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Abstract: Degradation of compressors is a common concern for operators of gas turbine engines
(GTEs). Surface roughness, due to erosion or fouling, is considered one of the major factors of
the degradation phenomenon in compressors that can negatively affect the designed pressure rise,
efficiency, and, therefore, the engine aero/thermodynamic performance. The understanding of the
aerodynamic implications of varying the blade surface roughness plays a significant role in establish-
ing the magnitude of performance degradation. The present work investigates the implications due
to the degradation of the compressor caused by the operation in eroding environments on the gas
turbine cycle performance linking, thereby, the compressor aerodynamics with a thermodynamic
cycle. At the core of the present study is the numerical assessment of the effect of surface roughness
on compressor performance employing the Computational Fluid Dynamics (CFD) tools. The research
engine test case employed in the study comprised a fan, bypass, and two stages of the low pressure
compressor (booster). Three operating conditions on the 100% speed-line, including the design
point, were investigated. Five roughness cases, in addition to the smooth case, with equivalent
sand-grain roughness (ks) of 15, 30, 45, 60, and 150 µm were simulated. Turbomatch the Cranfield
in-house gas turbine performance simulation software, was employed to model the degraded engine
performance. The study showed that the increase in the uniform roughness is associated with sizable
drops in efficiency, booster pressure ratio (PR), non-dimensional mass flow (NDMF), and overall
engine pressure ratio (EPR) together with rises in turbine entry temperature (TET) and specific fuel
consumption (SFC). The performance degradation evaluation employed variables such as isentropic
efficiency (ηis), low pressure compressor (LPC) PR, NDMF, TET, SFC, andEPR. The variation in these
quantities showed, for the maximum blade surface degradation case, drops of 7.68%, 2.62% and
3.53%, rises of 1.14% and 0.69%, and a drop of 0.86%, respectively.

Keywords: blade surface; computational fluid dynamics; gas turbine; surface roughness; turbomatch

1. Introduction

The increasing demand for energy around the world is accompanied by growing
concerns about energy security. Performance criteria for machinery and its operation are
becoming ever more meticulously defined and components are pushed ever closer to their
limits [1]. Gas turbine engines (GTEs) play an important role in the global economy and
there has been a continuous increase in their numbers since their introduction [2]. The
superior power density and operational efficiency of GTEs made them widespread in the
propulsion of aircraft and ships, and in the power generation industry [3,4]. However, there
are a number of issues relating to the life cycle management of GTEs, including reliability,
operational and maintenance costs, and the availability of substitute components [5].

The performance of GTEs operating over extended periods is subject to deterioration,
impairing their efficiency and power output. This is due to a number of causes, mostly
erosion and fouling [6], and the continuous requirement for maintenance to sustain high
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level of performance. Unlike for power generation, gas turbines used for aircraft propulsion
are not fitted with elaborate intake filters. Therefore, they are exposed to solid particle
erosion (SPE) causing excessive wear, fouling, and corrosion resulting in the permanent
deformation of blade surfaces and increasing the surface roughness or even failure [7,8].
The problem is exacerbated for GTEs which are used in arid environments such as the
Middle East, where any deterioration on the surface would result in changes in the blade’s
aerodynamics and wettability behaviours [9–11]. Furthermore, the compression system,
including the fan and the compressor, are the most critical components in GTEs as, while
they contribute to the overall cycle efficiency, they dictate the operability range demanding
aerodynamics and aeromechanics design efforts [12,13]. Compressor blades are highly
sensitive to boundary layer separation as well as to the operation with added blockage due
to increased surface roughness [14]. Moreover, the rise in total pressure in compressors
results in adverse pressure gradients and, thus, is characterized by unstable boundary
layers that significantly contribute to losses [15]. Along with blade geometry alterations, a
deteriorated compressor can exhibit complex surface roughness patterns [16]. Blade surface
abrasion can then lead to a reduced engine mass flow

( .
m
)

due to increased blockage effects
and, hence, to a reduction in pressure ratio (PR) and efficiency. These, in turn, reduce the
efficiency of the coupling mechanisms linking compressor and turbine, with a consequent
loss of efficiency and output power that can range from 2% to as much as 15–20% when
blade surfaces are heavily deteriorated [17]. Furthermore, the aerodynamic performance of
GTEs is particularly sensitive to changes in the low pressure compressors (LPC) [18,19].
According to the literature, the LPC blade surface roughness is the reason for between 70%
and 85% of the total losses in performance during the continuous operation of GTEs [17].

An extensive review of research into the deterioration of turbomachines was provided
by Hamed et al. [20]. The authors concluded that compressor blading deterioration was
a major cause of loss in performance. They found that alterations in compressor airfoil
geometry caused by erosion, including reduction in blade chord, increase in tip clear-
ance, increase in surface roughness, and increase in trailing edge (TE) sharpness, cause
degradation of the cycle performance. Several investigators have studied how tip clear-
ance size, alterations in the shape of the compressor blades, and increased blade surface
roughness affect GTE performance. Bammert and Woelk [21], investigated the effects of
blade surface roughness on an axial compressor experimentally. They found that with
a roughness of equivalent sand-grain roughness (ks) = 180 µm the static pressure ratio
reduced by up to 30%, the volume flow rate decreased by 15–20%, and the

.
m between 6

and 13%. A numerical study by Zhihui and Yanming [22] examined how wall roughness
affects the performance of an axial compressor. The roughness values of the shroud hub
and blade were ks = 5, 20, and 40 µm, respectively. The two key results were: (1) The loss
in peak efficiency of the compressor was almost entirely (95.3%) due to the roughness
of the blade, only 3.6% being due to roughness of the surface of the hub and 1.1% due
to the roughness of the casing surface; (2) When the GTE operated at its design point
(DP), increased roughness of the compressor blades stimulated the growth of a boundary
layer with average thickness near the hub surface increasing less than that near the shroud
surface. This added to the strong interaction between the boundary layer at the end wall
and leakage flow. Compared to a “smooth” compressor, added roughness also increased
tip leakage, particularly in the presence of a rough shroud surface and circumferential
blockage near the shock wave region. El-Sayed [23], demonstrated experimentally the
effects of increasing the surface roughness on a compressor blade and its performance by
ingesting 2.5 kg of sand into a high speed axial flow compressor. This author mentions that
operating a GTE for 6000 to 8000 h was found to be enough to cause severe erosion of the
blade leading edge (LE) and pressure side (PS) and, thus, lead to an increase in surface
roughness as a result. Changes in pressure distribution around the blade were observed
which caused an earlier laminar to turbulent transition in the boundary layer. An increase
in blade tip leakage and LE erosion was found be responsible for a 4% drop in efficiency.
The suction side (SS) was, however, largely unaffected in most of the experiments. Further
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observations included a 3.5% drop in the stage loading coefficient. Generally, the provision
of roughness, as demonstrated by the function of dimples in golf balls, is known to affect
laminar to turbulent transition in boundary layers and, hence, impact the drag budget
of aerodynamic shapes. This explains that, while most authors agree that the increase
in blade roughness is associated with an increment in profile losses together with other
aerodynamic penalties, it can nevertheless, under specific circumstances, lead to an ac-
tual performance improvement as reported below. Wang et al. [24] demonstrated that
the efficiency and stability of compressors are notably affected by increasing the blades
surface roughness. The researchers clarified that for a low Reynolds number (Re ≈ 105),
the onset of the boundary layer transition on the compressor blade surface is delayed and
the laminar flow tends to separate, which forms a separated shear layer that undergoes a
subsequent transition to turbulent flow. This is denoted as the separation flow transition
and a Laminar Separation Bubble, LSB, will be visible on the blade surface. With a further
decrease in Re, the compressor blade loss will increase rapidly on account of the growth
of the LSB, especially when Re decreases below a critical value where there is a risk of
severe laminar separation without turbulent reattachment. Furthermore, they examined
how the blade’s performance was influenced for different values of surface roughness.
The study carried out and investigated numerically the impact of roughness in the range
ks = 322.4 to 3255 µm, at four locations on the SS of a compressor blade at Re = 1.5× 105.
The paper presents no correlation between the particular ks values employed in the study
and experimentally observed GTE component roughness. The major findings were: (1)
Maximum achieved reductions in profile loss were 14.6, 16.0, 16.5, and 10.2% with surface
roughness, ks = 973.4 µm, at the four locations, respectively; (2) The roughness of the
LE was the main factor in eradicating laminar separation and advancing aerodynamic
performance. At ks = 973.4 µm, a roughened surface extending from the LE, covering 10%
of the SS was sufficient to eliminate a laminar separation bubble decreasing the profile loss
by 14.6%. Increasing the roughened area to half of the SS produced little additional profile
loss. For a much larger value of surface roughness of ks = 3267.4 µm, the development of
a boundary layer, and aerodynamic performance were more responsive to the area that
had been roughened. With ks = 3267.4 µm, there was an apparent decrease in profile loss
of up to 30% of the roughened SS. Back et al. [25] examined experimentally the effects
of roughness on the aerodynamic behaviour of a low-speed linear compressor cascade.
Surface roughness of ks = 180, 300, 425, and 850 µm were utilised, which, according to the
authors, are common values found on compressor blades in operational GTEs. It is worth
noting that these researchers justified the ks values employed in the study as being due to
contributions such as dust, sand, and salt, which in industrial compressors can combine
with water, oil and moisture to modify the blade profile and roughen the surface. The
following results were reported: (1) With an increase in the roughness of the surface of
the compressor blade, the axial velocity decreased and pressure loss grew; (2) For the four
given roughness values, the corresponding decreases in axial velocity ratio were 0.1, 2.1, 2.5,
and 5.4%, respectively; (3) Pressure loss increased by 12, 44, 132, and 217%, respectively; (4)
Deviation, axial velocity, and pressure loss were the most sensitive parameters to surface
roughness. Sun et al. [26], developed a numerical model to examine the effect of roughness
on compressor performance using test values of ks = 2.11, 2.72, 16.24, 25.53, and 27.41 µm at
four operating conditions. The results show that the drop in compressor flow rate, caused
by increasing surface roughness conditions, ranged from 0.36% at the lowest ks value to
2.01% for the highest ks at the 100% speed-line. The greater the surface roughness of the
compressor blade, the greater the adverse effects on efficiency, power,

.
m, and PR.

This paper employs an in-house LPC compressor model inspired by NASA’s E3
engine [27–29]. The research focuses on the performance degradation brought about by the
increase in roughness of the low pressure compressor in its first two stages. The work is
conducted numerically through employing CFD, CFX, 19.1V (ANSYS Inc, Canonsburg, PA,
USA) software to describe the three dimensional flow field in the LPC and a thermodynamic
analysis of the GTE, which uses the Turbomatch 0-D thermodynamic tool that is in-house
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developed at Cranfield University. In this way, we correlate the flow characterization
details associated with blade roughness together with a thermodynamic analysis of the
degraded cycle and seek to understand their interdependency. To the best of the authors’
knowledge, such a study has not been reported before within the available literature.

2. Roughness Modelling

Roughness is a generic term in aerospace science and can be divided into three
types: 2D roughness, discrete 3D roughness, and distributed roughness. Two dimensional
roughness can amplify the instability waves and progressively move transition forward.
Discrete 3D roughness, such as cavities and protrusions, can introduce horseshoe and
hairpin vortices to the flow field and cause laminar flow to become turbulence [30]. Surface
roughness leads to an increase in turbulence production near the wall, which further
enhances the wall shear stress and heat transfer [31]. Thereafter, this effect affects the
velocity profile in the boundary layer as a shift in the wall-normal direction [32]. The
presence of wall roughness leads to the breakup of the viscous sublayer corresponding
in practice to a downward shift of the logarithmic velocity profile. For this reason, wall
function formulations need to be employed when modelling rough walls [31]. CFD, CFX,
19.1V, ANSYS Inc, Canonsburg, Pa, USA utilises two variants of the wall functions of
Launder and Spalding [33]: the scalable wall function and the automatic wall treatment.
The scalable wall function bypasses the viscous sublayer and sets a limit to the value used
in the logarithmic formulation, y+ = max (11.06). This formulation is the basis of the rough
wall treatment for turbulence models employing the dissipation equation.

y+ =
ρ ∆yuτ

ν
(1)

while
u+ =

Ut

uτ
=

1
k

ln
(
y+
)
+ Cr (2)

and

uτ =

√
τw

ρ
(3)

where y+ is the dimensionless distance from the wall, u+ is the dimensionless velocity, Ut
is the velocity parallel to the wall at distance y from the wall, uτ is the friction velocity,
υ is the kinematic viscosity, κ is the Von Karman constant, Cr is the log-layer constant
depending on the wall roughness, ρ is the density, and τw represents the wall shear stress.

The second, automatic wall treatment is deployed with turbulence models based on the
omega equation. The expression ‘automatic’ refers to a formulation that will automatically
switch from wall functions to a low–Re formulation if the mesh is fine enough. However,
as the dimensionless sand-grain roughness (k+s ) increases, the viscous sublayer is quickly
lost. The automatic wall function is implemented in this research.

The measured roughness in a turbomachinery component, which is characterized by
peaks and troughs of different shapes and sizes, can be represented by an equivalent sand-grain
roughness (ks). Further, ks is primarily used to simulate the influences of the blade surface
roughness on compressor performance [34]. In a manner analogous to the wall functions
mentioned above (Equation (2)), the near wall velocity scale can be represented by [8]

u+ =
1
k

ln (̃y+) + B − ∆B (4)

where

ỹ+ =
ρ ∆yũτ

υ
(5)

ũτ =
Ut

1
k ln (ỹ+) + C

(6)
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∆B =
1
k

ln
(
1 + 0.3 k+s

)
(7)

k+s =
ks ũτ

v
(8)

ks = 6.2 Ra (9)

where ũτ and ỹ+ represents the modified friction velocity and the modified dimensionless
distance from the wall, respectively. The dimensionless velocity is denoted as u+, the
constant B equals 5.2, k+s is the dimensionless sand-grain roughness, ũτ is the modified
friction velocity, ks is the equivalent sand-grain roughness, and Ra is the mean roughness.
The roughness Reynolds number (Rek), which is used to differentiate the smooth wall from
the rough wall, is defined as follows

Rek =
ks W1

v
(10)

where W1 represents the relative velocity at the inlet of the compressor rotor. If the Rek is
less than 90, the surface of a blade can be considered as hydraulically smooth [35].

Three roughness regimes can then be categorised depending on the value of k+s as
follows [36]:

(1) hydraulically smooth wall: 0 ≤ k+s ≤ 5.
(2) transitional roughness wall: 5 ≤ k+s ≤ 70.
(3) full roughness wall: k+s ≥ 70.

For axial compressors blades, there are only limited references characterising surface
roughness in actual applications [37]. According to Aldi et al. [38], for analysis purposes,
the surface roughness of the compressor blades can be defined as follows:

(1) The value of ks = 5 µm represents a healthy in-service blade.
(2) The value of ks = 20 µm represents in-service deteriorated blade.
(3) The value ks = 40 µm represents in-service completely rough blade surface.

Several degradation mechanisms are responsible for rapidly increasing the surface
roughness of compressor blades [39]. To examine the impact of diverse levels of roughness
on the aerodynamics and performance of LPCs, the modelling of roughened walls available
in CFD, CFX, 19.1V, ANSYS Inc, Canonsburg, PA, USA, employing the ks parameter, has
been utilised within this research. Equation (9) was used to obtain the corresponding mean
roughness values (Ra). In addition, a smooth blade case has been used as baseline for
comparison with five different values of roughness as shown in Table 1.

Table 1. Equivalent sand-grain size and the mean roughness values of the LPC blade surfaces.

Number ks (µm) Ra (µm)

Smooth case - -
Rough 1 15 2.419
Rough 2 30 4.838
Rough 3 45 7.258
Rough 4 60 9.677
Rough 5 150 24.193

3. Computational Approach

The CFD computations were performed using CFD, CFX 19.1V (ANSYS Inc, Canons-
burg, PA, USA). The present cases were analysed using Reynolds Averaged Navier Stokes
(RANS) simulations in conjunction with the k-ω SST turbulence model.

3.1. Model Description

The fan, bypass ducting, and the first two stages of the LPC were selected for this
study as components of a research aeroengine inspired by NASA’s E3 engine [27–29].



Aerospace 2021, 8, 330 6 of 27

Furthermore, the model was originally assembled by a previous research work at Cranfield
University. Geometric details showing the locations of the airfoils, which define the blading
as well as the annular definition curves of the engine components modelled, are presented
in Figure 1a together with the CFD domain employed in the simulations, Figure 1b, and
detail of the blading of the IGV and the first two stages of the booster compressor used for
the surface roughness simulations, Figure 1c. The design parameters at the design point
(DP) are shown in Table 2.
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Table 2. Fan, bypass, and low pressure compressor (LPC) design parameters. Reprinted with permission from ref. [27–29].
Copyright 2013 NASA Technical Report Server (NTRS).

Items Unit Value

Fan pressure ratio - 1.74
Number of fan blades (R1) - 24

R1 tip clearance mm 1.39
Number of exit guide vanes (EGV) blades - 29
Number of inlet guide vanes (IGV) blades - 76

Number of second rotor blades (R2) - 82
R2 tip clearance mm 0.97

Number of stator blades (S2) - 102
Number of third rotor blades (R3) - 88

R3 tip clearance mm 0.86
Number of third stator blades (S3) - 110

Mass flow rate
( .
m
)

(engine) (100% speed-line) kg/s 623.73
mass flow rate (LPC) (100% speed-line) kg/s 83.05

LPC pressure ratio (PR) (for the four stages) - 1.77
LPC PR (for the first two stages) - 1.336

Rotational speed for 100% speed-line r/min 4215

3.2. Mesh Generation and Model Verification

A structured mesh was generated using the Turbogrid meshing tool, CFD, CFX
19.1V (ANSYS Inc, Canonsburg, PA, USA), which is part of the CFD, CFX 19.1V (ANSYS
Inc, Canonsburg, Pa, USA) suite. The mesh sensitivity was carried out on all of the
computational domains. An example of the surface mesh on the hub, and details of the LE
and TE at 50% blade height are shown in Figure 2 for the IGV, R2, and S2 blade rows.
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A mesh dependency study was performed at the LPC DP, and the results are presented
in Table 3. The R2 component was selected for the comparison objective in Table 3.

Table 3. Results of the grid and turbulence model sensitivity study for R2.

Parameters Coarse Mesh Medium Mesh Fine Mesh

Number of nodes
(all components) 3.1 M 4 M 8 M

Polytropic efficiency
(SST turbulence model) 0.95 0.96 0.96

Simulation time
(SST turbulence model) 4 h and 53 min 6 h and 35 min 9 h and 50 min

The medium-mesh was selected in this study as it offers an adequate resolution while
keeping the computational costs relatively low. The number of nodes of each simulated
component is shown in Table 4.

Table 4. Number of nodes in medium mesh for each of the blade rows.

Components Number of Nodes

Fan 1.6 M
Bypass 417 k

IGV 387 k
R2 389 k
S2 357 k
R3 402 k
S3 478 k
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The model verification involves the examination of the dependency of the results on
the density of the meshes employed.

The well-known Grid Convergence Index method (GCI) [40] has been employed in
this study. The GCI technique is based on the Richardson extrapolation (RE) concept.
The GCI method defined herein is a suitable procedure, evaluated over numerous CFD
cases, and it is the most dependable method available for the evaluation of numerical
uncertainty [40]. To achieve the estimation of the discretization error, the procedure is
listed as follows:

Define the cell size (h) for the three mesh sizes utilised in the study by

h =

⌊
1
N

N

∑
i=1

(∆ Vi)

⌋1/3

(11)

where, N1, N2, and N3 are the total number of cells for the coarse, medium, and fine cases,
respectively, and ∆Vi represents the volume.

Calculate the values of the critical variables that are considered an objective of the
numerical study. Here, the pressure ratio (PR) values for the coarse, medium, and fine cases,
which are represented as ∅1, ∅2, ∅3 , respectively, were employed for the comparison.

Determine the apparent order p by using the following Equations

p =
1

ln(r21)
| ln
∣∣∣∣ ε32

ε21

∣∣∣∣+ q(p)| (12)

q(p) = ln

(
rp

21 − S
rp

32 − S

)
(13)

S = 1 .sgn
(

ε32

ε21

)
(14)

where, r21, r32 represent the grid refinement factor as r21 = h2/h1 and r32 = h3/h2, and
ε21 = ∅2 −∅1 and ε32 = ∅3 −∅2.

Determine the extrapolated values (∅21
ext) using

∅21
ext =

(
rp

21 ∅1 −∅2

)
−
(

rp
21 − 1

)
(15)

Determine the error estimation from

e21
a =

∣∣∣∣∅1 −∅2

∅1

∣∣∣∣ (16)

e21
ext =

∣∣∣∣∣∅21
ext −∅1

∅21
ext

∣∣∣∣∣ (17)

GCI21
Fine =

1.25 e21
a

rp
21 − 1

(18)

where e21
a represents the approximate relative error, e21

ext represents the extrapolated relative
error, and GCI21

Fine the fine-grid convergence index.
The calculations of the discretization error are listed in Table 5. The results reported

the numerical uncertainty in the fine-grid solution for the PR as 3.5%.
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Table 5. Outcomes of the discretization error.

Components ∅ = PR (with Monotonic Convergence)

N1, N2, N3 3,106,608, 3,987,820, 7,963,228
r21 0.92
r32 0.80
∅1 1.28
∅2 1.30
∅3 1.31
P 3.02

∅21
ext 1.33

e21
a 0.63%

e21
ext 2.78%

GCI21
f ine 3.5%

3.3. Boundary Conditions and Convergence Criterium

A schematic representation of the computational domain together with its dimensions
relative to the fan blade chord at midspan is presented in Figure 3. The inlet and outlet
boundary conditions are applied at locations identified in Figure 3. The location of these
boundaries is placed away from the turbomachinery components in order to ensure that
the local flow is developed according to CFD good practice.
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A single periodic blade passage of every LPC component was analysed at the DP. The
boundary conditions were set as follows:

(1) The stator domains of the EGV, IGV, S2, and S3 were set as stationary.
(2) The rotor domains of the fan, R2, and R3 were set as rotating at 4215 rpm.
(3) All walls were set as no slip.
(4) At the inlet: the stationary frame total pressure P01 = 101.325 KPa, and total tempera-

ture T01 = 288.15 K were prescribed. The turbulence intensity was set at 5%.
(5) Mixing planes were used as the interface between stator and rotor rows.
(6) At outlets, bypass and booster, average static pressure was specified with values

adjusted by trial and error to enable these two components to pass the target
.

m.

All cases converged with residual values of mass below 10−5 whereas the residual
values of momentum dropped below 10−4.

3.4. CFD Results Comparison

The CFD and Turbomatch results were examined against the NASA E3 reference
data [27–29]. Furthermore, the CFD results were compared against the design parameters
of the available fan rotor data of the E3 engine [29]. The outcomes are verified in terms
of the PR and the NDMF. The results obtained from the CFD simulations at both 90% and
100% speed-lines presented a very good match with the reference data, as shown in Figure 4.
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Additionally, it was found that the maximum deviation of the CFD results compared to the
design objective was 1.9% of NDMF at the 100% speed-line.
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Furthermore, a comparison study was performed to compare the results of the numer-
ical simulations of the modelled booster stages of the research engine at the design point.
The results obtained that focus on the variation of the

.
m, PR, exit temperature (T2), and the

ηis of the second stage of the LPC are listed in Table 6. The outcomes demonstrate good
agreement as the variation between the CFD results and the design calculation’s values are
less than 4%.

Table 6. Comparison of the numerical results and the design calculation’s values.

Parameter CFD Results Reference Deviation (%)
.

m (kg/s) 84.7 83.1 1.8
PR (2-stage booster) 1.30 1.34 2.9
T2 at stage 2 exit (K) 344.2 333.0 3.2
ηis (2-stage booster) 0.79 0.82 3.6

4. Results and Discussion
4.1. Effect of Roughness Variation on Engine Mass Flow

Three different operating points located on the 100% speed-line have been selected
for the examination of the results: reduced (RMF), design point (DP), and increased mass
flow (IMF) of 81.8 kg/s, 84.6 kg/s, and 86.8 kg/s, respectively. To examine the impact of
increasing the surface roughness of LPC blades, NDMF, PR, and the ηis were evaluated.
The computed cases are introduced in Table 1. Furthermore, the NDMF parameter is
introduced for the purposes of comparing different types of compressors [41,42]. The
simulation results of the

.
m and the NDMF for the smooth case and the different roughness

cases are shown in Figure 5. Each line is labelled by the corresponding operating point.
Moreover, the outcomes demonstrate that increasing surface roughness reduced the

.
m

and the NDMF. The reduced mass flow operating point was most affected by surface
roughness, and the deviation at this operating point was 3.2% and 4.1% for the

.
m and the
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NDMF, respectively. Therefore, the observed degradation can be ascribed to the increase in
blockage and, hence, a reduction in effective throat areas.
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Figure 5. Variation of mass flow and NDMF with roughness at three operating points, 100% speed-line effect of roughness
variation on pressure ratio and efficiency.

The increase in losses in the flow can result in a significant drop in the LPC’s PR and
efficiency, reducing, therefore, the power output of the GTE. The numerical predictions of
PR and efficiency reductions of the compressor at the 100% design speed, taken at the three
different operating points are presented in Figures 6 and 7, respectively. It can be observed
that the values of the PR and the ηis of the computed stages reduced progressively as the
roughness conditions of the blades increased. The maximum reduction in PR of 3.1%,
corresponds to the highest surface roughness at RMF condition as shown in Figure 6.
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In comparison, the maximum reduction in the efficiency of 7.7% was found at the op-
erating point corresponding to IMF. A very similar result was obtained for the compressor
efficiency at the DP as shown in Figure 7.

4.2. Effect of Roughness Variation on Compressor Aerodynamics

CFD predictions in terms of flow characterisation are presented in this section. The
results listed in this section correspond to the DP.

4.2.1. Effect on Flow Structure

Increasing the blade’s surface roughness has a noticeable effect on the flow field,
especially across the blade SS of the stators and rotors. In order to demonstrate the impact
of surface roughness on the LPC components, the IGV is selected.

The wall shear stress on the SS of the IGV is plotted in Figure 8 below for the smooth
and the Rough 5 cases. As is apparent, there is some inward radial migration near the
end walls with the occurrence of a sizable hub corner stall, which starts at the midchord
position for both roughness cases.
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As can be observed from Figure 8, the increase in roughness is accompanied by a rise
in the spanwise values of the wall shear stress. This effect is more clearly observed by
plotting the chordwise distribution of this quantity at midspan, Figure 9.
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The chordwise distribution of wall shear stress shown in Figure 9 provides evidence
not only of the bulk increase of this quantity but also of its evolution from the leading to the
trailing edges. The average increase in wall shear stress, computed over the SS, is around
85%. Regarding the differences between the Rough 5 and the smooth case distributions, a
general increase in the SS and the PS values with roughness is noted. Interestingly enough,
the high roughness case is associated with a decrease in wall shear stress in the latter
section of the chord with respect to the smooth case.

4.2.2. Effect on Mach Number Distributions

The distribution of relative Mach number at the DP for a smooth and rough case
(Rough 5) at 50% blade span is presented in Figure 10. The flow is subsonic throughout
except for some regions near the leading edge and towards the latter stator midchord posi-
tion. A comparison between the smooth case and the highest roughened case leads to the
identification of expanded patches of detached flow near the TE regions. In the roughened
case there is a reduction in the extent of the high Mach number regions throughout, as was
also observed by Sun et al. [26]. For roughened cases, in comparison to the SS of the blades,
the PS is associated with a lower value in terms of the distribution of Mach numbers due to
lower flow acceleration, which creates a thinning turbulent boundary layer accompanied
by suppression of boundary layer turbulence as observed in reference [43]. These results
indicate that the surface roughness has a minor effect on the Mach number distributions
for the computed cases. However, the increases in surface roughness do result in increases
in the flow blockage, which in turn contribute to the observed performance deterioration
of the LPC in a manner similar to that reported in reference [44].
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4.2.3. Effect on Total Pressure

The total pressure distribution of the flow with different roughness scenarios showed
that the pressure loss is amplified by increasing surface roughness. The loss in total pressure
is reported with reference to the decrease in total pressure rise in the booster calculated as a
difference between the value computed downstream of S3 and the average value calculated
upstream of the IGV, Figure 11. As can be observed in this Figure, the introduction of
roughness, even for the lowest value (Rough 1 case), is associated with a reduction in
the total pressure rise (5.1%), which is considerably larger than that observed when the
roughness doubles between 15 and 30 µm (1.5% between Rough 1 and 2, respectively).
Contour plots of the spatial distribution of total pressure at the IGV and R3 blade row exit,
taken downstream of both components, for the smooth and Rough 5 cases, are shown in
Figure 12. The results demonstrate a thickening of the wakes between the smooth and the
roughened case. This observation is valid both for the IGV and the rotor domain. For the
IGV case, low momentum core of the hub-corner stall is further developed with roughening
of the blades. The difference plots indicate the areas and magnitude of roughness effects,
showing that the total pressure is mainly influenced in the immediate vicinity of the
blade surface, particularly at the suction side. The end wall regions, in turn, remain
mostly unaffected.
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4.2.4. Distribution of Axial Velocity

The distribution of axial velocity is examined in this section. The introduction of
roughness has a marked effect on the axial velocity deficit associated with merging bound-
ary layers in the wake region. The axial velocity distribution downstream of R2 and S2
versus non-dimensional pitch is plotted in Figure 13. The increase in roughness leads
to a combined effect of increasing the depth of the wake together with thickening of the
boundary layer, especially at the SS region. It is noteworthy how the low roughness case
(Rough 1) produces a substantial thickening of the wake, a process that is then further
reinforced with increasing roughness, although at a considerably reduced rate. Regarding
the velocity defect, the introduction of roughness is associated with an increase in the depth
of the wake, which ranges from 12% for the Rough 1 case to about 24% for the Rough 5
case when considering the R2 component. A similar magnitude of the velocity drop was
observed in the stator S2.
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4.2.5. The Pressure Coefficient

The static pressure coefficient (Cp) is a key parameter providing information on the
aerodynamic loading of the blades. In addition, it can supply information regarding the
occurrence of shocks and the chordwise variation of losses. The static pressure coefficient
is given by the following expression [45]

Cp =
Ps − P1

P01 − P1
(19)

where Ps is the static pressure of the blade, P1 is the upstream static pressure used as
reference, and P01 is the inlet total pressure.

The Cp distribution around the blades at midspan is presented in Figure 14 for the
IGV, R2, S2, R3, and S3. As was noted before, the SS tends to be more affected by the
roughness. Except for R3, the PS exhibits a reduction in the LE pressure spike extending
over the first ~20% of the blade chord. The severity of the reduction correlates with the
level of roughness, although, somewhat surprisingly, the values of high roughness and
the intermediate ones, i.e., Rough 3 and Rough 5, produce relatively similar distributions.
It is noteworthy that the introduction of roughness, even Rough 1 (ks = 15 µm), yields a
considerable departure from the smooth surface. The SS variation with roughness extends
over the bulk of the chord and is again well correlated to the level of roughness. The last
stage provides the exception to this general observation. The pressure drop observed in S3
related to the shock location is attenuated with the introduction of roughness. The pressure
distributions at the second rotor blade, R3, exhibit a different behaviour compared to the
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other LPC blades. The observed difference is due to the position of the rotor stagnation
point. In the rear rotor blades, the flow impinges on the SS at a positive incidence. Thus,
flow deviation is facilitated by surface roughness, promoting separation at the blade SS,
which was also observed by Zhihui and Yanming [22].
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4.3. Turbomatch Performance Tool

Aeroengine performance simulations are frequently utilised to examine the engine
behaviour at different operating conditions. Such simulations can be beneficial during
the engine development process in evaluating performance, assisting component design,
testing data, and optimizing the engine controls, associated with decreased design and
development costs [46]. Therefore, a robust design is essential for the engine performance
design stage [47]. In this research, the thermodynamic cycle performance calculations
were carried out by utilising an in-house tool—Turbomatch. Turbomatch is a performance
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software developed by Cranfield University for design point (DP) and off-design (OD)
analysis of GTEs. The performance of GTEs is determined by utilising scaled maps of the
compressors, combustion chambers, and turbines. Turbomatch relies on several subroutines
to simulate the performance of the GTE’s components. The user can assemble the modules
together to create an engine model with the required specifications. This allows for a
considerable degree of flexibility to examine alternative GTE arrangements and operating
conditions. A comprehensive description of the working principles and implementation of
the Turbomatch suite can be found in [48–50].

In this study, a Turbomatch model was created according to the available technical
data of the E3 engine [27–29]. To examine the blade surface degradation effects on engine
performance, the PR, mass flow at inlet (

.
Min), and efficiency were adjusted according

to the degradation level. The scaling factor (SF) of these specific parameters needs to be
utilised against the corresponding values of the standard map as follows [51]

SFPR =
PRDP − 1

PRDP MAP − 1
(20)

SFηis =
ηisDP

ηisDP MAP
(21)

SFNDMF =
NDMFDP

NDMFDP MAP
(22)

NDMF =
.

Min
101, 325 (Pa)

P01

√
T01

288.15 (K)
(23)

where PR represents the pressure ratio, ηis the isentropic efficiency, NDMF the non-
dimensional mass flow,

.
Min the mass flow at the inlet, P01 the total pressure, and T01

is the total temperature.
The SFC, TET, and EPR were calculated to analyse the engine behaviour under the

degradation phenomenon. A schematic of the research engine is shown in Figure 15,
representing the individual components called ‘bricks’ in Turbomatch: Intake, Fan, Bypass
duct/flow splitter for bleed (Premas brick), LPC, area of mixing of two flows (Mixess brick),
afterburner/intercooler duct (Ducter brick), Bypass nozzle, high pressure compressor
(HPC), Burner, high pressure turbine (HPT), low pressure turbine (LPT), and Core nozzle.
The bricks are linked together, with interfaces known as stations.
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Turbomatch Model Validation

A comparison of Turbomatch results against the E3 reference data [27–29] was per-
formed. The verification is based on the temperatures at each engine station for the 100%
speed-line, as shown in Figure 16.
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The temperatures provide a good indication of whether the GTE meets the design
requirements. In particular, the maximum cycle temperatures influence the maximum
overall thermal efficiency of the GTE and can indicate the design matching of the GTE
components [52]. The comparison was performed by using the available data for the exit
temperatures of the E3 components in terms of the fan, LPC, HPC, burner, and TET. The
HPT temperatures and the LPT are left without comparison due to the lack of reference
data for the turbine section of the E3 engine. The results show a satisfactory agreement.
The maximum discrepancy between the Turbomatch results and the reported design data
was found at the TET to be less than 4%.

4.4. Turbomatch Performance Results

To analyse the performance implications of increasing surface roughness in the LPC,
a thermodynamic study was carried out using Turbomatch. To estimate the degradation
levels of the two stages of the LPC that have been computed in this study, the research
engine booster has been split into two parts. The simulated stages, as well as the latter two
stages of the LPC were scaled by Turbomatch as two separate components. The modelling
of the degradation in Turbomatch involves specifying the reduction in PR, NDMF, and
the ηis as handle parameters affecting the performance of the compressor. The values are
taken from the CFD analysis. The input data representing the influence of the roughness
conditions on the engine performance variables are presented in Table 7. The outputs of
the Turbomatch model are expressed through the EPR, SFC, and TET.
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Table 7. Reduction in PR, NDMF, and isentropic efficiency of the first two booster stages by reference
to the smooth case.

Case
Reduction

PR NDMF ηis

Smooth - - -
Rough 1 0.992 0.987 0.974
Rough 2 0.991 0.981 0.962
Rough 3 0.981 0.973 0.939
Rough 4 0.982 0.972 0.940
Rough 5 0.973 0.964 0.9231

4.4.1. Effect on Compressor Maps

By applying the levels of degradation specified in Table 7, the performance implica-
tions of the roughened conditions were examined. The analysis of the roughened stages
was carried out at the DP. The variation in the characteristic maps of the first two stages of
the LPC is presented in Figures 17 and 18 regarding the PR and the isentropic efficiency
against the NDMF. The black lines in these plots correspond to the values obtained at
three rotational speeds (N) indicated in the figures. It can be noticed that the smooth case
values of PR and isentropic efficiency corresponding to DP are obtained at 100% N. The
results indicate that if surface roughness is increased, the DP is shifted away from its initial
position on the map, and the compressor operates at a reduced mass flow and PR. As
shown in Figure 17.
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Similarly, the DP is shifted away from its initial position on the map, while the surface
roughness is increased and the compressor operates at a reduced mass flow and efficiency
as shown in Figure 18.

As observed previously, setting the roughness at 15 µm and 30 µm presents a marked
difference in the shift of the corresponding PR and efficiency points in reference to the
smooth case. This indicates that the compressor is more sensitive to the introduction of
roughness than to its increase.

Roughness limits are, in practice, controlled by the hardness and the mechanical
specifications of the tested material, even if degraded. According to Hamed [20], for
turbomachinery applications, the blade’s surface roughness does not increase beyond a
given limit due to the physics of the solid particle erosion (SPE) process that induces the
roughening of the blades. Thus, the impact of surface roughening will be limited to a
threshold ks value somewhere around the 45 µm mark according to the references [20,38].
The examination of cases with ks > 45 µm was performed in order to investigate the
behaviour of the compressor in a situation where alternative blade material properties
might enable higher values of roughness than what is commonly encountered with current
manufacturing materials and techniques.

4.4.2. Effect on Cycle Parameters

The increased surface roughness affects the EPR, SFC, and TET of the research engine.
The impact of increasing the surface roughness of the EPR and SFC are tabulated as a
percentage, while the TET is shown as a change in temperatures (∆) compared to the
smooth case, Table 8.



Aerospace 2021, 8, 330 23 of 27

Table 8. Effect of surface roughness on the performance variables of the research engine.

Case
Deviation (%) (∆)

EPR SFC TET (K)

Smooth - - -
Rough 1 −0.275 +0.204 +5.8
Rough 2 −0.426 +0.292 +8.6
Rough 3 −0.633 +0.476 +13.7
Rough 4 −0.626 +0.502 +13.7
Rough 5 −0.862 +0.687 +19.1

Although the engine performance changes are relatively minor for the cases studied,
they represent significant cycle degradations resulting in a noticeable drop in EPR and
attending increase in SFC, affecting the economics of the operation. Although the increase
in TET is in absolute terms not very significative for the low roughness values, it represents
nevertheless a tangible degradation of the GTE since even minor increases in TET are
associated with creep life reductions and, hence, affect the durability and maintenance
requirements of the engine.

In order to highlight the implications on the whole engine performance along with the
LPC performance, a combination of the Turbomatch and CFD results is shown in Figure 19.
The results are juxtaposed using a parallel coordinate chart to show the simultaneous effects
on each variable by varying the surface roughness in the LPC’s first two stages.
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It can be seen that the large degradation of the LPC predicted by the CFD analysis,
impacts in a less substantial manner the overall cycle performance in terms of SFC, TET,
and EPR. Taking as an example the Rough 3 condition at DP (indicated in Figure 19 through
a thick red line), its impact on the first two stages’ PR is in the order of a 1.8% drop, 6.1%
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drop in isentropic efficiency, and 2.7% drop in NDMF, whereas the corresponding rise in
the overall cycle SFC is 0.48% and in TET is 0.8%, together with a drop in EPR of 0.61%.
These values are valid for the reduced section of the booster model, which is in any case
the part of the core compressor system more directly affected by solid particle erosion (SPE)
and must not be taken to represent the degradation effects of the full compressor, and are,
hence, representative of a subset of a wider GTE deterioration phenomenon.

5. Conclusions

This study examined the aerodynamic and engine performance implications of in-
creasing blade surface roughness in the first two stages of a low pressure compressor
utilising the design parameters of the E3 engine. Blade roughness stemming from the
operation of GTEs in dust laden atmospheric conditions is known to occur in the first
stages of the compression system. This investigation sought to quantify the blade surface
degradation of the first two stages with an examination of their impact for the thermody-
namic cycle. The results showed that uniformly increased surface roughness of the blades
significantly reduces the compressor efficiency and PR, impacting the performance of the
whole thermodynamic cycle. The qualitative and quantitative outcomes of this study are
as follows:

• The simulations employed uniformly roughened blades notwithstanding the fact that
it is known that rotor and stator blades experience different levels of roughness in the
suction and pressure sides when compressors are exposed to SPE conditions. This
modelling approach is justified on the grounds that the pressure side of both stators
and rotors is largely insensitive to the variation in whole blade roughness level as is
evident from the analysis of Figure 13.

• The increase in surface roughness of the first two stages of the LPC results in a
quantifiable reduction in the performance variables of the research engine studied.
The examined performance variables, isentropic efficiency, LPC PR, NDMF, TET, SFC,
and overall PR exhibited, for the maximum blade surface degradation case, drops of
7.68%, 2.62% and 3.53%, rises of 1.14% and 0.69%, and a drop of 0.86%, respectively.

• The maximum blade roughness results represent an extreme case, examined out of
academic enquiry, since according to the literature, the SPE induced roughness level
tends to stabilise independently of the erosion duration at around the 60 µm mark.
The variation in the same parameters recorded above for this level of roughness, in
terms of LPC PR, isentropic efficiency, NDMF, TET, SFC, and overall PR, corresponds
to a drop of 1.85%, 5.92%, 2.72%, and increases of 0.81% and 0.51%, together with a
drop of 0.63%, respectively.

• The effect of increasing roughness on the LPC maps is characterised by the shift
towards lower PR and NDMF values. The variation is more marked between the
smooth and Rough 1 roughness regimes when compared to further roughness values.
This observation has two aspects. Turbomachinery designers need to account for the
operation of low pressure compressors used in propulsive applications to include the
effects of a finite amount of roughness, which is an unavoidable consequence of their
employment in eroding atmospheric environments. The second aspect relates to the
physics of the erosion phenomenon, which limits the upper threshold of roughness of
the blades and represents, therefore, a well-defined, worst-case scenario.

• Although the various roughness levels examined were applied uniformly over the
blades of the first two stages of the LPC, the SS region, as well as the early chordwise
locations, exhibit the greatest variation, with reference to the smooth case in terms of
chordwise Cp coefficient. These regions are most effective at promoting the thickening
of the local boundary layers, as evidenced through the total pressure distributions
downstream of the blades as well as the pitchwise distribution of axial velocity.
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Nomenclature

Cp Total pressure loss coefficient
Cr Log-layer constant
DP Design point
e21

a Approximate relative error
e21

ext Extrapolated relative error
GCI21

Fine Fine-grid convergence index
h Cell size
HPC High pressure compressor
HPT High pressure turbine
k Von Karman constant
ks Equivalent sand-grain size (µm)
k+s Modified sand-grain roughness (µm)
LE Leading edge of the blade
LPC Low pressure compressor
LPT Low pressure turbine( .
m
)

Mass flow rate (kg/s)
Min Mass flow at inlet (kg/s)
NDMF Non-dimensional mass flow
N1,N2,N3 Total number of cells
Ps Static pressure (Pa)
P01 Total pressure (Pa)
PR Pressure ratio
PS Pressure side
RANS Reynolds Averaged Navier Stokes
Ra Mean roughness (µm)
Re Reynolds number
Rek Roughness Reynolds number
r21, r32 Grid refinement factor
SF Scaling factor
SFPR Scaling factor of the PR
SFNDMF Scaling factor of the NDMF
SFηis Scaling factor of the isentropic efficiency
SFC Specific fuel consumption (g/kN.s)
SS Suction side
TE Trailing edge of the blade
TET Turbine entry temperature (K)
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T01 Total temperature (K)
Ut Velocity parallel to the wall (m/s)
u+ Dimensionless velocity
uτ Friction velocity (m/s)
ũτ Modified friction velocity (m/s)
v Kinematic viscosity (N.s/m2)
W1 Relative inlet velocity (m/s)
y+ Dimensionless distance from the wall
ỹ+ Modified dimensionless distance from the wall

Greek letters
ρ Density (kg/m3)
τw Wall shear stress (Pa)
ηis Isentropic efficiency
∆Vi Cells volume (m3)
∅1, ∅2, ∅3 Pressure ratio (PR) values
∅21

ext Extrapolated value
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