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Abstract: Fouling, caused by the adhesion of fine materials to the blades of the compressor’s last
stages, changes the airfoil’s shape and function and the inlet flow angle on the blades. As the fouling
increases, the range of influence increases, and the mass flow rate and overall engine efficiency
reduce. Therefore, the compressor is choked at lower speeds. This study aims to simulate compressor
performance during off-design conditions due to fouling and to present an approach for modeling
faults in diagnostic and health monitoring systems. A computational fluid dynamics analysis is
carried out to evaluate the proposed method on General Electric’s T700-GE turboshaft engine, and
the performance is evaluated at different flight conditions. The results show promising outcomes
with an average accuracy of 88% that would help future turboshaft health monitoring systems.
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1. Introduction

When helicopters fly in harsh environments such as cities, deserts, or saltwater seas,
pollution, sand, salt, and moisture are among the destructive factors that the engine faces.
Fouling in compressors is one of the most common problems caused by these natural and
environmental factors. The consequences of fouling can severely affect the performance of
turboshaft engines.

Fouling, formed on the compressor blades, changes the airflow trajectories and reduces
the surge range [1]. This additionally increases the compressor’s sensitivity to instabilities.
Therefore, the airflow reaches a choked condition at lower speeds, generally measured
in revolutions per minute (RPMs) [2]. With the growth and continuation of fouling, the
mass flow rate (MFR) is more affected and causes a sharp drop in the compressor pressure
ratio (CPR), reducing the output power and increasing the specific fuel consumption (SFC).
Therefore, it is one of the essential factors in off-design performance and will determine the
performance range for the engine health monitoring (EHM) system [3].

With the advent of the new generation of variable-speed engines and efforts to increase
power and reduce fuel consumption and emissions, design requirements lead engineers to
a higher-pressure ratio and more accurate control systems in the compressor. Therefore,
it is necessary to develop diagnostic systems to synthesize the engine’s off-design perfor-
mance and quickly identify fouling in the compressor from other factors that can create
similar conditions.

In gas turbine fault diagnostics, engine manufacturers have devised several methods
over the past four decades [4,5]. Table 1 lists some of the fault diagnostic methods for
turboshaft engines. The ability to use data analysis in engines and proactively monitor
fouling progression is paramount. Thus, Saravanamuttoo et al. [6] conducted extensive and
fundamental research on the performance of clean and fouled compressors in various types,
levels, and locations of known faults. These studies led to the modeling and sensitivity
analysis of parameters affecting fouling.
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Table 1. Fault diagnostic methods for turboshaft engines.

Author Ref. Year Classification

Saravanamuttoo, et al. [6] 1989 Computer Simulation Techniques
Dash, et al. [7] 2000 MB and Data-driven
Yang, H., et al. [8] 2014 MB, and local optimization
Zhao, et al. [3] 2016 MB, DD, and Knowledge-based
Zeng, et al. [9] 2018 MB, and direct problem
Vulpio, A., et al. [10] 2021 MB, and Hybrid
Suman, et al. [1] 2021 MB, and particle impact influence

The model-based (MB) methods are the first category of gas turbine diagnostic meth-
ods that rely on the engine’s thermodynamic model. The second category is the data-driven
(DD) approach, with a different diagnostic approach that uses maintenance processes and
historical data to devise decisions [7].

In some studies, the stage-stacking method has been used due to high speed and a
good adaptation of local optimization models to field data [8]. The overall effect of the
one-stage fouling simulation is considered to calculate the full compressor performance.
So, this method is not based on detailed analysis.

Zhao et al. [3] have developed a physics-based adaptive model to evaluate perfor-
mance deltas and correct the data to reference conditions. At the same time, a DD correlation
algorithm identifies the most likely matches within a fault signatures database.

Zeng et al. [9,11] developed modeling for the impacts of fouling on the overall engine
performance, and N. Casari et al. [12] developed a multistage compressor performance
simulation model based on one-dimensional analysis. These simulations are used when
fouling is present, and fault characteristics are known.

Recently, hybrid models have enhanced these weaknesses and have received more
attention as they improve the accuracy and speed of data analysis [10,13,14]. In [10], a
turboshaft engine’s multistage axial-flow compressor is employed to study the fouling rate
on rotor blades and stator vanes from both numerical and experimental standpoints.

In 2021, Suman et al. [1] published significant research on modeling based on particle
impact influence and trajectories. These models are very accurate but are complicated, slow,
and time-consuming for diagnostic systems in multistage axial flow compressors.

This proposed research aims to develop a novel MB method for the EHM system
of turboshaft engines that require fewer data/parameters to work while maintaining or
improving the detection and isolation schemes’ accuracy.

2. Problem Definition

Reviewing the literature, two main issues emerge from the analysis of these engines
under harsh conditions related to fouling:

Lack of engine data: The development of fault diagnostic methods requires relevant and
reliable data to sufficiently represent healthy and unhealthy engine conditions. It is difficult
to obtain the required data because of the limited availability of gas turbine operational
data and a lack of deteriorated engine data. Thus, most of the significant studies in the
past are based on the analysis of industrial or axial compressors [15]. Considering the use
of both axial and centrifugal compressors in helicopter turboshaft engines, this study can
complement previous studies.

Engine’s speed and flight conditions: The new turboshaft engines [16] experience addi-
tional issues with the variability of the engine’s speed, such as instability in compressor
operations, vibrations and resonance, and control of flow through inlet guide valves,
among others. Another factor presented in this research is the use of variable speed engines,
sensitivity analysis, and fouling reactions to the cycle in different flight conditions.

The objective of this paper is to address the abovementioned issues under the formal
problem definition below;
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1. Creating an accurate dataset: The aero-thermodynamic model, protection design guide-
lines (PDG), and subsystem data (SSD) will be combined and presented on the dataset. For
fault diagnosis and isolation (FDI) system adaptation with the aero-thermodynamic model,
technology coefficients will be applied to all parameters and effective components in the
diagnostic modeling process [16]. If the International Civil Aviation Organization (ICAO) or
the manufacturer issue recalls, repairs, and overhaul (MTO) documentation, the FDI system
must be updated to account for these updated guidelines. Therefore, using coefficients
allows us to define the accuracy and sensitivity of detection in the engine’s components.

Flight conditions including temperature (T0), pressure (P0), Mach (M0), power re-
quested by the pilot ( Poperator), power produced by the engine ( Pe), number of revolutions
per minute of the gas turbine (NGGT) and free turbine (NFPT), compressor pressure ratio
(πc), turbine gas temperature (TGT), engine outlet temperature (EGT), fuel mass flow rate
(

.
m f ), bleed mass flow rate (

.
mβ) and cooling (

.
mε), the angle of the inlet guide (αIGV), and

the engine control unit (ECU) data inspected by the PDG are all parameters used in the
FDI system. Figure 1 presents the parameters of the aerothermodynamic model and the
importance of effective coefficients in the process of the FDI.
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Figure 1. FDI block diagram for a turboshaft engine.

2. Tracking an off-design condition: Any defect or change in a component’s performance
will generate an off-design dataset. The compressor’s map and turbine gas temperature
(TGT) are essential data for flow status [17] and fouling identification. Therefore, flow
control is a key factor for fouling studies.

3. Identifying faults in the system: Fouling detection is an essential step in fault diag-
nostics. Trend shift detection and binary decision approaches are commonly applied
techniques [18]. This study is performed based on the difference between the off-design
and on-design datasets, and the relationship between them is highly nonlinear. The diag-
nostics problem’s nonlinear complexity increases as two or more components are affected
simultaneously, and component faults coexist. Thus, the diagnostic system to be proposed
should be capable of dealing with engine behavior’s nonlinear nature [19].

3. Methodology

Figure 2 shows the reference stations for the inlet, compressor, burner, nozzle guide
vane (NGV), gas generation turbine (GGT), free power turbine (FPT), nozzle, and engine
reduction gearbox (ERG) in a helicopter turboshaft engine. This section outlines the off-
design analysis modeling for the compressor fouling diagnostics process between stations
2 and 3 to solve the problem where the engine performance is known (MFR, CPR, SFC,
efficiency, etc.) and the fault severity, type, and location must be determined.
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Figure 2. Reference stations for a turboshaft engine [16]. Copyright 2023 SAE International.
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In engine design, a dataset is considered the primary reference point. Changing the
input data will yield secondary datasets (on-design) at each flight condition. By making
any changes in one of the parameters, other parameters will also change, and the system
will enter off-design conditions. Therefore, the system’s off-design output can be compared
with its on-design at any given time to generate residuals and identify faulty behavior and
its characteristics.

The compressor fouling modeling is considered for the off-design system at three
levels. These three levels are (i) low with 1%, (ii) medium with 2%, and (iii) high with
3%, air MFR decrease in the compressor. In order to model power, efficiency, and other
performance parameters, new calculations are performed at each stage as a function of the
corrected MFR. Figure 3 illustrates the model’s relationships between independent and
dependent variables and the overall process flow.
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Figure 3. Flowchart for the numerical method. The mass flow rate can be obtained from [16].
Copyright 2023 SAE International.

The proposed modeling is structured in six steps as follows. The first step is to calculate
the engine output power.

3.1. Engine Cycle—Power (Step 1)

The parameter that determines the instantaneous data values in the on-design condi-
tion is the engine power (Pe). Engine power is calculated from Equation (1) based on the
rotors’ condition, flight condition, and subsystems requirements [20].

Pe =
Pmr + Ptr + Paccs

ne ηgηm

(
P0

P0R

√
T0

T0R

) (1)

where ne is the number of active engines. Moreover, mechanical efficiency (ηm) and
gearbox transmission efficiency (ηgt) denotes the level of technology used in manufacturing.
The power used in the main rotor (Pmr), the tail rotor (Ptr), and accessories (Paccs) are

proportional to the total power produced by the engine. Finally, P0
P0R

√
T0

T0R
is the ambient

term. P0 and T0 are pressure and temperature at station 0. Subscript “R” refers to the
reference data.
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3.2. Engine Cycle—Combustion Temperature (Step 2)

After determining the power, the next step is calculating the energy in the combustion
chamber. Since fuel has a specific heat value (hPR), under normal conditions, the amount
of energy will be directly related to temperature. Therefore, the calculation of combustion
temperature (T4) as one of the most critical operating/control parameters to obtain the
required power can be obtained from Equation (2) [16].

T4 =
1

CP3CP4T0

 hPRηccτd
.

m3.1(1−τd)
SFC.Pe

+ 1

2

(2)

where ηcc is combustion chamber efficiency and denotes the impact coefficient of the
technology used. τd is the total temperature ratio caused only by wall friction effects, and
CP is the specific heat at constant pressure.

.
m3.1 gives the output air mass flow rate from

the compressor.
The combustion temperature difference causes rotation of the shaft and defines the

compressor’s operating conditions as detailed in Step 3.3.

3.3. Engine Cycle—Compressor (Step 3)

The energy released on the turbine blades causes the compressor to rotate and the CPR.
The CPR for the engines used to date is between 1:6 and 1:22, and polytropic efficiency (ec)
is a function of the technology level used (Table 2) in the compressor stages.

Table 2. Compressor polytropic efficiency levels. Data taken from Ref. [16]. Copyright 2023
SAE International.

Level of Technology

Factor 1 2 3 4

ec 0.80 0.84 0.88 0.90

The compressor’s temperature ratio (τc), pressure ratio (πc), and efficiency (ηc) can be
obtained from Equation (3) [21].

τc =
1
τi

√
CP4T4
CP3T0

πc = (τc)
γcec
γc−1

ηc =
πc

γc−1
γc −1

τc−1

(3)

where γ is the heat capacity ratio, and τi is the temperature ratio of the engine inlet.
The gas carries the energy released in the combustion chamber and sits on the turbine

blades, causing the gas generator turbine (GGT) to rotate. The turbine speed changes
outside the reference design point and can be obtained from Equation (4) [22]. Subscript
“R” refers to the reference.

NGGT = NGGT−R

√
T0τi(τc − 1)
|T0τi(τc − 1)|R

(4)

The data set at the design point is completed, and the parallel off-design analysis will
be examined in the next step.

3.4. Fouling Effect—Compressor (Step 4)

The cross-section of the fluid flow in the compressor decreases as the fouling progresses
on the compressor blades, reducing the mass flow rate. The MFR under fouling conditions
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is obtained from Equation (5). Subscript “F” refers to the fouling and for further details on
the derivation, see Appendix A.1.

.
m2.2F =

.
m2.2

√
T4

P2πc

(
P2FπcF√

T4F

)
(5)

where P2 is the total pressure at station 2, where the engines have a pressure sensor.
Small MFR changes will cause drastic changes in the pressure ratio based on the

compressor’s sensitivity to MFR changes. The compressor pressure ratio under the fouling
(πcF) condition is formulated in Equation (6). Details on the derivation of this equation are
represented in Appendix A.2.

πcF =

[
1 +

(
T2

T4

)(
T4F
T2F

)(
π

γc−1
γcec

c − 1
)] γcec

γc−1

(6)

The combustion chamber’s flame temperature and chemical reactions are affected by
reducing the pressure ratio of the incoming airflow from the compressor. Although the
sprayed fuel is constant, these changes show their impact by reducing the turbine blades’
discharged energy and the shaft’s rotational speed. Changes in the compressor rotational
speed under fouling conditions can be obtained from Equation (7).

NGGT−F = NGGT

√√√√√π
γc−1
γcec

cF − 1

π
γc−1
γcec

c − 1
(7)

Constraining the flow passage at the end of the compressor increases the air mass
density, increasing the pressure and temperature at the compressor inlet. Assuming that the
position of the inlet guide vane blades (constant volume condition) does not change, Amon-
tons’s law [23] will be used to calculate the inlet pressure (P2F). Rearranging Equation (7)
and using Amontons’s law, the compressor’s inlet temperature under fouling conditions
can be obtained from Equation (8).

T2F = T2

[
πc

.
m2.2
√

T4

( .
m2.2F

√
T4F

πcF

)]2

(8)

where T2 is the total temperature at station 2, where the engines have a temperature sensor.
The next step will be to define the engine power at the fouling condition.

3.5. Fouling Effect—Power (Step 5)

To stabilize the flow through the compressor stages, at the end of the axial compressor,
bleed valves/bands (β) reduce the relative air pressure and prevent stall/surge. On the
other hand, fouling results in massive changes in the compressor’s mass flow rate, pressure
ratio, and combustion chamber temperature, all of which will affect the performance of
turboshaft engines, including its power output. The derivation process in Appendix A.3
calculates the power reduction with fouling progression from Equation (9).

PeF = Pe

( .
m2.2F.
m2.2

)(
1+ fF−β
1+ f−β

)(
T5F
T5

) 1−
(

P0
P5F

) (γt−1)et
γt

1−
(

P0
P5

) (γt−1)et
γt


T5F = T4F −

CP3T2F

[
(πcF)

γc−1
γcec −1

]
CP4ηm(1+ fF−β)

P5F = P0πiπdπCC

[
πCF

(
1− T4F−T5F

ηGGTT4F

) γt
(γt−1)et

]
(9)
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where T5 is the total temperature at station 5, where the engines have a temperature
sensor. f is the fuel-to-air mass flow ratio, which can be calculated using the level of
technology chosen for the design, the inlet and diffuser pressure ratio, the combustion
chamber pressure ratio, and the polytropic efficiency of the compressor and turbine as
detailed in [16]. In addition, the mechanical and turbine efficiency factors can be obtained
from the manufacturers.

With power values at the off-design situation, specific fuel consumption and efficiency
can be defined in step 6.

3.6. Fouling Effect—SFC and Efficiency (Step 6)

Since the fuel mass flow rate (
.

m f ) is based on the requested power and the inlet air
conditions of the engine, under the same conditions, the specific fuel consumption of
turboshaft engines with fouling can be obtained from Equation (10).

SFCF =

.
m f

PeF
(10)

Finally, using the fuel’s specific heat, the engine’s thermal efficiency under fouling
conditions (ηth−F) is calculated from Equation (11).

ηth−F =
PeF

.
m f hPR

=
1

SFCF hPR
(11)

In the following section, the proposed methodology results of a case study are pre-
sented and discussed in detail.

4. Results and Discussion

To verify the proposed process in the previous section, the T700-GE turboshaft en-
gine on a Sikorsky UH-60A helicopter is presented as a case study in this section. The
calculations presented here are based on Table 3, which lists the reference design data for
this engine.

Table 3. T700-GE reference data in on-design condition. Data taken from Ref. [16]. Copyright 2023
SAE International.

Parameters Value Unit

Number of engines (ne ) 2 -
Diffuser temp. ratio (τd ) 0.399 -
Compressor inlet area (A2 ) 0.02543 [m2]
Air mass flow rate at the design point

( .
m2.2 ) 4.6122 [kg/s]

Compressor pressure ratio at the design point (πc ) 17.5 -
Compressor polytropic efficiency (ec ) 0.821 -
Compressor speed at the design point (NGGT−R) 44,700 [rpm]
Combustion chamber temperature at the design point (T4 ) 1124 [◦K]
Combustion chamber efficiency (ηcc ) 0.985 -
Fuel mass flow rate at the design point

( .
m f ) 0.1004 [kg/s]

Fuel upper heat of combustion (hPR ) 43,100 [kJ/kg]

Specific fuel consumption at the design point (SFC ) 7.8569 ×
10−8 [kg/J]

Free power turbine rotational speed at the design point (NFPT−R) 20,900 [rpm]
Free power turbine power at the design point (Pe ) 1329.9 [kW]
Mechanical efficiency (ηm ) 0.99 -
Gear transmission efficiency

(
ηgt ) 0.95 -

There are two configurations for turboshaft engine inlets (i) static and (ii) dynamic. The
T700-GE is a mid-range engine that houses a dynamic-type inlet. Additionally, this engine
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uses axial and centrifugal compressors for power assurance during high-speed helicopter
missions in harsh environments. The real dimensions are used in the simulation of the
compressor. However, since the pressure distribution is more important in the analysis
of the results, the actual numerical location of each pressure point is not as important to
show in the following figures. Figure 4 shows the configuration and pressure distribution
in T700-GE compressors.

Modelling 2023, 4, FOR PEER REVIEW 8 
 

 

analysis of the results, the actual numerical location of each pressure point is not as im-

portant to show in the following figures. Figure 4 shows the configuration and pressure 

distribution in T700-GE compressors. 

 

Figure 4. Distribution of pressure in axial and centrifugal compressors of T700-GE engine. 

Although Table 3 provides general information about the engine at an altitude of 500 

m above sea level at the reference point, the sensitivity and reaction of the parameters to 

fouling in hover, forward/backward, climb/descent, and combined flight maneuvers at an 

altitude of 2572 m above sea level are modeled and presented in Table 4. 

Table 4. Fouling performance prediction on different flights for T700-GE. 

Status 
Engine Data 

𝐌𝟎 �̇�𝟐.𝟐 𝐓𝟐 𝐏𝟐 𝛑𝐂 𝐓𝟒 �̇�𝐟 𝐍𝐆𝐆𝐓 𝐍𝐅𝐏𝐓 𝐐𝐅𝐏𝐓 𝚸𝐞 SFC 𝛈𝐭𝐡 

Hovering maneuver 

On-Design [16] 

0.119 

2.746 112 89,424 14.72 1015 0.0524 47,947 23,023 289 667 7.8569 0.29 

Off-Design (1%) 2.719 112 89,454 14.52 1008 0.0421 47,768 22,849 284 649 6.4942 0.36 

Off-Design (2%) 2.691 112 89,469 1.019 5.070 0.0155 3342 FW * 000.00 000 ─ 0.00 

Off-Design (3%) 2.664 112 89,501 1.019 5.177 0.0153 3342 FW * 000.00 000 ─ 0.00 

Forward flight (minimum power) 

On-Design [16] 

0.192 

2.280 112 90,850 8.17 755 0.0264 36,223 15,176 221 336 7.8569 0.29 

Off-Design (1%) 2.257 112 90,850 8.05 748 0.0302 36,070 15,013 219 329 9.1747 0.25 

Off-Design (2%) 2.234 112 90,921 1.048 12.96 0.0121 4713 FW * 000.00 000 ─ 0.01 

Off-Design (3%) 2.212 112 90,906 1.049 13.24 0.0120 4761 FW * 000.00 000 ─ 0.00 

Forward flight (maximum velocity) 

On-Design [16] 

0.563 

5.2041 119 109,800 14.15 1118 0.1170 43,472 20,795 715 1489 7.8569 0.29 

Off-Design (1%) 5.152 119 109,785 13.96 1110 0.0941 43,315 20,659 700 1449 6.4903 0.36 

Off-Design (2%) 5.100 119 109,774 1.021 6.058 0.0350 3217 FW * 000.00 000 ─ 0.01 

Off-Design (3%) 5.048 119 109,779 13.58 1094 0.0915 003,43  2 350,0  681 1387 6.5911 0.35 

Climbing flight (maximum velocity) 

On-Design [16] 

0.242 

3.352 113 92,227 15.61 1064 0.0382 43,485 19,349 479.36 929 7.8569 0.29 

Off-Design (1%) 3.318 113 92,291 15.39 1057 0.0532 43,337 19,237 467.87 902 5.9050 0.39 

Off-Design (2%) 3.285 113 92,226 15.19 1049 0.0524 43,192 19,080 461.31 882 5.9485 0.39 

Off-Design (3%) 3.251 113 92,249 1.018 4.813 0.0192 2908 FW * 000.00 000 - 0.00 

Figure 4. Distribution of pressure in axial and centrifugal compressors of T700-GE engine.

Although Table 3 provides general information about the engine at an altitude of
500 m above sea level at the reference point, the sensitivity and reaction of the parameters
to fouling in hover, forward/backward, climb/descent, and combined flight maneuvers at
an altitude of 2572 m above sea level are modeled and presented in Table 4.

Table 4. Fouling performance prediction on different flights for T700-GE.

Status
Engine Data

M0
.

m2.2 T2 P2 πC T4
.

mf NGGT NFPT QFPT Pe SFC ηth

Hovering maneuver
On-Design [16]

0.119

2.746 112 89,424 14.72 1015 0.0524 47,947 23,023 289 667 7.8569 0.29
Off-Design (1%) 2.719 112 89,454 14.52 1008 0.0421 47,768 22,849 284 649 6.4942 0.36
Off-Design (2%) 2.691 112 89,469 1.019 5.070 0.0155 3342 FW * 000.00 000 - 0.00
Off-Design (3%) 2.664 112 89,501 1.019 5.177 0.0153 3342 FW * 000.00 000 - 0.00

Forward flight (minimum power)
On-Design [16]

0.192

2.280 112 90,850 8.17 755 0.0264 36,223 15,176 221 336 7.8569 0.29
Off-Design (1%) 2.257 112 90,850 8.05 748 0.0302 36,070 15,013 219 329 9.1747 0.25
Off-Design (2%) 2.234 112 90,921 1.048 12.96 0.0121 4713 FW * 000.00 000 - 0.01
Off-Design (3%) 2.212 112 90,906 1.049 13.24 0.0120 4761 FW * 000.00 000 - 0.00

Forward flight (maximum velocity)
On-Design [16]

0.563

5.2041 119 109,800 14.15 1118 0.1170 43,472 20,795 715 1489 7.8569 0.29
Off-Design (1%) 5.152 119 109,785 13.96 1110 0.0941 43,315 20,659 700 1449 6.4903 0.36
Off-Design (2%) 5.100 119 109,774 1.021 6.058 0.0350 3217 FW * 000.00 000 - 0.01
Off-Design (3%) 5.048 119 109,779 13.58 1094 0.0915 43,003 20,350 681 1387 6.5911 0.35

Climbing flight (maximum velocity)
On-Design [16]

0.242

3.352 113 92,227 15.61 1064 0.0382 43,485 19,349 479.36 929 7.8569 0.29
Off-Design (1%) 3.318 113 92,291 15.39 1057 0.0532 43,337 19,237 467.87 902 5.9050 0.39
Off-Design (2%) 3.285 113 92,226 15.19 1049 0.0524 43,192 19,080 461.31 882 5.9485 0.39
Off-Design (3%) 3.251 113 92,249 1.018 4.813 0.0192 2908 FW * 000.00 000 - 0.00

Combination of forward and climbing flights
On-Design [16]

0.242

2.447 113 92,227 15.61 1064 0.0382 43,485 19,349 250.78 486 7.8569 0.290
Off-Design (1%) 2.422 113 92,241 15.39 1056 0.0388 43,337 19,166 247.72 475 8.1572 0.284
Off-Design (2%) 2.398 113 92,222 15.19 1049 0.0383 43,192 19,021 244.41 466 8.2213 0.282
Off-Design (3%) 2.374 113 92,059 1.02 4.809 0.0140 3064 FW * 000.00 000 - 0.00

* Free-Wheeling.
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To study the effect of fouling on the compressor and other parameters of the variable
speed FPT engine, the effect of tip leakage is ignored, and the air is assumed to be ideal.

To evaluate the proposed approach using Table 4 data, a computational fluid dynamics
(CFD) analysis is carried out to evaluate the turbulent flow in the compressor during
different maneuvers. Air is considered to be an ideal gas and compressible with dynamic
viscosity given by Sutherland law [24], and the “velocity inlet boundary” condition is
applied for airflow [25]. A multi-block structured mesh system on the smooth and adiabatic
solid walls has been used for numerical modeling of the axial and centrifugal compressors.
Multi-block structured mesh generation is among the most widely used meshing techniques
in flow simulations, which is essentially a two-stage process. In the first stage, a uniform
mesh is applied to the full compressor geometry. However, this can cause inaccuracies
in regions that need finer mesh structures for higher-accuracy calculations. Therefore, in
the second stage, the regions that need finer meshing are further broken down into sub-
domains. Their mesh structure is refined to yield better accuracy for the whole simulation.
Figure 5 shows the mesh structure for the compressor geometry, including its inlet. As can
be seen in Figure 5, in region 1, the mesh complexity is coarse as it is less prone to fouling
since it has less pressure and a more stable flow stream. However, the mesh complexity is
finer in region 2 as this region is more prone to fouling due to its smaller geometry, higher
pressure, and more instability in the flow. Additionally, in region 2, the flow path angle
changes from horizontal to vertical, and this causes an additional probability of fouling.
The meshes are free triangles clustered toward the solid boundaries to meet y+ < 5 as
the necessary condition for a precise flow simulation within the boundary layer. The total
number of meshes was around 92,190, with 0.8237 average quality for each simulation.
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Figure 5. Compressor surface mesh structure used in CFD simulation.

Numerical simulation is performed in COMSOL 5.6 and solved by the finite volume
method (FVM). Unsteady Reynolds averaged Navier-Stokes (URANS) equations were
closed by a two-equation k-ε turbulence model suggested by Launder and Spalding [26].
The spectrum of colors in the results represents the pressure distribution. Since the com-
pressor has a rotor and a stator, the formation of fouling at the compressor will disturb the
pressure distribution and the formation of return flows (contours), which will eventually
lead to the surge and chock in the compressor.

When low fouling occurs in a hover flight, the CPR and power change to 3%. The
blocking of air passage causes a drop in temperature and pressure in the combustion
chamber and increases pressure at the compressor inlet. This maneuver has a maximum
RPM and therefore shows more sensitivity to changes in MFR and aerodynamic instabilities.
Therefore, entering the medium fouling phase, the engine is choked, and the gearbox puts
the engine’s shaft in free-wheeling. Figure 6 illustrates the simulation of airflow pressure in
a T700-GE compressor in a hover flight.



Modelling 2023, 4 65

Modelling 2023, 4, FOR PEER REVIEW 10 
 

 

When low fouling occurs in a hover flight, the CPR and power change to 3%. The 

blocking of air passage causes a drop in temperature and pressure in the combustion 

chamber and increases pressure at the compressor inlet. This maneuver has a maximum 

RPM and therefore shows more sensitivity to changes in MFR and aerodynamic instabil-

ities. Therefore, entering the medium fouling phase, the engine is choked, and the gearbox 

puts the engine’s shaft in free-wheeling. Figure 6 illustrates the simulation of airflow pres-

sure in a T700-GE compressor in a hover flight. 

  
(a) (b) 

  

(c) (d) 

Figure 6. Simulation of the flow field pressure in the compressor for hover flight: (a) normal; (b) 

low-fouling; (c) medium-fouling; (d) high-fouling. 

Forward flight with minimum power (ECO) shows similar behavior and sensitivity 

to fouling. Based on the compressor map, due to the proximity of the ECO point to the 

surge line, the compressor becomes very quickly unstable in ECO flight with foul for-

mation.. 

The power required for maximum forward flight speed is about 12% higher than the 

design point of the T700-GE engine. Fouling formation in the low stage will not signifi-

cantly affect the engine performance. As it progresses and enters the intermediate-level 

sediment, the engine performance degrades and eventually chokes. However, since the 

helicopter is flying at maximum speed and power, the upstream high-pressure current 

affects the fouling formation area and directs the flow downstream. Therefore, the engine 

returns to normal condition, and this process is repeated with RPM oscillations. Figure 7 

shows the extent of these changes during maximum forward flight maneuvers. 

 
(a) 

 
(b) 

Figure 6. Simulation of the flow field pressure in the compressor for hover flight: (a) normal;
(b) low-fouling; (c) medium-fouling; (d) high-fouling.

Forward flight with minimum power (ECO) shows similar behavior and sensitivity to
fouling. Based on the compressor map, due to the proximity of the ECO point to the surge
line, the compressor becomes very quickly unstable in ECO flight with foul formation.

The power required for maximum forward flight speed is about 12% higher than the
design point of the T700-GE engine. Fouling formation in the low stage will not significantly
affect the engine performance. As it progresses and enters the intermediate-level sediment,
the engine performance degrades and eventually chokes. However, since the helicopter
is flying at maximum speed and power, the upstream high-pressure current affects the
fouling formation area and directs the flow downstream. Therefore, the engine returns to
normal condition, and this process is repeated with RPM oscillations. Figure 7 shows the
extent of these changes during maximum forward flight maneuvers.

Modelling 2023, 4, FOR PEER REVIEW 10 
 

 

When low fouling occurs in a hover flight, the CPR and power change to 3%. The 

blocking of air passage causes a drop in temperature and pressure in the combustion 

chamber and increases pressure at the compressor inlet. This maneuver has a maximum 

RPM and therefore shows more sensitivity to changes in MFR and aerodynamic instabil-

ities. Therefore, entering the medium fouling phase, the engine is choked, and the gearbox 

puts the engine’s shaft in free-wheeling. Figure 6 illustrates the simulation of airflow pres-

sure in a T700-GE compressor in a hover flight. 

  
(a) (b) 

  

(c) (d) 

Figure 6. Simulation of the flow field pressure in the compressor for hover flight: (a) normal; (b) 

low-fouling; (c) medium-fouling; (d) high-fouling. 

Forward flight with minimum power (ECO) shows similar behavior and sensitivity 

to fouling. Based on the compressor map, due to the proximity of the ECO point to the 

surge line, the compressor becomes very quickly unstable in ECO flight with foul for-

mation.. 

The power required for maximum forward flight speed is about 12% higher than the 

design point of the T700-GE engine. Fouling formation in the low stage will not signifi-

cantly affect the engine performance. As it progresses and enters the intermediate-level 

sediment, the engine performance degrades and eventually chokes. However, since the 

helicopter is flying at maximum speed and power, the upstream high-pressure current 

affects the fouling formation area and directs the flow downstream. Therefore, the engine 

returns to normal condition, and this process is repeated with RPM oscillations. Figure 7 

shows the extent of these changes during maximum forward flight maneuvers. 

 
(a) 

 
(b) 

Modelling 2023, 4, FOR PEER REVIEW 11 
 

 

 

(c) 

 

(d) 

Figure 7. Simulation of the flow field pressure in the compressor for maximum forward flight speed: 

(a) normal; (b) low-fouling; (c) medium-fouling; (d) high-fouling. 

The pilot changes altitude by changing the main rotor’s pitch angle and engine power 

in a climbing flight. Figure 8 shows the extent of these changes  during climbing flight 

maneuvers. Although the power required for this maneuver is 70% of the power’s design 

point, due to the alignment of the flight path with the passing airflow, the automatic in-

crease in thermal efficiency and pressure (ram effect) will occur at the inlet. The upstream 

high-pressure current delays the engine’s choking, which results in choking only occur-

ring in high fouling conditions. 

In combined flight, both types of flights in an x-z plane (forward flight at Vx speed 

and climb at Vz speed) are used, which improves the analysis in real conditions. With the 

formation and progression of fouling to a medium level, the fuel mass flow rate remains 

constant, but with a gradual decrease in power, SFC will increase. 

Therefore, by modeling the performance parameters for the flight modes based on 

the proposed approach and determining the level of sensitivity in the engine’s condition 

monitoring system, more accurate results can be provided in the field of fault detection 

for helicopter turboshaft engines. 

 
(a) 

 
(b) 

 

(c) 

 

(d) 

Figure 8. Simulation of the flow field pressure in the compressor for climbing flight: (a) normal; (b) 

low-fouling; (c) medium-fouling; (d) high-fouling. 

5. Conclusions 

This paper presents a new analytical model for fouling fault detection in helicopter 

turboshaft engine compressors. A six-step process is proposed using the principles of cy-

cle design and thermodynamics laws to obtain an analytical model of critical parameters 

considering changes in MFR. The validity of the developed analytical approach for varia-

ble RPM engines was evaluated. The analytical model results were compared to a CFD 

simulation in hover, forward, and climbing maneuvers for the Sikorsky UH-60A 

Figure 7. Simulation of the flow field pressure in the compressor for maximum forward flight speed:
(a) normal; (b) low-fouling; (c) medium-fouling; (d) high-fouling.



Modelling 2023, 4 66

The pilot changes altitude by changing the main rotor’s pitch angle and engine power
in a climbing flight. Figure 8 shows the extent of these changes during climbing flight
maneuvers. Although the power required for this maneuver is 70% of the power’s design
point, due to the alignment of the flight path with the passing airflow, the automatic
increase in thermal efficiency and pressure (ram effect) will occur at the inlet. The upstream
high-pressure current delays the engine’s choking, which results in choking only occurring
in high fouling conditions.

Modelling 2023, 4, FOR PEER REVIEW 11 
 

 

 

(c) 

 

(d) 

Figure 7. Simulation of the flow field pressure in the compressor for maximum forward flight speed: 

(a) normal; (b) low-fouling; (c) medium-fouling; (d) high-fouling. 

The pilot changes altitude by changing the main rotor’s pitch angle and engine power 

in a climbing flight. Figure 8 shows the extent of these changes  during climbing flight 

maneuvers. Although the power required for this maneuver is 70% of the power’s design 

point, due to the alignment of the flight path with the passing airflow, the automatic in-

crease in thermal efficiency and pressure (ram effect) will occur at the inlet. The upstream 

high-pressure current delays the engine’s choking, which results in choking only occur-

ring in high fouling conditions. 

In combined flight, both types of flights in an x-z plane (forward flight at Vx speed 

and climb at Vz speed) are used, which improves the analysis in real conditions. With the 

formation and progression of fouling to a medium level, the fuel mass flow rate remains 

constant, but with a gradual decrease in power, SFC will increase. 

Therefore, by modeling the performance parameters for the flight modes based on 

the proposed approach and determining the level of sensitivity in the engine’s condition 

monitoring system, more accurate results can be provided in the field of fault detection 

for helicopter turboshaft engines. 

 
(a) 

 
(b) 

 

(c) 

 

(d) 

Figure 8. Simulation of the flow field pressure in the compressor for climbing flight: (a) normal; (b) 

low-fouling; (c) medium-fouling; (d) high-fouling. 

5. Conclusions 

This paper presents a new analytical model for fouling fault detection in helicopter 

turboshaft engine compressors. A six-step process is proposed using the principles of cy-

cle design and thermodynamics laws to obtain an analytical model of critical parameters 

considering changes in MFR. The validity of the developed analytical approach for varia-

ble RPM engines was evaluated. The analytical model results were compared to a CFD 

simulation in hover, forward, and climbing maneuvers for the Sikorsky UH-60A 
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In combined flight, both types of flights in an x-z plane (forward flight at Vx speed
and climb at Vz speed) are used, which improves the analysis in real conditions. With the
formation and progression of fouling to a medium level, the fuel mass flow rate remains
constant, but with a gradual decrease in power, SFC will increase.

Therefore, by modeling the performance parameters for the flight modes based on
the proposed approach and determining the level of sensitivity in the engine’s condition
monitoring system, more accurate results can be provided in the field of fault detection for
helicopter turboshaft engines.

5. Conclusions

This paper presents a new analytical model for fouling fault detection in helicopter
turboshaft engine compressors. A six-step process is proposed using the principles of
cycle design and thermodynamics laws to obtain an analytical model of critical parameters
considering changes in MFR. The validity of the developed analytical approach for variable
RPM engines was evaluated. The analytical model results were compared to a CFD
simulation in hover, forward, and climbing maneuvers for the Sikorsky UH-60A helicopter
and the T700-GE engine. The results showed a high level of accuracy and alignment
between the two. Therefore, it can be argued that the proposed six-step analytical process,
as a tool, can provide a new way to improve the detection of fouling faults in the condition
monitoring system. However, experimental data validation and accelerated flight detection
can be considered for future work.
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Nomenclature

Symbols
Cp specific heat at const. pressure [J/(kg.◦K)] FPT free power turbine
e polytropic efficiency IGV inlet guide vane
f fuel-to-air mass flow ratio ICAO international civil aviation organization
g gravity constant [m/s2] GGT gas generator turbine
h flight altitude [m] NGV nozzle guide vane
hPR specific heat value [J/kg] SFC specific fuel consumption, [kg/J]
.

m mass flow rate, [kg/s] SSD subsystem data
M Mach number TGT turbine gas temperature
n number RPM revolutions per minute
N No. of revolutions per minute [1/min] MB model-based
P pressure [Pa] MFR mass flow rate
P power, [watt] MTO maintenance, and overhaul
Q Torque [N.m] PDG protection design guidelines
R specific gas constant [J/(mol.◦K)] URANS Unsteady Reynolds averaged Navier-Stokes
T temperature [◦K]
V flight velocity [m/s] Subscripts
β bleed air mass flow ratio 0 . . . 7 station number
τ temperature ratio amb ambient
π pressure ratio accs accessories
ρ density [kg/m3] c compressor
α angle [degree] cc combustion chamber
π pressure ratio d diffuser
η efficiency e engine
γ heat capacity ratio [J/◦K] f fuel

F fouling
Acronyms gt gear transmission
CFD computational fluid dynamics i inlet
CPR compressor pressure ratio IGV inlet guide vane
DD data-driven m mechanical
ECU engine control unit mr main rotor
EGT exhaust gas temperature operator operator/pilot
EHM engine health monitoring R reference
ERG engine reduction gearbox t turbine
ECO forward flight with minimum power tr tail rotor
FVM finite volume method β bleed air mass flow ratio
FDI fault diagnosis and isolation ε cooling air mass flow ratio

Appendix A. Proofs

This section provides detailed proof of the equations derived in this study and used in
the methodology section.

Appendix A.1. Proof of the Equation (5)

The compressor and turbine matching at non-dimension space is given by:

.
m4.1
√

T4.1

P4.1
=

.
m2.2
√

T2

P2

P2

P3

P3

P4

P4

P4.1

√
T4.1

T2

.
m4.1
.

m2.2
(A1a)
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In this equation, the pressure changes of the combustion chamber (P3 = P4) and
temperature and pressure changes in the Nozzle Guide Vane are negligible (T4.1 = T4 and
P4 = P4.1). Assuming

.
m4.1 ≈

.
m2.2, then can be written as:

.
m4.1
√

T4

P4.1
=

.
m2.2
√

T2

P2

1
πc

√
T4

T2
(A1b)

by considering the turbine’s chock condition in the operation phase and compliance with
the conservation of mass law, the fouling effect condition is given by:

.
m2.2F

√
T2

P2F

1
πcF

√
T4F
T2F

=

.
m2.2
√

T2

P2

1
πc

√
T4

T2
(A1c)

and finally, we can derive Equation (5) from rearranging Equation (A1c).

Appendix A.2. Proof of the Equation (6)

Performing a work balance between the compressor and the turbine, it can be shown that:

.
m2.2CP3(T3 − T2) = ηm

.
m4.1CP5(T4.1 − T5) (A2a)

Since the fuel mass flow rate is approximately two orders of magnitude less than the
air mass flow rate, therefore the Equation (A2a) is to be rearranged as,(

T3

T2
− 1
)

T2

T4

1

1− T5
T4.1

=
ηmCP5

CP3
= Const. (A2b)

and then the fouling effect condition is given by:(
T3F
T2F
− 1
)

T2F
T4F

1

1− T5
T4.1

=

(
T3

T2
− 1
)

T2

T4

1

1− T5
T4.1

(A2c)

and finally, by assuming T4.1 = T4, and the turbine’s chock condition, we can derive
Equation (6) from rearranging Equation (A2c) and calling Equation (3).

Appendix A.3. Proof of the Equation (9)

For off-design conditions, let us define the equation of power by [27]:

PeF

ηm
.

m2.2F(1 + fF − β)T5F

[
1−

(
P0

P5F

) (γt−1)et
γt

] = CP5 = Const. (A3a)

where T5F is free power turbine’s temperature given by:

T5F = T4F −
CP3(τcFT2F − T2F)

CP4ηm(1 + fF − β)
(A3b)

Eventually, by assuming P4F = P0πiπdπCFπCC, the Equation (9) is derived by using
Equations (A3a), (3) and (A3b) and rearranging it.
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