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Abstract

Deterioration of axial compressors is in general a major concern in aircraft engine maintenance. Among other effects,
roughness in high-pressure compressor reduces the pressure rise and thus efficiency, thereby increasing the specific fuel
consumption of an engine. Therefore, it is important to improve the understanding of roughness on compressor blading
and their impact on compressor performance. To investigate the surface roughness of rotor blades of a compressors,
different stages of an axial high-pressure compressor and a first-stage blisk (BLade—Integrated—dISK) of a regional aircraft
engine is measured by a three-dimensional laser scanning microscope. Fundamental types of roughness structures can be
identified: impacts in different sizes, depositions as isotropically distributed single elements with steep flanks and aniso-
tropic roughness structures direct approximately normal to the flow direction. To characterise and quantify the rough-
ness structures in more detail, roughness parameters were determined from the measured surfaces. The quantification
showed that the roughness height varies through the compressor depending on the stage, position and the blade side.
Overall complex roughness structures of different shape, height and size are detected regardless of the type of the

blades.
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Introduction

Gas turbine performance deteriorates during flight
operation for numerous reasons. A critical area for
deterioration which influences significantly the aero-
dynamic performance is the blade surface. In this
paper, the roughness of first-stage rotor blades of
high-pressure compressors is part of the investigation.
The task of compressors is to increase the total
pressure. For this reason, compressor airfoils are at
great risk for boundary layer separation which
decreases stage efficiency and may lead to stall or
surge. The risk of these phenomena depends mainly
on Reynolds and Mach numbers and of course
roughness.'

Leipold et al.? explored the critical role of the
Reynolds number in a high-pressure cascade in con-
junction with surface roughness. They varied the
Reynolds number from 3 x 10° to 1 x 10° based on
inlet conditions. The inlet Mach Number was set
to 0.67 to generate a peak Mach Number close to
Ma=1. An important finding was that the loss coef-
ficient rises with the Reynolds Number. Above 5 x 10°
thin boundary layers lead to turbulent boundary layer
separation on the suction side of rough blades.

Particularly for high-pressure compressors with
Reynolds Numbers of 1 x 10° and higher, this effect
is relevant. Back et al.* found equivalent results in a
low-speed compressor cascade. Like Leipold et al.,?
they found decreasing performance at a critical
Reynolds Number of about 6 x 10° with a critical
roughness Ra between 2.0 and 2.9 um. The cascade
performance is mainly reduced by roughness on the
suction side but an entirely rough blade reduces the
performance even further. The main focus of their
studies was on the mass-averaged profile losses,
which is mostly affected by the suction side in the
downstream half-chord of the blade. Another import-
ant result of their study was that an increase of the
area covered with roughness decreases the critical

'Institute of Turbomachinery and Fluid Dynamics, Leibniz University
Hannover, Hannover, Germany

2Institute of Jet Propulsion and Turbomachinery, TU Braunschweig,
Braunschweig, Germany

Corresponding author:

Philipp Gilge, Institute of Turbomachinery and Fluid Dynamics, Appelstr.
9, Hannover 30167, Germany.

Email: gilge@tfd.uni-hannover.de

-

P
brought to you by .. CORE



https://core.ac.uk/display/223025243?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://orcid.org/0000-0002-5719-3267
https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/0954410019843438
journals.sagepub.com/home/pig
http://crossmark.crossref.org/dialog/?doi=10.1177%2F0954410019843438&domain=pdf&date_stamp=2019-05-09

Proc IMechE Part G: | Aerospace Engineering 0(0)

Reynolds number. Schaffler* found the same trend in
a five-stage high-pressure compressor rig. He reported
lower polytrophic efficiency beginning for a chord-
based Reynolds Number of 3.1 x 10° in the first
rotor. He analysed the machining roughness of differ-
ent manufacturing techniques of blades, leading to
different roughness results.

Bammert et al.” investigated a low-speed compres-
sor cascade with five different roughness levels at a
fixed Reynolds Number 4.3 x 10° and an Inlet Mach
Number of 0.11. They used sand grain roughness levels
ky/c from 2.3 x 107* to 5.6 x 107>, They determined
increasing profile losses by raising the sand grain
roughness. With higher roughness at the trailing
edge, separation occurs on the suction side along
with a reduced turning. Because of the effect of the
reduced turning on the following blade row,
Bammert et al.’ investigated comparable roughness
levels in a three-stage axial compressor. All airfoils
were roughened equally. The complete rig suffered
from 6% to 13% loss of efficiency and an overall pres-
sure ratio reduction by 30% with respect to their com-
parative configuration.

Suder et al.® analysed a transonic compressor rotor
while adding roughness and thickness to the blades.
The roughness was applied by coating the blades,
which increased the leading edge thickness by 10%
at the hub and 20% at the tip. The coated configur-
ation had a roughness Rg between 0.5 um and 3.2 pm.
Because of this procedure, the roughness could be
studied without mixing the effects of adding rough-
ness and increasing blade thickness. The highest rotor
roughness results in a 9% pressure ratio loss with
regard to the baseline rotor. Suder et al.® also inves-
tigated the influence of roughness position along the
blade. They can show that the first 2% of distance
from leading edge affects the boundary layer thickness
and therefore the interaction with the shock. This
results in an increased blockage and a reduced diffu-
sion in the blade passage. Gbadebo et al.” examined
the influence of surface roughness on stator blades of
a single-stage low-speed axial compressor. They used
a centre-line averaged roughness of about 1.5 to
2.0 um obtained from a turbofan engine after a long
period of airline operation. The roughness was
applied by a strip covering 50% to 100% of span
and about 20% of chord length at different positions.
Their experiments showed that roughness induces a
larger hub-corner-separation which resulted in high
losses, increased blockade and deviation compared
to their baseline experiment. The three-dimensional
end wall separation was triggered by a leading edge
roughness extending the affected area up to 30% of
the span compared to the baseline configuration.

The impact of surface roughness on axial compres-
sor performance was studied by Syverud and
Bakken.® They compared performance test data of
the GE J85-13 engine with loss models addressing
friction, blockage and deviation. They used the same

approach for surface roughness characterisation like
Gbadebo et al.” Their results show a gap between the
model prediction and measured test data of a real
engine. However, similar to Suder et al.,® the results
give a hint how important surface roughness due to
compressor performance can be.

In addition, the roughness effect due to erosion and
fouling is another effect which has to be considered.
Fouling describes the process of deposition of particles
on the surface of blades due to operational pollution.
Another critical effect is a change of roughness and
geometry due to deposits. Syverud and Bakken’
showed that deposits of different types such as salt or
oil have the same impact on the performance of a com-
pressor. As done by Gbadebo et al.” and Syverud and
Bakken,®’ the roughness in most of the literature is
measured only at few discrete points on the blade but
applied on the whole blade with the assumption of
conformity. However, it was shown that local vari-
ations in the roughness on a compressor blade can
lead to different loss increases depending on the rough-
ness position.m’11 As a result, a detailed analysis of the
roughness distribution over the blade surface and the
structures itself is important to understand and model
the effects of real surface roughness in engines.

Roughness measurements and
quantification

All investigated roughnesses were measured with con-
focal laser scanning microscopes of the same type
(Keyence VK-X200). The measurements are contact
free, and a three-dimensional representation is
obtained. The used laser scanning microscope has
two optical paths. One for a white-light source with
a CCD chip for high-resolution colour pictures and a
second optical path using a laser diode with a wave-
length of 658 nm. To obtain highly detailed pictures of
the surface-roughness, an objective lens with 20x
magnification was used for the single-blade measure-
ments, and for the blisk blade, a lens with 50x mag-
nification was used. The size of each measurement
patch with a 20x magnification is 704 um by 528 pm
and 270 um by 203 um for a magnification of 50x.
For both cases, the physical resolution is 1024 by
768 pixels per pitch. In addition, the measurements
of the 20x magnification are stitched together to
receive a wider measurement field. In total, four meas-
urements are stitched together with a final resolution
of 1296 by 1863 pixels and an area size of 890 um by
1280 um. To resolve the picture in the height axis, the
surface scan is replicated from the bottom of the
sample to the scanned surface.

Measurement error of the used Keyence micro-
scope is given by the manufacture and depends on
the vertical measurement range (A/iyr)

hewr = 0.2+ Ahygg/100 (1)
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For a good comparability, the measurement range
(Ahyg) 1s set in dependency of the magnification
factor. In this investigation, a measurement error for
20x magnification of /i, 20x = £0.93 um and 50x
magnification of /i 50, = £0.58 pm is determined.
To verify the given measurement errors, a test surface
is measured 30 times for both magnification factors.
The test surface is created by a smooth surface with
silicon grains to realise a roughness including steep
flanks. Steep flanks are difficult to measure using a
vertical optical measurement system and entail a
higher level of measurement errors. The mean stand-
ard deviation £ 4 is calculated from the 30 repetition
measurements resulting in /i 420 = £0.96 um and
hisa 50« = £0.46 um which is in good agreement with
the given errors of the microscope manufacturer. In
addition, the confidence interval 4, ,, based on a con-
fidence level of 99% is estimated. The results of
Rivar20x = £0.48 um and /14 50x = £0.23 pm  show
that the standard deviation is dominated by single
outliers resulting from the steep flank measurements.
Thus, the real measurement error for the presented
study is smaller than the official error estimation of
the microscope manufacturer. To give a measurement
and determination error for the following investiga-
tion, the relative error is given by the estimated con-
fidence intervals divided by the mean roughness
height of the test surface (representing the mean
roughness height Ra explained in the following para-
graph) for the both magnification factors. All results
of the 20x magnification have an error of £1.1% and
those of the 50x magnification an error of £1.4%.
For a DIN-standard measurement, a cut-off length
has to be specified depending on the anticipated sur-
face roughness. Based on Gbadebo et al.,” the antici-
pated roughness Ra is between 0.1 um and 2.0 pm
which leads to a cut-off length A. of 0.8 mm. For a
standard measurement, this cut-off length requires a
measurement length of 4.8 mm. Because of a strong
curvature and measurement limits, this requirement
cannot be fulfilled in the present application. For a
quantitative characterisation of different surface
roughnesses, a range of statistical parameters is calcu-
lated from the surface measurements. In the present
work, values of the mean roughness height Ra, the
average root-mean-squared roughness Rg and rough-
ness peak-to-valley height Rz are used to parametrise
the surface roughness. These values were defined by
Thomas'? for a discrete height profile as:

1 N
Ra=g52 i 2

3)

“4)

The above-mentioned parameters are defined for
two-dimensional surface measurements. Three-
dimensional surface data are divided into several
tracks with a 1 pixel width. Roughness parameters
were calculated for each track individually and all
tracks are directed in the flow direction. Finally,
the average value of the determined parameters was
evaluated. This method guarantees that the complete
measured surface is taken into account for the deter-
mination of the statistical parameters. Considering the
position of the blade, all measurements performed in
this work were equally aligned.

To characterise a surface from an aerodynamic
point of view, the shape and density parameter Ag
was defined by Sigal'® and modified by Bons'* for
two-dimensional roughness functions h(x)

n = T ()

with dx; the streamwise distance, A/; the step height
and /; the local surface wetted distance given by
l,-:,/Ah%dexf. In order to calculate k,, the
correlation

&)

% =0.43 -log(As) + 0.82 (6)
of Bons'* with a roughness height & is used. In this
study, the roughness height k is equal to the mean
roughness height Ra.'> All Parameters are calculated
in the flow direction represented in this study by the
x-direction.

One challenge for the measurements on the blisk is
the small passages between two rotor blades. The pitch
between two blades is too small to measure the surface
roughness directly. Another challenge for the single-
blade roughness was measuring the roughness directly
from individual high-pressure compressor blades
which were on ground only for service. To use the
microscope for direct measurements on the single
blades would take too much time. Also, to avoid
distortions because of the handling of the blades after
the complete removal from the compressor module,
the surface structures must be preserved as early as
possible. To solve both problems, an indirect measure-
ment method was used by applying a casting com-
pound based on a two-component silicone to take
impressions. Due to this measurement strategy, an
indirect measurement of the surface structures with
the laser scanning microscope could be performed.

In order to verify the method, direct test measure-
ments of a blade roughness were compared to indirect
measurements using a casting compound. Figure 1
shows measurements of a real surface and of a casting
compound of the same surface. The casting com-
pound measurement is presented inverted. The same
structures can be seen in both figures in a proper reso-
lution to analyse the surface structures. The average
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Figure 1. Qualitative verification of indirect roughness measurements with casting compound and the direct measurement of a

reference surface roughness.

Table |. Measured surface roughness from the test surface
for the direct measurement A and indirectly with casting
compound measurement B.

Av. Ra in um Av. Rz in um
A 0.257 4.021
B 0.244 4.439

roughness Ra was determined for both measurements
and differs by about 0.013 um. The average surface
roughness Rz differs by about 0.418 um (Table 1).

Measured surfaces

The roughness measurements were performed on real
operationally used blades from high-pressure
compressors. The surfaces of two different types of
aircraft engines and blades were measured (summary
in Table 2).

Single-blade roughness was measured in high-
pressure compressors of a medium size high-bypass
aircraft engine in an under-wing position. The
engine has been in operation in flight regions with
little natural environmental or anthropogenic
effects.'® The blades are measured after a typical
flight operation time of 20,000 cycles by the Institute
of Turbomachinery and Fluid Dynamics at the
Leibniz University Hannover. The measured blisk
blades roughness was measured from a blisk, installed
in a rear-mounted engine of a regional aircraft with
short flight cycles, which has been in operation for
about 20,000 cycles, too. The roughness measure-
ments on the blisk were performed by the Institute
of Jet Propulsion and Turbomachinery at the
Technical University of Braunschweig. Both measure-
ments were performed by using the same type and
model of microscope.

The roughness of the single-blade high-pressure
compressor blades was measured at four positions
on the suction side and four positions on the pressure
side at mid-span. The first position is at the leading
edge, the second position at 30% of the chord length,

Table 2. Summary of the origin of the measured surfaces.

Single blade Blisk blade
Engine type Two-spool Two-spool
Engine size Medium-size Small

Engine position
Operation cycles

Engine module

Measured stages
Blade side

Measured position

Number of blades

Under-wing
20,000

High-pressure
compressor

First, centre, last

Pressure side,
suction side

Four positions
at mid-span

Rear-mounted
20,000

High-pressure
compressor

First

Pressure side,
suction side

Whole blade

25 per stage Il

the third position at 60% of the chord length, and the
fourth position near the trailing edge at 90% of the
chord length. To get an impression of the roughness
distribution through a high-pressure compressor,
three stages are investigated: The first-stage blades
at the inlet, the centre stage blades, and the last
stage blades. From each stage, the roughness of five
blades were measured. Overall blades from five
engines were investigated (25 blades per stage).

The blisk blade roughness is measured over the
whole surface of the pressure side and the suction
side. The measurement grid is shown in Figure 4.
In total, 14 blades of one blisk were measured.

Results
Single-blade roughness

The results of the roughness quantification of the
single-blade roughness are summarised separately
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Figure 2. Results of the roughness measurements on the single-blade roughness from a high-pressure compressor of a mid-size
aircraft engine. The error bars represent the standard derivation of the performed measurements on the specific position and not the

measurement error of the measurement system.

for the pressure side and the suction side in Figure 2.
The mean values for each stage are calculated with the
corresponding standard deviation. The standard devi-
ation contains the systematic measurement error and
the variation of the roughness measurements. Thus,
the standard deviation can be seen as a measure
of the variation of the roughness height itself in each

measurement position. A position with a high standard
deviation shows higher level of variations in the rough-
ness than positions with a lower standard deviation.
The pressure side roughness quantification shows
entirely a uniform distributed roughness height 10 pm
along the chords of stages, excepting the first stage. In
the first stage, a higher level of the roughness height is
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detectable. The values for the equivalent sand grain
roughness k vary from 24 um at the leading edge to
10 pm in the trailing edge region. The roughness dis-
tribution for the centre stage and the last stages shows
only slight variations along the chord. Especially, the
sand grain roughness height for the roughness of the
centre stage is nearly constant and varies around
10 pm. The roughness height of the last stage is overall
the lowest but follows the trend of the first-stage
roughness height by having its maximum at the lead-
ing and lower roughness height in the centre and near
the trailing edge. The standard deviation of the lead-
ing edge roughness of the first stage is £5 pm and for
the other stages and positions on the pressure side
approximately £3 pum.

To correlate the determined roughness param-
eters with the real surface roughness structures,

a qualitative analysis of the roughness structures is
performed. Examples for representative roughness
structures for each stage and position on the blade
are shown in Figure 3. On the pressure side, different
fundamental structures in the roughness are observed.
A mix of impacts characterised by round depressions
of different size and erosion or depositions charac-
terised by isotropic distributed roughness elements
of different size are detected. Correlated to the highest
values of roughness height on the leading edge of the
first stage, the biggest roughness elements can be
detected in the qualitative analysis, too. This rough-
ness mainly consists of isotropic roughness elements
which can also be detected in smaller size, at the
x/c = 0.3 position of the first stage and in the centre
stage blades. Because of the high level of roughness, a
clear detection of impacts or deposition is not possible

suction side x/c=0.0

first stage:

centre stage:

last stage:
flow —
-h 0 h
E T .

pressure side

first stage:

centre stage:

last stage:

x/c=0.9

Figure 3. Examples of single-blade roughnesses from a high-pressure compressor of a mid-size aircraft engine from different stages
and measurement positions. The size of the measurement area is 0.890 mm by 1.280 mm.
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Figure 4. Results of the roughness quantification of the blisk blade roughness measurements. The black dots are the measurement
positions. The colour plot is a cubic interpolation to show the roughness distribution over the whole surface.
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in this investigation. In other investigations, depos-
itions are found in this region,!” as well as a high
density of impacts because of particles.'® From these
observations, the high degree of roughness seems to
be the result of the high particle loaded flow at the
inlet of the compressor. In all stages of the pressure
side, impacts of different size are observed which is in
good agreement with observations of Tabakoff.'®

The roughness height distribution on the suction
differs partly from the pressure side roughness.
Especially, no increased roughness height at the lead-
ing edge of the first stage is detected, if only the stand-
ard parameters (Ra, Rqg and Rz) are considered.
However, an increased roughness height is detected
by using the k, parametrisation. A roughness height
of ky=22 um is determined with a high standard devi-
ation of £15 um. The high standard deviation indi-
cates high fluctuations in the roughness size and
shape. An explanation can be given by looking at
the roughness structures itself on this position
(Figure 3). Only on this position mainly, anisotropic
structure can be detected. The structures are directed
in a normal direction to the flow. The dependency of
the k, determination method leads to a higher sensi-
tivity of this parameter for the anisotropy and direc-
tion of the roughness structures. Other investigations
showed!®?° that because of oil leakage from the bear-
ing system of the engine, sticky liquid can enter the
flow path and is transported along the blades because
of the centrifugal force. At the leading edge region,
particles will only stick on the surface with this oil,
because otherwise particles will be transported further
downstream, because of the high shear stresses near
the wall.'® With lower shear stress rates further down-
stream on the blades, more and more deposition can
build up resulting in higher values for the roughness
height in all roughness parameters. Especially, in the
first stage, a significant increase can be detected in the
trailing edge region. The roughness structure shape is
isotropically scattered with steep flanks and represents
depositions.'”'*° The size and quantity of the depos-
itions decrease through the compressor, and at the
trailing edge region of the last stage almost no depos-
itions are detectable.

Blisk blade roughness

The mean values of the measured blisk roughnesses
are summarised in Figure 4 for all four determined
roughness parameters (Ra, Rq, Rz and k,) and all
measured positions of the blisk blade. The colour
map is created by a cubic interpolation of the mean
values of the measurements to visualise the changes in
the roughness over the blade.

The overall mean of the measured roughness height
on the suction side is Ra=0.60 um (Rg=0.78 um,
Rz=3.35um, k;=1.60 pm), but it varies along the
chord, in particular in the tip region. In the tip
region, the highest roughness heights are detectable
(Ra=3.04um, Rg=3.74um, Rz=1435um, k;=
17.05 um) near the trailing edge. In positions on the
suction side, the roughness structures consist of two
fundamental shapes, impacts and isotropic distributed
roughness elements of different size (Figure 5).
No anisotropic structures are detectable on the
measured surfaces. The roughness height distribution
correlates with observation of other investigations.
The lower shear stress on the surface and separation,
e.g. because of the tip vortex in the tip region on the
suction side, leads to good conditions for depositions.
The depositions cause big roughness structures.'” >

On the pressure side, an overall mean
of Ra=0.6pum (Rg=0.76pum, Rz=3.47um, k,=
1.17 um) is determined. Also, slight variations along
the chord and the span are detectable, but these vari-
ations are smaller compared to the suction side rough-
ness. The higher values are located near the edges of
the blade and have maxima of Ra=1.85um (Rg=
2.14pm, Rz=9.23um, k,=8.78 um). The overall
roughness height of the blisk blade roughness is
equal to the single-blade roughness. In particular,
the roughness distribution along the chord on the suc-
tion side shows a similar trend, with higher roughness
values in the trailing edge region on the blisk. This
may result from the different sizes of the investigated
engines. Smaller engines such as the blisk-bladed
engine of the presented investigation lead to more
fouling.”> However, the roughness on the blisk blade
near the mid-span is equally distributed, and the blisk

suction side

chord: 50%

flow —

1
I::r
o
B

chord: 99%
span: 50% span: 95%

pressure side W
chord: 12% chord: 50% r\%
span: 40% span: 40% A\
" -_— 1 '

Figure 5. Examples of the blisk blade roughness of a small aircraft engine. The size of the measured area is 0.270 mm by 0.203 mm.
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blades and all of the roughness parameters in this
region show the same trend.

Conclusions and outlook

The investigated real surface roughness of operation-
ally used compressor blades of an under-wing mid-size
aircraft engine and blisk blades of a small-size rear-
mounted shows complex roughness structures depend-
ing on stage, position and side of the blade, and also
the type of the engine. The variations are detectable in
the roughness height (quantified by roughness param-
eters Ra, Rq, Rz and k) and also qualitatively in the
shape of the roughness structures. The biggest rough-
ness height is detected in the first stage followed by the
centre stage and the last stage of the compressor.
Fundamental types of roughness structures can be
identified: impacts as round depressions in different
sizes, depositions as isotropically distributed single
elements with steep flanks in different size and aniso-
tropic roughness structures. However, anisotropic
structures are detectable only at the leading edge of
the single-blades in the first stage of the mid-size
engine. These structures are oriented at an angle ran-
ging from 45° to 90° normal to the flow direction and
are the result of leakage oil and flow particles. These
structures lead to a higher equivalent sand grain rough-
ness (ky) magnitude, which is not detectable in the
standard roughness parameters (Ra, Rg and Rz). On
the pressure side, the highest roughness is detected at
the leading edge, identified as a mix of erosion, impacts
and depositions. Further downstream, an increased
density of depositions is detected, resulting in increased
roughness values near the trailing edge on the suction
side. This effect decreases with increasing number of
the stage as well as the roughness height. On the blisk
blade, the biggest roughness height and structures are
detected in the tip region on the suction side, resulting
from lower shear stress rates and the tip vortex, and
correlate with the observations of other investigations.
After characterisation and quantification of the
compressor blade roughness, further investigation
will be performed to determine the effect of the mea-
sured complex roughness on the compressor blade
performance. Therefore, the near wall flow and the
blade losses because of the roughness will be investi-
gated in detail to develop or enhance surface rough-
ness models and to improve the prediction of the
roughness effect on the flow. It is also planned to
publish the surface data used for presented work.>?
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