicity in
non-linear systems [7].

The off-design model was developed and verified by using the engine datasheet or
manufacturer data. The engine datasheet provided crucial information for validating the
off-design model, encompassing efficiency versus ambient temperature change and power
output versus ambient temperature change.
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In this study, the scheduling of Variable Inlet Guide Vanes (VIGVs) and bleed air were
carefully considered. The VIGV scheduling graph, displayed in Figure 9, was imported
into the engine simulation software. This VIGV scheduling data were also obtained from
the engine manufacturers’ catalogue.

Variable Inlet Guide Vane Scheduling

310 315 320 325 330 335 340 345 350 355 360 365 370 375 380 385 390 395 400 405 410 415 420

Corrected LPC Speed

Figure 9. RB211—-24G VIGVs schedule (N7 /+/Tp).

The off-design model was then used to generate data by incorporating the power
output versus ambient temperature and VIGV scheduling into the software. Sub-
sequently, the generated data were compared to the data collected from the engine
datasheet. The validation data closely aligned with the model that produced the ef-
ficiency versus ambient temperature and power output versus ambient temperature.
At each operational point, the model power output versus ambient temperature error
from the data collected from the engine datasheet was a mere 0.02%. Meanwhile, the
efficiency versus ambient temperature output data exhibited a 4.5% error, as presented
in the paper published [19]. The validation indicates that the model is trustworthy and
acceptable in predicting the gas turbine’s performance.

3. Physical Fault Simulation

The performance of the gas path components, particularly the compressor and turbine,
plays a crucial role in the overall functioning of the engine due to their susceptibility
to various internal and external degradation factors. Gas turbine deterioration can be
attributed to two main categories of causes. The first category involves mechanical failures
such as misalignment, imbalance, loose parts, bearing failures, and inadequate lubricating
oil. The second category pertains to performance-related issues such as debris and fouling
in compressors, corrosion, erosion, improper combustion, increased clearance around
blade tips, and domestic object damage (DOD). Meanwhile, the degradation of gas turbine
performance can be classified as either temporary or permanent. Temporary deterioration,
which can be rectified through washing, is caused by fouling, erosion, corrosion, and blade
tip clearance. On the other hand, permanent deterioration needs replacement. The most
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frequent cause of gas turbine performance decline is the existence of fouling and erosion.
Hence, fouling and erosion physical faults, combined with variable inlet guide vane drift,
were simulated in this study. One of the most common causes of component deterioration
is fouling, which is responsible for more than 70% of the overall loss of engine performance
during the period of operation [38,39]. It is known that during gas turbine operation, a
volume of air containing air pollutants enters the engine. Using health parameters, it is
possible to monitor the decline in gas turbine engine performance [40]. The performance
changes caused by various defects are depicted using the health parameters. The ratio of
the degraded component isentropic efficiency and mass flow and those that are in good
condition component’s isentropic efficiency and mass flow are called component health
parameters, as shown in Equations (6) and (7). It defines that gas turbine performance
degradation occurred when the health parameter is less than 1 but not when it is greater
than 1 [41]. Hr, H,; are health parameters.

Hpj = miﬁ/(miﬁ) ©)
i i ref

Hy; = 1i/7; ref 7)

where P; is the total pressure, Hr; and H, ; are health parameters, m; is flow rate and 7; is
isentropic efficiency.

To study how physical faults affect gas turbine performance, physical faults were
introduced into the model. The relationship between physical faults and performance
parameter deviation was used to simulate physical faults. The method used to simulate
physical faults required a deliberate deviation in flow capacity and isentropic efficiency
from the normal condition while maintaining the relationship between physical faults and
performance parameters, as shown in Table 1. Prior to the simulation and data generation
of the model, the deviating values were scheduled in the software using the modifier option.
As shown in Table 1, to simulate compressor fouling from 0% to 100% fouling severity level,
the mass flow must be purposefully decreased at intervals of 0% to —7.5%, and isentropic
efficiency was also reduced at intervals of 0% to —2.5%. The flow capacity and isentropic
efficiency relationship is 3:1 [41,42]. For instance, the flow capacity and efficiency will drop
by —0.75 percent and —0.25 percent, respectively, in a 10 percent low and high-pressure
compressor fouling severity level scenario, which means 10% of —7.5% and —2.5%. For
compressor erosion and turbine fouling simulation at 10% fault severity, the reductions
in efficiency and mass flow are —0.2% and —0.4%, respectively. However, it is important
to note that erosion in the turbine leads to an increase in flow capacity. Thus, to simulate
turbine erosion at 10% fault severity, isentropic efficiency was decreased by —0.2%, while
mass flow was increased by 0.4%.

Table 1. Health parameters and physical faults relationship [41-43].

Physical Fault Flow Capacity Change (A) Isentropic Efficiency Change (B) Ratio A:B Range

. . (0, =7.5%)

Compressor fouling Icl ncd 31 (0, —2.5%)
) ) (0, —4%)
Compressor erosion Icl neld 21 (0, —2%)
) ) ) (0, —4%)
Turbine fouling I'rl nrd 2:1 (0, —2%)
(0, +4%)

Turbine erosion

FTT T]TwL 21 (O, _20/0)
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4. Results and Discussion
The Combined Effect of Fouling with VIGV Drift and Erosion with VIGV Drift on the Component
Isentropic Efficiency

After developing and validating the design point and off-design performance model,
fouling and erosion were simulated using the relationship between physical faults and
health parameters, as shown in Table 1. The GasTurb 13’s [10] modifier option was used to
implant the physical faults using isentropic efficiency and flow capacity. To simulate the
engine model under a deteriorated condition, the compressor maps and turbine maps must
be updated using the following scaling factors [43].

SFrc=1+ AEB'C ®)
SFyc =14 ~1mC )
SFr=1+ AE)BT (10)
SF,r=1+ Aﬁ;{‘)j (11)

where SF,, c and SFr ¢ are the scaling factors of the compressor efficiency and flow capacity,
SFr,r and SF, 1 describe the scaling factors of the turbine and compressor flow capacity
and efficiency, while AHr ¢ and AH,, c are the change of compressor flow capacity and
efficiency, and AHr 1t and AH,, 1 are the change of turbine flow capacity and efficiency.
After implanting physical faults using the relations, the combined effect of fouling and
variable inlet guide vane drift and erosion and variable inlet guide vane drift on component
isentropic efficiency were investigated. Five different drift angles at 100% fouling and
erosion fault severity levels were simulated. The VIGV drift angles were —6.5°, —3.5°, 0°,
3.5°, and 6.5°. The part load ranges were from 100% to 60%, incremented by 10%. The
combined effect of fouling and VIGV drift and the combined effect of erosion and VIGV
drift on the main components’ isentropic efficiency are shown in Figure 10a—j.
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Figure 10. Cont.
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Figure 10. Deviation of component isentropic efficiency: (a) LPC fouling and VIGV drift; (b) LPC
erosion and VIGV drift; (¢) HPC fouling and VIGV drift; (d) HPC erosion and VIGV drift; (e) HPT
fouling and VIGV drift; (f) HPT erosion and VIGV drift; (g) LPT fouling and VIGV drift; (h) LPT
erosion and VIGV drift; (i) PT fouling and VIGV drift; (j) PT erosion and VIGV drift.

Figure 10a,b show the deviation of LPC’s isentropic efficiency when LPC fouling with
VIGV drift and LPC erosion with VIGV drift existed independently, respectively. The results
show that the isentropic efficiency is decreased when LPC fouling with down-VIGV drift
and LPC erosion with down-VIGYV drift exist. The LPC’s isentropic efficiency is increased
at up-VIGYV drift angles and when fouling and erosion severity are 0%. Both up- and down-
VIGV drift with 100% LPC fouling caused LPC’s isentropic efficiency to decrease. However,
exceptionally, LPC isentropic efficiency increases when VIGV drift is 6.5°, with 100% LPC
erosion occurring. Figure 10c,d show the isentropic efficiency deviation caused by HPC
fouling with VIGV drift and HPC erosion with VIGV drift, respectively. The result shows
that the HPC'’s isentropic efficiency deviation trend is almost similar to the LPC’s isentropic
efficiency deviation trend, but the isentropic efficiency deviation of HPC due to HPC
fouling with VIGV drift and HPC erosion with VIGV drift is minimal. Another difference is
that both up- and down-VIGV drift with 100% HPC fouling and both up- and down-VIGV
drift with 100% erosion caused HPC isentropic efficiency to decrease. Figure 10e,f show the
HPT isentropic efficiency deviation due to HPT fouling with VIGV drift and HPT erosion
with VIGV drift, respectively. In all scenarios, except 0% fouling with up-VIGV drift and
erosion with up-VIGV drift, the HPT isentropic efficiency is decreased. In this case, the HPT
isentropic efficiency trend due to fouling and due to erosion is similar. However, as shown
in Figure 10g,h, the LPT isentropic efficiency increases at 0% fouling with down-VIGV drift
and erosion with up-VIGV drift only. Other than that, LPT isentropic efficiency decreases
in all scenarios. Figure 10i,j show the deviation of PT isentropic efficiency due to PT fouling
with VIGV drift and PT erosion with VIGV drift, respectively. The trend is similar to the
LPT isentropic efficiency deviation, but the deviation of PT isentropic efficiency is higher
than the deviation of LPT isentropic efficiency in all scenarios.

Gas path measurement parameters are always used to monitor gas turbine perfor-
mance. Mohd et al. [35] recommended the top ten diagnosis set parameters for an RB211-
24G three-shaft gas turbine engine. These suggested parameters have been used in [42,43],
and they are listed as follows: PT4, T24, P3, T3, P43, P47, T5, FF, N1 and N2. The com-
bined effect of fouling and VIGV drift and erosion and VIGV drift on these measurement
parameters is shown in the following graphs.

Figure 11a—j show how measurement parameters change when components and
existing fouling and VIGV drift are combined and how the measurement parameters



Machines 2023, 11, 789

15 of 20

Deviation from clean condition in {%}

Deviation from clean condition in {%}

O NWk U]

change when component erosion and VIGV drift are combined and exist. The severity of
fouling and erosion was applied at 100%, and VIGV drift angles of —6.5°, —3.5°, 3.5° and

6.5° were considered.

Measurement Deviation vs VIGV Drift at
100% LPC Fouling Severity

P24 @T24 EAP3 HBT3 MmMP43

BP47 BT5 BEFF BEN1 BEN2

R

il

HNH_
™
B

n.A E@EL -

-6.5 -3.5 3.5
Variable Inlet Guide Vane Drift in {°}

6.5

(a)
Measurement Deviation vs VIGV Drift at
100% HPC Fouling Severity

EP24 @124 @P3 BT3

SIS
I

Imm
ot

e g=gE| HE E
-6.5 -3.5 3.5 6.5
Variable Inlet Guide Vane Drift in {°}
(c)

Figure 11. Cont.

Deviation from clean condition in {%}

Deviation from clean condition in {%}

'
Q1 W

Measurement Deviation vs VIGV Drift at
100% LPC Erosion Severity

BP24 HT24 #AP3 BT3 MmMP43
BP47 BT5 BFF BEN1 BEN2

EOEDEE

"

B

B

N B W
5
¥
B

—_=__ Bmre -
L B

=" —EmEl—

-6.5 -3.5 3.5

Variable Inlet Guide Vane Drift in {°}

6.5

(b)

Measurement Deviation vs VIGV Drift at
100% HPC Erosion Severity

EP24 §T24 @AP3 BT3 mP43
@Br47 BT5 EBFF HEN1 BN2

AT AL SIS

. E EHEWEE

-6.5 -3.5 3.5

6.5

Variable Inlet Guide Vane Drift in {°}

(d)



Machines 2023, 11, 789

16 of 20

Measurement Deviation vs VIGV Drift at
100% HPT Fouling Severity

& EP24 BT24 @P3 ET3 MP43
g 6 BP47 BT5 EBFF EN1 BN2
§ 45 7
53 4 N
g s N
2N i %
g o HE HE Bl NA - N4
3 q 0 =mg - g g
<@ N E :
°.15 N :
g :
g3
.5 -4.5
s -6
>
8 -6.5 -3.5 3.5 6.5
Variable Inlet Guide Vane Drift in {°}
(e)
Measurement Deviation vs VIGV Drift at

100% LPT Fouling Severity
. BP24 HT24 BP3 BT3 mP43
X g @BP47 BT5 BFF EN1 BN2
c
.é p
= 4 ‘ N
2 Il Ble L] L
o ML N lml N L o
g2 @ g @[-E H E
24
o)
g -6
£ -8
51
E;‘ -6.5 -3.5 3.5 6.5
>
Cq]’ Variable Inlet Guide Vane Drift in {°}

(8)

Measurement Deviation vs VIGV Drift at
100% PT Fouling Severity

BP24 @T24 BP3 BT3 mMP43
@EP47 @BT5 EBEBFF EN1 BN2

Aoy o R E @
/ B
¥ P ¥T
3 :
3 :

Deviation from clean condition in
9 —_ =
Shbonia w3
AT IS ST

-6.5 -3.5 3.5 6.5
Variable Inlet Guide Vane Drift in {°}

(i)

Measurement Deviation vs VIGV Drift at
100% HPT Erosion Severity

mP24 @T24 BP3 BT3 MP43
EP47 BTS BFF EN1 BN2

§
§
k

LTI
AR
[T

Deviation fromclean condition in {%}
IO

-3
-4.5
-6
-6.5 -3.5 35 6.5
Variable Inlet Guide Vane Drift in {°}
®

Measurement Deviation vs VIGV Drift at
100% LPT Erosion Severity

BP24 BT24 B1P3 BET3 mP43

BP47 ET5 BFF BEN1 BN2

R P
[[amauas

E

1

|——]

[}

-6.5 -35 3.5 6.5
Variable Inlet Guide Vane Drift in {°}

Deviation from clean condition in {%}

(h)

Measurement Deviation vs VIGV Drift at
100% PT Erosion Severity

HP24 @T24 B8P3 BT3 MmMP43

k=
[=
g 12 BP47 BT5 BFF ENI EN2
< 10
g 8
£ 6
<2
g2
g o
£~
s -4
g -6

-6.5 -3.5 35 6.5

Variable Inlet Guide Vane Drift in {°}
@G)

Figure 11. Deviation of component measurement parameters: (a) LPC fouling and VIGV drift;
(b) LPC erosion and VIGV drift; (c) HPC fouling and VIGV drift; (d) HPC erosion and VIGV drift;
(e) HPT fouling and VIGYV drift; (f) HPT erosion and VIGV drift; (g) LPT fouling and VIGV drift;
(h) LPT erosion and VIGV drift; (i) PT fouling and VIGV drift; (j) PT erosion and VIGV drift.
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Figure 11a,b show how the measurement parameters change when LPC fouling and
VIGV drift are combined and how the measurement parameters change when LPC erosion
and VIGV drift are combined and exist. The graphs of both Figures 11a and 11b demonstrate
that at each drift angle, T24, T3, T5, FF, N1, and N2 show increments, whereas P24, P3,
P43, and P47 show decrements. The highest deviation is shown in the down-VIGV drift
for both scenarios. The knowledge gained from this result is that up-VIGV drift offsets the
deviation of measurements caused by fouling and erosion. Figures 11c and 11d show how
the measurement parameters change when HPC fouling and VIGV drift combine and occur
and how the measurement parameters change when HPC erosion and VIGV drift combine
and occur. The result shows that at each drift angle, P24, T24, T3, T5, FF, N1, and N2 show
increments, while P3, P43, and P47 show decrements. The highest deviation, except P24, is
shown in the down-VIGYV drift for both scenarios. When HPT fouling is combined with
VIGV drift, the measurement parameters change, as shown in Figure 11e. The result shows
that the highest deviations of P24, P3, and N2 parameters were observed at the 6.5° drift
angle, which were about 2.71%, 4.6%, and 1.7%, while the highest deviations of T24, T3, P43,
P47, T5, FE, and N1 parameters were observed at a —6.5° drift angle, and were about 1.78%,
2.93%, —0.7%, —0.95%, 4.59%, 3.14%, and 6.3%, respectively. Figure 11f shows how the
measurement parameters change when HPT erosion combined with VIGV drift occurred.
The result shows that the highest deviation of P24, T3, and N2 is observed at 6.5° drift,
being about 5.79%, —3.84%, and —4.12%, respectively; the highest deviation of T24, P3, P43,
P47, T5, FF, and N1 is observed at —6.5° drift, being about 1.89%, —5.6%, —0.83%, —1.03%,
5.0%, 3.4%, and 5.8%, respectively.

Figure 11g shows how the measurement parameters change when LPT fouling is
combined with VIGV drift and exists. The result shows that the highest deviations of
parameters P24, T3, P43, and N2, were observed at 6.5° drift, being about 7.47%, —2.54%,
3.78%, and —3.97%, respectively, and the highest deviation of parameters T24, P3, P47,
T5, FF, and N1, was observed at —6.5° drift, being about 2.6%, —1.33%, —0.8%, 3.8%,
2.6%, and 7.1%, respectively. It was also observed that P24, T24, T3, P43, T5, FF, and N1
were increased compared to the normal condition, where P3, P43, and N2 were decreased.
Figure 11h depicts how the measurement parameters changed when LPT erosion and
VIGV drift coexisted. The result shows that the highest deviation of parameters P24, P3,
T3, P43, P47, T5, FF, and N2 is observed at a —6.5° drift, being about —9.8%, —1.88%,
3.18%, —4.95%, —1.55%, 7.75%, 5.3%, and 5.3%, respectively. It was observed that T3,
T5, FF, N1, and N2 increased from the normal condition, whereas P24, T24, P3, P43,
and P47 decreased. Figure 11i depicts how the measurement parameters change when
PT fouling occurs in conjunction with VIGV drift. The result shows that the highest
deviation of T24, T3, P47, and N1 is observed at 6.5° drift, being about —2.36%, —1.88%,
—4.07%, and —5.91%, respectively, and the highest deviation of P24, P3, P43, T5, FF, and
N2 is observed at —6.5° drift, being about —5.27%, —2.09%, —0.74%, 7.04%, 4.8%, and
1.15%, respectively. Figure 11j depicts how measurement parameters changed when
PT erosion and VIGV drift coexisted. The results show that the maximum deviation
of parameters P24, P3, and P43 is observed at 6.5° drift, being approximately —3.16,
—6.39%, and —4.12%; the maximum deviation of parameters T24, T3, P47, T5, FF, and
N1 is observed at —6.5° drift, being approximately 4.27%, 4.44%, —5.18%, 6.18%, 6.98%,
12.3%, and 2.71%. It was observed that T5, FF, and N1 show the highest deviation at
—6.5° VIGV angle drift, among other parameters.

5. Conclusions

The results showed that VIGV drift has a significant impact on gas turbine perfor-
mance. When component fouling and VIGV drift are combined and exist and when
components erosion and VIGV drift are combined and exist, the highest isentropic ef-
ficiency deviation is shown for LPC, while the lowest deviation is shown for LPT. The
combined effect of fouling and up-VIGV drift and the combined effect of erosion and
up-VIGYV drift show a small deviation due to offsetting the isentropic efficiency decline
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caused by fouling and the isentropic efficiency decline caused by erosion. Furthermore,
the combination of fouling and down-VIGV drift as well as erosion and down-VIGV
drift reduced the component’s isentropic efficiency. However, it is worth noting that
LPT isentropic efficiency increases when down-VIGV drift occurs at 0% fouling and
erosion severity. In most cases, it was observed that the deviation of component isen-
tropic efficiency increases as the fouling and erosion severity increases, but in some
cases, it is nonlinear due to component re-matching. The combined effect of fouling and
down-VIGYV drift, and the combined effect of erosion and down-VIGYV drift, caused an
increase in exhaust temperature. In the scenarios of up-VIGV drift with fouling and
up-VIGV drift with erosion, it is observed that fuel flow rate, exhaust temperature, and
low-pressure spool speed are significantly raised from the clean condition values. This
causes a drop in overall engine efficiency. Generally, in this paper, the deviation of gas
path measurement parameters due to the combined effects of fouling and VIGV drift, and
the combined effects of erosion and VIGV drift, are discussed. The recorded isentropic
efficiency of the component and the measurement deviation due to the combined effect
of physical faults (fouling and erosion) and malfunction (VIGV drift) can be utilized
as inputs for diagnosis development. The authors suggest that future research could
investigate the combined effects of fouling and VIGV drift and the combined effects of
erosion and VIGV drift on gas turbine performance under part-load operation.
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Nomenclature

CcC Combustion chamber

DOD Domestic object damage

FF Fuel flow

GT Gas Turbine

NGV Nozzle guide vane

N1 Low-pressure speed

N2 High-pressure speed

P24 Low-pressure compressor exit Pressure
P3 High-pressure compressor exit pressure
P43 High-pressure turbine exit pressure

P47 Low-pressure turbine exit pressure
RVDT Rotary variable displacement transducer
T24 Low-pressure compressor exit Temperature

T3 High-pressure compressor exit Temperature
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T5 Power turbine exit temperature

VAN Variable area nozzle

VBV Variable bleed valve

VIGV Variable inlet guide vane

VSV Variable stator vane

WhrsTD Low-pressure compressor corrected flow

WosrsTD High-pressure compressor corrected flow

Nu/v0O4 Corrected high-pressure spool speed, where 6 = ﬁ and T, is inlet temperature
N /+/Oy5 Corrected low-pressure spool speed

Wyp % /Oy1/64  Corrected high-pressure turbine flow, where § = % and P, is inlet pressure
Wys % /Oy5/045 Corrected low-pressure turbine flow

Wig * /Oug Corrected power turbine flow
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