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ABSTRACT 

In the Gulf Cooperation Council (GCC) region, Lockheed C-130 aircraft are 
frequently exposed to sand and particle erosion. This harsh and corrosive 
environment causes the deterioration of the rotor blades’ leading and trailing 
edges, which results in airfoil deformation, engine performance degradation, and a 
shorter lifespan. The present paper aims to model, simulate, and analyze the effects 
of sand erosion on a Lockheed T-56 engine compressor operating in such harsh 
environments. The study provides valuable insights into the effects of sand erosion 
on turbomachinery. It emphasizes developing effective mitigation strategies to 
guarantee optimal engine performance and longevity in harsh environments. 
Numerical models are developed and applied to calculate the surface erosion in 
turbomachinery, which helps to predict particle trajectories in turbomachinery 
passages and calculate impact rates, velocities, and angles. Profile data is created 
from new and eroded blades of the T-56 first-stage compressor using a 3D scan. The 
analysis results reveal that particle concentration has the greatest effect on blade 
erosion rate, whereas particle size has a lesser influence on all other measured 
parameters.  

 
Keywords: computational fluid dynamics, turbomachinery, transonic compressor, T-56 
engine compressor, transport equations, Eulerian approach, Turbulence models, shear 
stress transport model, Finnie’s Model. 

 
INTRODUCTION 

The high sand and dust erosion can negatively impact Turbomachinery's performance and 
lifespan in some regions. When these particles collide with a wall's surface, it might result in 
mechanical damage. This type of erosion is a multi-physics problem, including the interplay of 
the flow field, particle trajectory, and wall deformation, and it is commonly related to gas-solid 
two-phase turbulent flow. The intricate three-dimensional flow and rotor-stator interaction 
during takeoff and landing make jet engines especially vulnerable to particle ingestion, which 
can cause significant damage to the compressor of aircraft engines. Erosion from sand and dust 
is exacerbated by the conditions depicted in Fig. 1 [1], which include a rise in pressure, 
temperature, and air mass velocity. Recent interest in these phenomena has prompted more 
studies into how to maintain best and enhance the performance of industrial machinery. 
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Fig 1: Schematic of Power Section Air Flow [1] 

 
The erosive wear of compressor blades is a topic that has been the focus of numerous studies 
in scientific literature. Particle trajectories and flow field modifications in a single-stage axial 
flow compressor were numerically analyzed by Suzuki et al. [2]. They determined that the 
blade's leading edge and pressure surface experienced the most severe degradation because of 
the first collision. Subsequently, Suzuki and Yamamoto [3] created a 3D sand erosion prediction 
system and discovered that the blade’s leading edge and pressure side are particularly 
vulnerable to erosion. Pressure surfaces and the impeller of the compressor experience the 
most erosion due to particle impacts, as determined by Tabakoff and Elfeki [4]. On the other 
hand, numerous studies have recently investigated the use of coating materials to stop erosion. 
Hardened steel (17-4 PH) was subjected to sand erosion tests by Koul et al. [5], who used a 
variety of techniques, including cryogenic treatment, ion implantation, vapor deposition, and 
Electron Beam Physical Vapor Deposition (EBPVD) to determine which coating material would 
be most effective. They found TiN coatings deposited by PVD were the most resistant to erosion, 
followed by EBPVD (16 µm) coatings that exhibited the greatest erosion resistance at 30° and 
90° impingement angles, respectively. According to a comprehensive study by Muboyadzhyan 
[6] on Ion plasma coating prepared by hardened metal compounds, the best corrosion 
resistance was found for titanium alloys and compositions based on compressor steels, 
respectively. The effect of different stoichiometric compositions of (Ti, Cr) N Nano layer 
coatings placed on 17-4PH, Ti-6Al-4V, and Inconel 718, as well as Nano layer thickness on 
particle erosion was studied by Reedy et al. [7]. At a 90 angle of particle impingement, they 
discovered that uncoated samples performed better than coated ones. However, at a 30 angle 
of impingement, (Ti, Cr) N coatings with minimal microstructure bias performed better than 
TiN coatings. Simon and Litt use data from the T700-GE-701C engine and the Kalman filter as 
an estimator with data input from the engine's sensors. [8] devised a technique to estimate 
compressor efficiency decline. To monitor the wear and erosion of compressor blades in sandy 
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conditions, they created a tracking tool to monitor performance variance. Comparing simulated 
results with the mean line compressor performance model, Hameed et al. [9] examined 
performance loss in compressors due to blade attrition induced by ingested particles. Erosion 
causes blade surface roughness and tip clearance, which reduce adiabatic efficiency by 3–4%. 
Overall compressor performance and the influence of erosion on individual stages were 
reported by Lakshminarasimha et al. [10], who also established a model to assess the effects of 
erosion in multistage compressors. They determined that erosion had a greater impact on the 
compressor's initial stage than on later stages. W. Tabakof [11] found that most erosion in 
helicopter engines (when equipped with an inlet particle separator) occurs at the tip, close to 
the leading edge. He also found that erosion alters the pressure distribution across the blades 
and leads to tip leaks, negatively impacting engine efficiency. 
 
The purpose of the present study is to develop a simulation tool for numerical analysis of the 
impact of erosion on the performance of a transonic compressor rotor such as T-56. To the 
authors’ best knowledge, this is the first investigation into the effects of erosion on the 
performance of a T-56 transonic compressor rotor. The bow shock wave could affect the 
transonic rotor while it functions, changing the erosion pattern. The authors used a validation 
strategy derived from their earlier work on the NASA rotor 37 geometry [12] to verify the 
accuracy of the computational model used in this investigation. As no experimental data were 
available for the current geometry, the validation approach was essential to confirm the 
accuracy and reliability of the numerical results. Following the validation, the impact of erosion 
on the rotor's performance was studied by altering the particle size and number used. This 
allowed investigating the sensitivity of the rotor's performance to different levels of erosion, 
providing valuable insights into the impact of erosion on the transonic compressor rotor's 
performance. 
 

SIMULATION AND GEOMETRICAL DETAILS 
The purpose of this study is to analyze how erosion rate affects the compression ratio of the T-
56 engine. To begin, a computational model of NASA's rotor 37 was created using data from 
prior studies [12]. Then, numerical simulations were checked against experimental data and a 
computer-based model was used to analyze the compressor rotor. Fig. 2 illustrates the 
geometrical model of the T-56 engine compressor used in this study. 
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Fig 2: Geometry of the T-56 Engine First Compressor Rotor 

 
Computational Model 
Governing Equations: 
A numerical study is conducted to estimate the erosion rate of the T-56 engine compressor 
using numerical analysis, considering several factors including the pressure ratio across the 
rotor 𝑃𝑟 , solid particle mass concentration 𝑃𝑐 , and particle size 𝑑𝑃. The Eulerian method is used 
to solve the two-phase solid-fluid (sand-air) transport equations in steady-state form. 
Equations (1) to (6) outline the Eulerian methodology utilized in this investigation [13]. 
 
Continuity Equation for Solid and Fluid Phase: 
 

𝜵. (𝐶𝑓𝜌𝑓 𝑽𝒇) = 0      (1) 

 
𝜵. (𝑪𝒔𝝆𝒔 𝑽𝒔) = 𝟎      (2) 

 
Continuity Equation for Solid and Fluid Phase: 
 

𝜵. (𝑪𝒇 𝝆𝒇𝑽𝒇 𝑽𝒇 ) =  −𝑪𝒇 𝜵𝑷 +  𝜵. (𝑪𝒇𝝉𝒇) +  𝑪𝒇𝝆𝒇 𝒈 +  𝑹 + 𝑪𝒇𝝆𝒇 (𝑭𝒇 + 𝑭𝒍,𝒇 + 𝑭𝒗𝒎𝒇
) (3) 

 
𝛁. (𝐶𝑠 𝜌𝑠𝐕𝐬 𝐕𝐬 ) =  −𝐶𝑠 𝛻𝑃 +  𝛁. (𝐶𝑠𝛕𝐬) + 𝐶𝑠𝜌𝑠 𝐠 +  𝐑 + 𝐶𝑓𝜌𝑓 (𝐅𝐟 + 𝐅𝐥,𝐬 + 𝐅𝐯𝐦,𝐬)  (4) 

 
where 𝛕𝐟, 𝐕𝐟, 𝛕𝐬, 𝐕𝐬 denote the shear stress and velocity vector tensors for the fluid and solid 
phases, respectively. 𝐶𝑓 , 𝐶𝑠 are the fluid and solid volume concentrations, while 𝜌𝑓 , 𝜌𝑠  denote 

the densities of the fluid and solid phases.  
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The interaction force between the two phases is represented by 𝑹  and the mean value of 
pressure for the interface solid-fluid phases is denotes by 𝑷 [14]. In addition, 𝐅𝐥 represents the 
lift force and 𝐅𝐯𝐦,𝐬 is the virtual mass force per unit mass for both phases. The relation given by 
Eq. (5) is used to compute the lift force for solid phases 𝐅𝐥,𝐬, which is equal and opposite to the 
lift force for fluid phases 𝐅𝐥, 𝒔 = −𝐅𝐥,𝐟  
 

𝐅𝐥, 𝒔 = −0.5𝜌𝑓𝛼𝑠(𝑽𝒇 − 𝑽𝒔) × (∇. Vf)     (5) 

 
The virtual mass effect causes the solid phase to accelerate through the fluid phase, giving rise 
to the virtual mass force 𝐅𝐯𝐦,𝐬. This force is computed using Eq. (6). 
 

𝐅𝐯𝐦,𝐬 = 0.5 𝛼𝑠𝜌𝑓 (
𝑑𝑓

𝑑𝑡
( 𝑉𝑓) −

𝑑𝑠

𝑑𝑡
(𝑉𝑠))     (6) 

 
In the literature, one-way coupling and two-way coupling are the two most common techniques 
for solving the fluid-solid phase coupling problem [15]. The selection of the coupling technique 
is based on the value of 𝛽. When 𝛽 is less than 0.14, one-way coupling is more suitable, while 
two-way coupling is preferred when 𝛽 is greater than or equal to 0.14. The value of 𝛽 can be 
calculated using Eq. (7). 
 

𝛽 =
𝐶𝑠𝜌𝑠

𝐶𝑓𝜌𝑓
       (7) 

 
This study's primary objective is to predict the erosion rate, which has a significant impact on 
the wall surface. The accurate estimation of wear rate density i.e., the prediction of the 
boundary layer, and the capture of recirculation regions near the wall are crucial to the study 
and present significant challenges. Flow features near walls, including boundary layers, cannot 
be precisely resolved by turbulence models, which rely on wall functions instead. Several 
studies [16-17-18] have utilized the shear stress transport model (SST model) to predict the 
near-wall phenomenon for rotating devices to address this issue. As a result, the 𝑆𝑆𝑇 𝑘 − 𝜔 
turbulence model has been used to model turbulence in this investigation. Additional 
information on the modeling can be found elsewhere [19]. 
 
Erosion Model: 
The impact of particulates on the walls results in surface deterioration, which erodes the casing 
material. This erosion is affected by a variety of particle parameters such as the turbulent field, 
multiphase effects (including dampening due to liquid film and erosion shield due to solid 
accumulation), the effect of local flow cavities caused by material elimination, and the wall 
material's properties. Hutchings [20] suggested that particle impact angle and velocity are 
significant eroding factors and proposed the following relationship 
 

𝐸 =  𝑘𝑉𝑝
𝑛 𝑓(𝛾)      (8) 

 
where 𝐸 is a dimensionless mass, 𝑉𝑝 denotes the particle velocity, and 𝑓(𝛾) is the impact angle 

in radians. The value of 𝑛 ranges from 2.3 to 2.5 based on the nature of the metal of the casing. 



 
 
 

 
 
 

67 

Qattan, N. A., Kada, B., & Al-Bahi, A. M. (2025). Numerical Investigation of Sand Erosion Effects on the T-56 Compressor Blade with Changing 
Parameters. Transactions on Engineering and Computing Sciences, 13(02). 62-83. 

URL: http://dx.doi.org/10.14738/tmlai.1302.18449 

 

Since the experimental results needed to tune up the model parameters vary depending on the 
conditions, it is impossible to construct a universal model for erosion. To anticipate wear, the 
current study uses a model proposed by Finnie [21] based on his investigation of ductile 
materials for the value of n= 2. This model is related to the kinetic energy of particles. 
 

𝐸 =  𝑘𝑉𝑝
2 𝑓(𝛾)      (9) 

 
with 
 

𝑓(𝛾) =
1

3
cos2 𝛾  𝑖𝑓 tan 𝛾 >

1

3

𝑓(𝛾) = sin 2𝛾 − 3 sin2 𝛾  𝑖𝑓 tan 𝛾 ≤
1

3

     (10) 

 
Computational Mesh: 
The ANSYS Turbo-Grid console is used for discretizing the rotating domain with hexahedral 
mesh elements. Fig. 3 displays the mesh of the rotor geometry where the interface boundaries 
have one ratio to one node connection to reduce interpolation losses. To ensure consistency at 
the interface, the same meshing topology is utilized for both the rotating and stationary 
domains [22]. The topology employed for the computational domains is based on O-grids [22]-
[17]. Fig 3 represents the mesh topology and the distribution of the nodes. 
 

 
Fig 3: Mesh Distribution on the Hub and Blade 

 

To ensure an accurate near-wall mesh and control the 𝑦+ value, several O-grid topologies were 
employed. To fully utilize the capabilities of the SST turbulence model, a y+ coefficient less than 
1 was maintained for all simulations in both stationary and rotating domains [19]. The value of 
y+ depends on the flow length scale 𝐿, Reynolds number, and Δ𝑦, which is the distance of the 
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first node from the wall. To estimate the value of 𝑦+ and obtain an optimal value, Eq. (11) is 
used [22-23]. 
 
To ensure an accurate near-wall mesh and control the 𝑦+ value, several O-grid topologies were 
employed. To fully utilize the capabilities of the SST turbulence model, a y+ coefficient less than 
1 was maintained for all simulations in both stationary and rotating domains [19]. The value of 
y+ depends on the flow length scale 𝐿, Reynolds number, and Δ𝑦, which is the distance of the 
first node from the wall. To estimate the value of 𝑦+ and obtain an optimal value, Eq. (11) is 
used [22-23]. 
 

Δ𝑦 = 𝐿 𝑦+√74 𝑅𝑒𝐿

−
13

14      (11) 

 
However, because this equation was developed for flow over flat plates, its ability to predict 
initial Δ𝑦 estimates for geometries other than flat plates is limited. Consequently, the optimal 
value of 𝑦+ can be determined for a given set of boundary conditions by modifying the values 
of Δ𝑦  through a series of iterations. Acquiring a definite value of y+  is not enough for a 
turbulence model to work accurately. A certain value for the minimum number of nodes (𝑛𝑚𝑖𝑛) 
is also required within the boundary layer thickness (𝛿). For the SST turbulence model, the 
condition for (𝑛𝑚𝑖𝑛) is given in Eq. (12) [22]. 
 

 {

𝑦𝑛(𝑛𝑚𝑖)  ≤ 𝛿
 𝑓𝑜𝑟 𝑆𝑆𝑇 𝑛𝑚𝑖𝑛 = 15

𝑦𝑛(15)  ≤ 𝛿
      (12) 

 
The normal distance of the 15𝑡ℎ  node is represented by 𝑦𝑛 (see Eq. 15). The following equation 
is used to calculate the corresponding value of the boundary layer thickness for a given value 
of 𝑅𝑒 and 𝐿. 
 

𝛿 = 0.035 𝐿𝑅𝑒𝐿

−
1

7      (13) 

 
The boundary layer thickness obtained from Eq. (13) is then assigned to 𝑦𝑛(𝑛𝑚𝑖𝑛) and the mesh 
growth rate (𝑟𝑚) is determined from the wall side using the geometric progression formula 
given in Eq. (15) to ensure that it is within 𝑛𝑚𝑖𝑛, which lies within the boundary layer thickness.  
 

𝒓𝒎 = [
 𝒚𝑵(𝒏𝒎𝒊𝒏)

𝚫𝒚
 ]

𝟏/(𝒏𝒎𝒊𝒏−𝟏)

     (14) 

 

𝑟𝑚 = [
 𝑦𝑛(15)

Δ𝑦
 ]

1/14

      (15) 

 
Boundary Conditions and Validation 
The T-56 Engine compressor rotor was simulated using a computational domain consisting of 
a single rotor passage. To save computational resources and time, periodic conditions were 
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used to simulate the behavior of the entire compressor. A strong set of boundary conditions, 
including total pressure inlet and static pressure outlet conditions, were applied to the inlet and 
outlet of the computational domain. As shown in Fig 4, The bounding surfaces of the passage 
were subjected to rotational periodicity in the 𝜃 direction. The shroud wall was modeled as a 
stationary wall, while the rotor and hub walls were modeled as rotating domains. In addition, 
the rotor, hub, and shroud walls were modeled with no-slip wall conditions. To analyze the 
impact of erosion rate on the performance of the transonic compressor rotor, measurements 
were taken for 𝑃𝑟 , 𝑃𝑐 and 𝑑𝑃. The rotor's rotational speed was kept constant at its design value 
of 13,829.96 rpm. 
 

 
Fig 2: Details of the Imposed Boundary Conditions 

 
VALIDATION OF THE COMPUTATIONAL MODEL 

Due to the lack of experimental data, the computational model used in this study was validated 
using the previously examined geometry of NASA's rotor 37 [12]. At a mass flow rate of 20.19 
kg/s, the rotor's design pressure ratio is 2.106, while the measured limiting mass flow is 20.93 
kg/s. At the design wheel speed of 17,188.65 rpm, the relative Mach number at the hub is 1.13 
and at the tip inlets is 1.48, resulting in a nominal tip speed of 454 m/s. The rotor has 36 blades 
with an aspect ratio of 1.19, hub-to-tip ratio of 0.70, and tip solidity of 1.288. The running tip 
clearance was assessed to be 0.356 mm (0.5% span). 
 
The numerical and experimental findings are compared in Table 1, and the pressure ratio 
profile is compared in Fig. 5. The results show that the computational model established in this 
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study can be used to further examine erosion effects, with close agreement between the 
numerical and experimental data. 
 

Table 1: Comparison of the Numerical and Experimental Results 
Pressure ratio Efficiency Mass flow rate 

Experim
ental 

Nume-
rical 

% Age 
difference 

Experim-
ental 

Nume-
rical 

% Age 
difference 

Experim-
ental 

Nume
rical 

% Age 
difference 

2.11 1.98 -5.98 0.92 0.89 3.26 20.19 19.97 1.09 

 

 
Fig 3: Pressure Ratio Comparison between the Experimental and Numerical Results at the Exit 

Plane 

 
RESULTS AND DISCUSSIONS 

Quantitative displays of the Mach number and erosion rate density contours are shown in Figs. 
6 and 7, respectively. Fig 6 depicts contours on a turbo surface extracted at different span 
locations (5%, 25%, 50%, and 75%). It can be observed that the Mach number is greater than 
one for all span locations, leading to the formation of a bow shock wave from the leading edge 
of the blade. A recirculation and separation zone is formed due to the wake of the bow shock 
wave, which can be observed in the contours for all span locations. Due to the larger shock wave 
generated by the higher Mach number at higher span locations, the separation zone grows. 
Since the tangential velocity component grows as a function of blade height (𝑉𝑡 =  𝑟 𝜔), the 
Mach number grows as the blades' spans do. The low-pressure and high-pressure sides of the 
blades' erosion rate density contours are shown in Fig. 7. On the high-pressure side of the blade, 
the erosion rate density is much higher than on the low-pressure side. The concentration of red 
spots in the hub and shroud regions indicates that these areas are most susceptible to erosion 
rates. However, simulation results suggest that the tip region is the most affected area by 
erosion, encompassing 90% to 100% of the blade span location. 
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Fig 4: Contours of the Relative Values of the Mach Number Extracted from Different Span 

Locations 

 

 

a) 5 % span b) 25% span 

  

c) 50% span d) 75% span 

 

 

e) 95% span  
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Fig 5: Erosion Rate Density Contours Plots on the Suction and Pressure Sides 

 
Effect of Compressor Pressure Ratio on the Erosion Characteristics of the Blade 
This section discusses how the concentration of sand particles affects the erosion behavior of 
compressor blades. Six different sand particle concentrations, ranging from 2.5% to 25%, were 
tested. Fig. 8 depicts the pressure blade loading with and without sand particles. Fig. 8 (a) 
illustrates the pressure loading without sand particles, while Fig. 8 (b) shows the pressure 
loading with 20% sand particle concentration in the working fluid (air). When the quantity of 
sand particles in the air is increased, the pressure loading on the blade decreases significantly, 
as seen by the comparison of the two figures. Additionally, the deterioration in performance is 
observed to increase with the rise in pressure ratio across the compressor. 
 

 
Fig 6 (a) Pressure Loading of the Blade at 50% Span without Solid Particles 
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Fig 8 (b) Pressure Loading of the Blade at 50% Span Using 20% Concentration of the Solid 

Particles 
 

The variation of particle momentum source along the streamwise direction from air to solid 
particles is depicted in Fig 9(a). The profiles in Fig 9 (b) are calculated by averaging the 
variations on each polyline at various span locations. The single line in Fig 9 (a) represents the 
average behavior of erosion characteristics along the span-wise orientation of the blade. The 
profile has two peaks, one immediately downstream of the leading edge and the other just 
upstream of it, and it varies slightly with the pressure ratio. Similarly, Fig. 10 depicts the wall 
stress values resulting from particle collisions with blade walls, which exhibit a similar 
trajectory to the particle momentum transfer. Variation of the particle momentum transfer 
value with respect to the pressure ratio and blade length is negligible. In addition, Fig. 11 
illustrates the profiles of erosion rate densities in the streamwise direction on the blade for 
various pressure ratios. The erosion rate density values vary considerably along the 
streamwise direction, exhibiting two maxima downstream of the leading edge and near the 
trailing edge of the blade. The maximum erosion rate density value is computed against the 
minimum pressure decrease across the rotor, i.e., 1.6, then 1.7. However, for pressure ratios 
greater than 1.7, the profiles and magnitudes of erosion rate density are nearly identical, 
indicating that erosion rate density values are sensitive to decreasing pressure ratio values 
across the compressor. The erosion rate density does not vary significantly with the pressure 
ratio value at greater pressure ratios. 
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Fig 7 (a) Variation in the Particle’s Momentum Source Along the Streamwise Direction on the 

Blade 
 

 
Fig 9 (b) Polyline Locations at Various Span Locations, i.e., 1%, 5%, 25%, 50%, 75% and 99% 

Respectively 
 

 
Fig 8 Profiles of Wall Stress in the Streamwise Direction on the Blade Corresponding to 

Different Values of the Pressure Ratio 
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Fig 9 Profiles of Erosion Rate Densities in the Streamwise Direction on the Blade Corresponding 

to Different Values of the Pressure Ratio 

 
The graph in Fig. 12 depicts the density of the average erosion rate on the surface of the blades 
versus the pressure ratio. The highest erosion rate density (3,894 g/hr.m2) was observed for 
the lowest pressure ratio studied (1.6). As the ratio of pressure increased from 1.6 to 1.8, the 
density of the erosion rate decreased rapidly. However, for further increases in the pressure 
ratio, there was no significant change in the erosion rate density. This indicates that the erosion 
rate density is extremely sensitive to low pressure ratios, but the effect diminishes with 
increasing pressure ratios. 
 

 
Fig 10 Variation in the Value of the Blade Averaged Erosion Rate Density with the Pressure 

Ratio Across the Compressor 

 
Effect of Particle's Concentration on the Erosion Characteristics of the Blade  
Figures 13 through 16 provide a comprehensive analysis of the effect of airborne particle 
concentrations on the rotor blade erosion characteristics. Fig 13 illustrates the tendencies of 
particle momentum source on the blade's surface in the streamwise direction for various 



 
 
 

 
 
 

76 

Vol 13, Issue 02, April - 2025 Transactions on Engineering and Computing Sciences (TECS) 

 

Services for Science and Education – United Kingdom 

particle concentrations, including 2.5%, 5%, 10%, 15%, 20%, and 25%. The graph clearly 
demonstrates that the source of particle momentum is significantly affected by particle 
concentration and streamwise direction. At a particle concentration of 15 percent, the source 
of particle momentum reaches its optimum. As the particle concentration continues to increase, 
the source of particle momentum begins to decrease. Notably, the maximum local values of the 
particle momentum source are observed just downstream of the leading edge for a 25% 
concentration. It is worth mentioning that the variation along the streamwise direction is most 
pronounced at the highest particle concentration (25%) while it is comparatively minimal at 
lower concentrations. 
 

 
Fig 11 Profiles Particles Momentum in the Streamwise Direction on the Blade Corresponding to 

Different Values of the Concentration of the Particles 
 

Fig 14 depicts the profiles of wall stress in the streamwise direction on the blade for various 
particle concentrations. The trends observed in the momentum transfer term are consistent 
with the wall stress values caused by the particles. Once the maximum values at 15% particle 
concentration are attained, the wall stress values rise in tandem with the particle momentum 
source values. As the concentration of particles continues to increase, the wall stress values 
begin to decrease. However, the variation of the wall stress values along the streamwise 
direction remains essentially the same. Notably, the rate of increase in wall stress values is 
considerably greater as the particle concentration rises from 2.5% to 15%, while the rate of 
decrease in wall stress values is relatively slower as the particle concentration rises from 15% 
to 25%. 
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Fig 12: Profiles of the Wall Stress in the Streamwise Direction on the Blade Corresponding to 

Different Values of the Concentration of the particles 
 

The profiles of erosion rate densities in the streamwise direction on the blade for various 
particle concentration values are depicted in Fig. 15. The observed trends in erosion rate 
density correspond to those previously discussed for the momentum transfer term and wall 
stress term. The erosion rate density initially increases with increasing particle momentum 
source values until it reaches its maximal value at a particle concentration of 15%. As the 
particle concentration continues to rise, the density of the erosion rate begins to decrease. In 
Fig. 16, the average blade value of the erosion rate density increases as the particulate 
concentration rises. In particular, the average erosion rate density of the blade increases from 
29,000 to 41,000 g/hr.m2 as the particulate concentration rises from 2.5% to 15%. The erosion 
rate density decreases to 41,000 g/h/m2 when the particle concentration is increased from 
15% to 25%. 
 

 
Fig 13: Profiles of Erosion Rate Densities in the Streamwise Direction on the Blade 

Corresponding to Different Values of the Concentration of the Particles 
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Fig 14: Variation in the Value of the Blade Averaged Erosion Rate Density with Different Values 

of the Concentration of the Particles 
 

Figures 17 and 18 depict the profiles of wall stress and erosion rate density in the streamwise 
direction on the blade for various sand particle sizes. By examining the data in these figures 
along with the specified particle sizes and referring to Table 2 for the investigated conditions, 
it is evident that both wall stress and erosion rate density increase as particle size increases. 
Additionally, along the streamwise direction, considerable variations in wall stress and erosion 
rate density can be observed, mirroring the trends observed for particle concentration and 
pressure ratio. Moreover, based on the data presented in Fig. 19, it can be observed that the 
blade-averaged value of the erosion rate density increases significantly as particle size 
increases. Initially, as the particle size increases from Size A to Size D, the density of the erosion 
rate increases significantly. However, as particle size increases, the rate of increase in erosion 
rate density becomes relatively less rapid. 
 

 
Fig 15: Profiles of Wall Stress in the Streamwise Direction on the Blade Corresponding to 

Different Sizes of the Sand Particles 
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Fig 16: Profiles of Erosion Rate Densities in the Streamwise Direction on the Blade 

Corresponding to Different Sizes of the Sand Particles 
 

Table 2: List of the Conditions Studied 
Simulations 

 
Pressure ratio 

𝑷𝒓 
Particle concentration Particle distribution [micron] 

 Min Max Ave Std. dev. 
1 1.6 2.5% A 50 250 150 120 
2 1.7 5% B 100 500 150 120 
3 1.8 10% C 150 750 150 120 
4 1.9 15% D 200 1000 150 120 
5 2.0 20% E 250 1250 150 120 
6 2.1 25% F 250 1250 150 120 

 

 
Fig 17 Variation in the Value of the Blade Averaged Erosion Rate Density with Different Sizes of 

the Sand Particles 

 
CONCLUSIONS 

In this study, a numerical simulation was used to analyze the first stage of a C-130 T-56 engine 
compressor rotor and to investigate the effects of pressure ratio, mass concentration, and 
particle size on erosion rate and performance. Due to the lack of experimental data for the 
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geometry, a 3D scan was conducted to collect profile data from both the new and eroded blades 
of the T-56 first stage compressor. The computational model employed in this analysis was 
validated using the NASA Rotor 37 model approach. This approach had previously been 
employed in our previous study [12]. 
 
The simulation results indicated that the Mach number exceeded one at all span locations, 
resulting in the formation of a bow shock wave at the blade's leading edge. In addition, it was 
observed that the separation region expanded as spanwise locations increased. This expansion 
can be attributed to the stronger shock wave at greater spans, which is the result of higher Mach 
numbers resulting from increased tangential velocity components with blade height. Compared 
to the high-pressure side, the low-pressure side of the blade experienced lesser erosion rates, 
with the hub and shroud regions being especially susceptible to erosion. However, the blade's 
tip region, spanning from 90 to 100%, was identified as the most vulnerable to erosion. 
 
In addition, it was found that as the concentration of sand particles in the air increases, the 
pressure loading of the blade deteriorates significantly. Moreover, this performance 
degradation becomes more pronounced as the pressure ratio across the compressor increases. 
The analysis of the particle momentum source revealed significant variations in particle 
concentration and streamwise direction behavior. As particle concentration increases, so does 
the source of their momentum. The tendencies observed in the variation of particle-caused wall 
stress values align with those of the momentum transfer term. With an increase in momentum 
source values and particle concentrations, the wall stress values increase. However, wall stress 
variation along the streamwise direction remains constant. 
 
Patterns comparable to the momentum transfer term and wall stress term were observed for 
the erosion rate density with respect to particle concentration. The erosion rate density initially 
increased with increasing momentum source values, reached a limit, and then decreased as the 
particle concentration increased further. Furthermore, both wall stress and erosion rate 
density increased as particle size increased. Notably, variations in terms of wall stress and 
erosion rate density were also observed along the streamwise direction, reflecting the trends 
observed in particulate concentration and pressure ratio. 
 
Finally, it is essential to note that the blade-averaged erosion rate density experiences a rapid 
increase with larger particle sizes, although the rate of increase becomes relatively smaller with 
further particle size increments. The trends of wall stress and eroding rate density are 
consistent with respect to the pressure ratio, particle concentration, and particle size. 
 

RECOMMENDATIONS 
The utilization of the same computational fluid dynamics (CFD) model will enable the analysis 
of particle behavior and the assessment of multiple compressor stages or rotor-stator 
interactions. The presented comprehensive approach allows for the investigation of various 
factors such as heat transfer, blade wall deformation, and the impact of metal blade fatigue 
modes, including low cycle fatigue (LCF), high cycle fatigue (HCF), and very high cycle fatigue 
(VHCF). By considering these aspects, a holistic understanding of the compressor's 
performance and durability can be achieved. It is essential to recognize that the degradation of 
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compressor performance can have significant implications for engine efficiency and overall 
performance. Changes in blade surfaces, tip leaks, and variations in blade pressure distribution 
can adversely affect the engine's operation. To accurately simulate real-world conditions, these 
factors can be incorporated into the numerical model, providing a comprehensive analysis of 
compressor performance. 
 
Furthermore, the developed numerical model can be employed to investigate the effects of 
foreign object damage or bird strikes on compressor blades. By studying these scenarios, 
potential strategies for mitigating damage and enhancing blade integrity can be explored. 
Future investigations could focus on evaluating the resistance of compressor blade coatings to 
sand particles. This research area holds promise for enhancing the durability and lifespan of 
compressor blades in environments prone to contamination. 
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Nomenclature 

𝐶𝑓 fluid volume concentrations 

𝐶𝑠 solid volume concentrations 
𝑑𝑃 particle size 
E dimensionless mass 

𝐹𝑙,𝑓 lift force for fluid phases 

𝐹𝑙 , 𝑠 lift force for solid phases 
𝐹𝑣𝑚,𝑠 virtual mass force per unit mass for fluid and solid phases 
𝑓(𝛾) angle of impact in radians 

𝐿 flow length scale reynolds number 
𝑚𝑎 flow rate of air 
𝑚𝑃 particle mass concentration 

𝑛𝑚𝑖𝑛 minimum number of nodes 
𝑝 mean value of pressure assigned for the interface between 

solid and fluid phase 
Pc particle mass concentration 
Pr pressure ratio 
𝜌𝑓 densities of the fluid phase 

𝜌𝑠 densities of the solid phase 
𝑅 interaction force between the two phases 
r radius 

𝑟𝑚 mesh growth rate 
rpm rotations per minute 
SST shear stress transport model 
𝑉𝑓 velocity vector 

𝑉𝑝 particle velocity 
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𝑉𝑡 tangential velocity 
𝜔 angular velocity 
𝑦𝑛 normal distance 
𝛥𝑦 distance of the first node from the wall 
𝜏𝑓 shear stress 

𝛿 boundary layer thickness 
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