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Figure 2.13 The Volvo RM12 military aircraft engine powering the single engine 
Griffin fighter, ordered by the Swedish Air Force and the South African Air Force. 

Figure 2.24 ABB STAL's gas turbine, the GTIOB. 
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Each compression stage consists of rotor blades and stator blades. The working fluid is 
accelerated by the rotor blades and then decelerated by the stator blades thus converting the 
kinetic energy to static pressure. The process is repeated to yield the required overall 
pressure ratio. Figure 2.64 show the change in blade size from the front to the rear in a 
high-pressure ratio compressor. In the axial compressor it is usually desirable to keep the 
axial velocity fairly constant throughout the compressor. With the compressibility effect of 
the working fluid, the density of the working fluid will increase as the flow progresses 
through the compressor. It is therefore necessary to reduce the flow area and hence the 
blade height. Problems occur when the compressor is running at a lower speed than the 
design speed. This will result in the density being far from the design value for the last 
stages, which can cause blade stalling and surging1

• There are several methods to 
overcome this problem. One approach is to use inlet guide vanes (IGVs), permitting the 
flow angle entering the first stage to vary with rotational speed to improve the off-design 
performance. 

2.1.5 RECENT DEVELOPMENTS IN COMPRESSOR BLADES 

2.1.5.1 HISTORY 

The unsuccessful attempt made by Rolls Royce in 1968 to use polymer matrix composite 
(PMC) blades for a commercial aircraft gas turbine resulted in substantial negative 
publicity of this potential application 1

). It was not until General Electric (GE) decided to 
develop a carbon composite fan blade in the early 1990's that revived the concept l4

• The 
GE 90 turbo fan engine utilises 22 transonic· composite blades. These PMC blades are the 

• The blades experience subsonic velocity at the base and supersonic velocities close to the tip of the blade. 
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270' 

1.4 1.4 75 90 
1.5 1. 220 0.7 130 
2 1.5 1 90 

7.8 1.3 200 0.2 26 
Aluminium 2.8 0.3 73 0.1 26 
Titanium 4 0.4 100 0.1 25 

(1 ) 



Univ
ers

ity
 of

 C
ap

e T
ow

n

• 
• 
• 
• 

1 

most 



Univ
ers

ity
 of

 C
ap

e T
ow

n

PRESSURE REGULATING 
VALVES 

TARGET 

VALVE PRESSURE RESERVOIR 

COMPRESSED AIR 
CYUNDER 



Univ
ers

ity
 of

 C
ap

e T
ow

n

on AIUJ".U ....... u .. '.uaj:; .... 



Univ
ers

ity
 of

 C
ap

e T
ow

n

600 

;R 400 
'- • I Mass: 400 9 I 1.4 m ro 

+ I Mass: 400 9 I 1.8 m 
... I Mass: 600 9 I 1.4 m 

• I Mass: 600 9 I 1.8 m 
I Mass: 400 9 J 1.4 m 

200 - I Mass: 400 9 J 
I Mass: 600 9 I 
J Mass: 600 9 I 

" 8 12 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 3 

EXPERIMENTAL TECHNIQUES 

3.1 EROSION ANALYSIS PROCEDURES 

3.1.1 THE EROSION APPARATUS 

The erosion experiments were carried out at room temperature with a test rig that allows 
erosion parameters, such as particle velocity and impact angle, to be varied according to 
the conditions that are required. Figure 3.1 shows a schematic of the solid particle 
erosion apparatus, while Figure 3.2 is a photograph of the rig used. 

EROSION CHAMBER 

FESOER 

............. I---+- SPECIMEN 

r 
VENTURI TUBE / .... 

IMPACT ANGLE :' 

COMPRESSED AIR REGULATOR EXTRACTOR 

Figure 3.1 Schematic of the solid particle erosion apparatus. 

Figure 3.2 Photograph of the solid particle erosion apparatus. 
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A predetermined mass of erosion particles is placed into the feeder mechanism, which is 
designed to allow a particular amount of erodent to be fed onto the rotating turntable 
(Figure 3.3). The erodent particles are then ingested into the venturi tube and accelerated 
using compressed air from the laboratory air supply. By varying the air pressure, 
different particle velocities can be obtained. 

Figure 3.3 Erosion-feeder mechanism. A-funnel, B-turntable, C-Venturi. 

The erodent particles exit the stainless steel tube inside the erosion chamber to be blasted 
onto the specimen. The specimen is located at a certain distance and angle in front of the 
erosion nozzle. After impacting the specimen, the erodent particles are removed from the 
erosion chamber using an extractor fan. 

3.1.2 MASS FLOW CALIBRATION 

Mass flow rate can be defined as the amount of erodent, in grams, exiting the nozzle per 
second. The mass flow rate is regulated by the hole at the bottom of the feeder and the 
speed of the turntable. The size of the hole determines the amount of erodent onto the 
turntable and the turntable speed controls the rate at which the particles are introduced to 
the air stream. The mass flow rate decided upon was approximately 0.17 g.S-I. The 
required flow rate was obtained by recording the time for a measured mass of erodent to 
pass through the erosion tube. The time for each erosion test could be monitored to 
ensure that the mass flow rate was constant. 
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3.1.3 PARTICLE VELOCITY CALIBRATION 

The velocity of the particles depends on the air pressure used in the erosion apparatus and 
the type of particle being used. As one particle size was used for this project it was only 
necessary to calibrate the apparatus once. The velocit6' of the particles was measured 
using the double rotating disk method of Ruff and I ves8

. The double disk configuration 
can be seen in Figure 3.4. The two disks are a certain distance apart and connected by a 
common shaft. One of the disks has slots machined on its circumference where the 
erodent particles are allowed through. The second disk is coated with a permanent 
marker before the calibration. 

During calibration the double disk is attached to a rotating shaft that is adjusted using a 
speed controller. The speed controller has an electronic speed counter, which gives the 
rotational velocity of the shaft in revolutions per second. The double disk is positioned in 
front of the particle stream in the erosion chamber. The erodent particles pass through 
the slot in the front disk and leave an erosion mark on the rear disk, which has been 
coated with the permanent marker. As can be seen in Figure 3.4, there are two marks on 
the rear disk. To achieve more accurate results the direction of rotation of the shaft is 
reversed thus causing a wider separation of the erosion marks. The two erosion marks 
give a larger value of the linear distance denoted as s in Figure 3.4. The linear separation 
is determined by using vernier calipers. 

Figure 3.4 Scbematic diagram oftbe double disk used for velocity calibration. 
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Once the value of s is determined, the velocity of the particles can be determined using 
equation 3.1 below. 

where: 

v = 41tRUL 
s 

V = particle velocity (m. S-I) 
R = radius of the disks 
U = angular velocity (radian. s-') 
L = distance between the two disks 

(Eq 3.1) 

s = linear separation of the two erosion marks on disk B 

3.1.4 ERODENT AND TARGET SAMPLES 

The erodent used in this project was silica sand, Si02• The silica sand was obtained from 
Consol glass Minerals. The erodent particles selected for the experimentation were 
between 180,um and 200,um in size and irregular in shape as shown in Figure 3.5. The 
required erodent size was obtained using a Fritsch vibrating sieving apparatus and the 
Endecott teat sieve shaker. There are four different sample types used in this project viz. 
polymer coatings, metal coatings, fibre composite materials and metal (titanium) 
specimens. 

Figure 3.5 Silica sand particles used for the erosion studies. 
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3.1.5 EXPERIMENTAL PARAMETERS 

Table 3.1 shows the experimental parameters that were used during the course of the 
erosion tests. 

Table 3.1. Tbe particle erosion experimental parameters 

Experimental Parameter 

Mass flow rate 
Supply pressure 
Particle velocity 

Erodent size 
Angle of specimen 

Temperature 

Value 

0.17 g.s·1 

6 bar 
110 m.s·1 

180-200 JlITl 
30°,45°,60° and 90° 

Room temperature 

3.1.6 STEADY STATE EROSION TESTING 

Before testing commences the specimen is cleaned and weighed using a Sartorius digital 
balance to obtain the original mass. The individual specimen was positioned in the 
specimen holder at a particular angle and distance from the erosion nozzle. The supply 
air pressure valve is then opened and the weighed mass of erodent is inserted into the 
feeder mechanism. After completion of the erosion test, the specimen is removed from 
the rig and is cleaned and re-weighed. The mass loss can then be calculated for that 
particular erosion test. This procedure is repeated until satisfactory steady state erosion is 
reached. The erosion rate can thus be calculated from the slope of the graph obtained. 
The erosion results can be presented as either the erosion rate or erosion resistance. The 
erosion resistance is the inverse of the erosion rate. In Figure 3.6 the cumulative mass of 
erodent used is plotted as a function of the cumulative volume loss of the target 
specimen. In this example, the target specimen was a nickel coated composite at 45° 
impact angle. 
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Figure 3.6 Cumulative mass of erodent (g) vs. cumulative volume loss (10-6 m3
) on 

tbe target specimen (Ni coating) 

3.1.7 MICROSCOPY 

The scanning electron microscope (SEM) was used to view the eroded surfaces and 
identifY erosion mechanisms taking place during erosion of the specimens. The 
particular microscope used was a Cambridge S200 operating at 15 kV for both the metal 
and polymer composite specimens. The specimens were fixed on aluminium stubs and 
sputter coated with gold/palladium to ensure electrical conductivity. 

3.2 LAMINATE SPECIMENS 

The composite laminate specimens used for the flexural bend tests, impact tests and 
erosion tests (see following two sections) were manufactured in the laboratory. The 
laminates were made from carbon, Kevlar® and carbonlKevlar® hybrid fabric. Each 
laminate was made up of twelve layers and the different fabric materials used had 
approximately the same mass/area (195 g/m2

) of cloth. The volume fractions for the 
laminates were measured to be approximately 50% using optical microscopy. 
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Fabric 
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Release Coaled 
Mould 

Laminate 

Figure 3.7 Vacuum procedure lay-out. 

Once the vacuum procedure was complete, the laminates were cured in an oven at 80°C 
for a period of 5 hours. The curing temperature increases the curing reaction and the time 
period was chosen for optimum cross-linking within the resin. 

3.3 FLEXURAL BEND TESTING 

Flexural bending tests offer the possibility of determining the modulus of elasticity in 
bending and the flexural strength of flat specimens. The bending test used was a three 
three-point bend test. In the three-point bend test, the test specimen is supported near 
each end and is loaded at one point equi-distant from each support. The modulus of 
elasticity in bending is obtained from measurements of the load / deflection curve at 
stresses below the proportional limit. The three-point bend apparatus consists of two 
adjustable supports and a means of measuring deflection and applied load. The three­
point bend test cage was used in combination with the Zwick 1484 to apply the load to the 
specimens as shown in Figure 3.8. 
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Figure 3.8 The three-point bend test rig. 

From the data obtained in the test, the modulus of elasticity in bending Eb, and the 
bending strength, crb can be calculated using equations 3.2 and 3.3. 

where: 
L = span length (mm) 
h = specimen thickness (mm) 
b = specimen width (mm) 
~p = load increment as measured from pre-load (N) 
~8 = deflection at midspan (mm) 

The bending strength, crb can be determined by: 

where Pb, is the load at failure of the specimen. 

(Eq.3.2) 

(Eq.2.3) 
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The specimens were machined to a specific geometry with reference to ASTM81 

standards. The thickness of the specimens ranged from 2.5-3.1 mrn, therefore the 
specimen were machined to a width of 20 rom and a length of 100 rom. The specimens 
were machined so that the 0° fibre orientation direction runs longitudinally in the 
specimen. Four specimens were tested from each laminate. The specimens were loaded 
and data assessed to a drop in load of 20% of the maximum applied load. The 
displacement velocity of the test was 4.5 mrnImin. 

3.4 LOW VELOCITY IMPACT TESTING 

The low velocity impact test consists of dropping a known mass from a predetermined 
height onto a test specimen. From the impact test apparatus (Figure 3.9), the force-time, 
force-displacement and energy-displacement data can be obtained. The impact apparatus 
relies on gravitational acceleration to supply a known energy and velocity to a free falling 
impacting crosshead. Optica! sensors record the velocity of the hemispherical impactor. 
The load and deflection information is obtained from strain gauges in the crosshead. 
Square test specimens with sides of 95 rom were cut from the laminates. The specimens 
were cut to specific dimensions to minimise vibrations and movements within the grip 
plates during the impact event. Impact tests were carried out from various heights and 
the crosshead used had a mass of 1.095 kg. The impact tup used was of hemispherical 
shape and measured 6 rom in diameter. 

Figure 3.9 The impact test rig. 
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4 layers 

50 layers 

Figure 4.2 A representation of the number of layers needed at any location in the 
CFRP composite compressor blade. 

4.1.2 BOUNDARY CONDITIONS OF THE FE MODEL 

The compressor blades are restrained in the rotor disc from moving upwards and 
forwards. These boundary conditions have been set perpendicular to the contact surface 
of the blade. The blade experiences a centrifugal force that arises from the rotation. The 
design speed of the compressor is 10 000 rpm, which is implemented on the FE model. 
The two additional loads that arise are the drag and pressure difference loads. These 
loads have been measured by ABB ST AL and are approximated by two point loads. In 
reality these two loads are distributed over the entire surface of the blade and varying 
with position. However, these loads are small in comparison to the centrifugal loads so 
the approximation is acceptable. 

Another simplification that has been made is a compromise in the geometry of the model. 
The fillet at the root section of the blade model has been slightly modified compared to 
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the actual geometry to avoid distorted elements. The elements used in the model are 
continuum composite 8 noded brick elements. The model is solved using 
ABAQUS® version 5.8 implicit FE code. The non-linear geometry option is used for 
large deflections. The orientation specified in the ABAQUS® input deck is used to 
specify a local co-ordinate system for each element/or the composite blade. All the fibre 
layers in the model are given an orientation with respect to a local axis of rotation, which 
allow the user to orientate individual layers in the model. Since stresses are plotted with 
respect to the local co-ordinate system, the global axis shown in the stress plots (lower 
left corner) for the PMC blade will not correspond to the stress direction specified in the 
legend. (See Appendix B for the ABAQUS® input deck of the FE model.) 

4.1.3 ENGINEERING CONSTANTS OF THE FE MODEL 

The engineering constants for the titanium alloy used in the compressor blades were 
provided by ABB's specifications and are shown in Table 4.1. The engineering constants 
are taken from a 60 % volume fraction CFRP unidirectional pre-preg system, 
manufactured by Ciba-Geigy (HT AJ6376)34 and are shown in Table 4.2. 

Table 4.1 Engineering constants for the titanium aUoy (Ti-6AI-4V) 

Property 
Tensile modulus 
Poisson's ratio 
Tensile strength 
Proof stress (0.2 %) 
Density 

Value 
103 GPa 

0.29 
931 MPa (minimum) 
862 MPa (minimum) 

4.420 g/cm3 

Table 4.2 Engineering constants for tbe unidirectional CFRP composite. 

Property 
Tensile modulus, longitudinal Ell 
Tensile modulus, transverse, E22 
Tensile modulus, through thickness, E33 
Shear modulus, in plane, G I2 
Shear modulus, out of plane, G13 
Shear modulus, in plane, G23 
Poisson's ratio, in plane, Vl2 
Poisson's ratio, out of plane, V13 
Poisson's ratio, out of plane, V23 
Tensile strength, longitudinal 
Tensile strength, transverse 
Compressive strength, longitudinal 
Compressive strength, transverse 
Shear strength 
Density 

Value 
141 GPa 
lOGPa 
11 GPa 

5.2 GPa 
5.2 GPa 
3.9 GPa 

0.3 
0.5 
0.5 

1300 MPa 
45 MPa 
830 MPa 
140 MPa 
62 MPa 

1.500 g/cm3 
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4.1.4 COMPARISONS OF DEFLECTIONS 

The deflection directions will be referred to as directions 1, 2 and 3, corresponding to 
the Cartesian co-ordinate system x, y and z. The axes are shown in the bottom left 
comers of the following figures and the deflection contour unit is in meters. 

4.1.4.1 DEFLECTION OF THE TITANIUM BLADE 

Figure 4.3(a) shows one of the compressor blades located on the rotor disc. The 
deflection of the titanium blade during operation is shown in Figure 4.3(b). The 
significant deflection that occurs during operation for the compressor blade is the 
untwisting of the blade. Figures 4.4 to 4.6 show the deflections for the titanium blades in 
the 1, 2 and 3 directions, respectively. The direction of rotation for all the deflection 
plots is out of the page. 

Figure 4.3(a) Compressor blade located on the rotor disc of the turbine. Figure 
4.3(b) Deflection of the titanium compressor blade during operation. (The red image 
is showing a stationary blade). 
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U1 VALUE 
-5.49E-03 
-5.06E- 03 
-4.63E-03 
-4.20E-03 
-3.78E-03 
-3.35E-03 
-2.92E-03 
-2.50E-03 
-2.07E-03 
-1.64E-03 
-1.21E-03 
-7.85E-04 
- 3.58E-04 
+6.97E-05 

Maximum value 
Minimum 

6.9705E-05 at node 
- .. -

~ ..... •••••• •••••• , ..... . ••••••• •••••••• •••••••• •••••••• ~ ....... . .......... 
J • • ••••••• ........... 

J • • ••••••• , ... ---... . AI.. . .. . 
•••• • • •• ........... , ............... ' 

~ ••.......... ••••••••••••• ............ , ............. ' •••••••••••• •••••••••• iI' • ............ ' ............ .......... ., •••••••••• •••••••••• .•...... ,.. ....... ..­...... ~ .... ~ ..... ---

4708 
2931 

Figure 4.4 Deflection of the titanium blade in the 1 direction during operation. 

U2 VA LUE 
.38E-05 

Maximum value 
Minimum 

6.7461E-03 at node 5139 
2372 

Figure 4.5 Deflection of the titanium blade in the 2 direction during operation. 
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+1.65E - 04 
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+4.91E-04 
+6.54E-04 

+1I.16 E-04 
+9.79E-04 
+1.14E-03 
+1 . 30E-03 
+1.47E - 03 

Maximum value 
Minimum value 

1.4679E-03 at node 2931 
51 2 4 

Figure 4.6 Deflection of the titanium blade in the 3 direction during operation. 

As can be seen from Figures 4.4 to 4.6, the greatest deflection occurs towards the tip of 
the leading edge, resulting from the untwisting behaviour. The tip deflection of the blade 
in the 2 direction (into the page) reaches a value close to 6.7 mm during design speed, i.e. 
a rotational speed of 10 000 rpm. The deflection of the blade in the 3-direction ("radial 
direction") of 1.5 mm is considerably less in comparison to the other directions due to the 
geometry of the blade. 

4.1.4.2 DEFLECTION OF THE COMPOSITE BLADE, LAY-UP 1 

The deflection of the CFRP blade of lay-up 1, during operation, is shown in Figure 4.7. 
The deflection of the composite compressor blade is similar to that of the titanium blade 
i.e. the untwisting of the blade is the dominant behaviour. Figures 4.8 to 4.10 show the 
deflections for the CFRP blade in the 1, 2 and 3 directions, respectively. As can be seen 
from Figures 4.8 to 4.10, the greatest deflection occurs towards the tip of the leading 
edge, resulting from the untwisting behaviour similar to that of the titanium blade. The 
tip deflection of the blade in the positive 2 direction (into the page) reaches close to 6.59 
mm during design speed. The deflection of the composite blade is less in all directions 
compared to that of the titanium blade. See Table 4.3. 
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Figure 4.7 Untwisting of the composite compressor blade during operation. 
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Figure 4.8 Deflection of the CFRP blade (lay-up 1) in the 1 direction during 
operation. 
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Figure 4.9 Deflection of tbe CFRP blade (lay-up 1) in tbe 2 direction during 
operation. 
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Figure 4.10 Deflection of the CFRP blade (lay-up 1) in tbe 3 direction during 
operation. 

59 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4.1.4.3 DEFLECTION OF THE COMPOSITE BLADE, LAY-UP 2 

This CFRP FE model has a cross ply configuration, i.e. 50 % of the fibres are in the 0° 
direction alternating with the remaining 50 % in the 90° direction. The untwisting of the 
CFRP blade lay-up 2 is similar to that oflay-up 1 shown in Figure 4.7. The deflections in 
the three Cartesian directions of lay-up 2 are shown in Figures 4.11 to 4.13. The 
untwisting of the CFRP blade lay-up 2 are higher than those found in the composite blade 
lay-up 1. This is due to the lack of fibres in the +/- 45° direction which contributes to the 
torsional rigidity of the blade. Table 4.3 gives a summary of all the maximum deflections 
of the blades investigated. 

U1 YALUE 
·5.87[-03 
-5.41[-03 
-4.96[-03 

- -4.50[-03 
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· 1 1 ~n-;.!i'de ... _---, ..... 

•••••• I • ••••• ........ ••••••• , ...... . 
•••••••• ••••••••• ••••••••• ••••••••• .......... 1 .-..•..... •• ••••••• •• I •••••• , .. _ ...... , 

•••••••••• r ............ •••••••••••• •••••••••••• 
~ • • ••••••••• 1 .. --...... . 
• •• 1 • ••••• ••••• • ••••• ..... ..... , ..... -.... . ••••••••••• .......... ' • ••••••••• ......... ' ........... .......... ...... "" ........ ... ,...-.,...-

4740 
2931 

Figure 4.11 Deflection of the composite blade (lay-up 2) in the 1 direction during 
operation. 
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Figure 4.12 Deflection of tbe composite blade (lay-up 2) in tbe 2 direction during 
operation. 
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Figure 4.13 Deflection oftbe composite blade (lay-up 2) in tbe 3 direction during 
operation. 
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Table 4.3 Summary of deflection for the compressor blades. 

Material 

Titanium 

CFRP lay-up 1 

CFRP lay-up 1 

1 direction 
(x) 

-S.49 

-S.21 

-S.87 

Tip Deflection (mm) 
2 direction 

(y) 
6.7S 

6.60 

7.55 

3 direction 
(z) 

1.47 

1.46 

1.62 

4.1.5 INDUCED STRESSES IN THE COMPRESSOR BLADES 

The purpose of this section is to determine the stresses occurring in the compressor 
blades during operation. In addition, comparisons of stresses with respect to strength 
properties will be carried out. The stresses given in the stress plots are all in Pascals (Pa). 

4.1.5.1 STRESSES IN THE TlTANIUM BLADE 

The stresses experienced in the blades during operation are predominantly caused by the 
centrifugal forces arising from the high rotational speed. The currently used titanium 
blades are suffering from high stresses at the root of the blades as shown in Figure 4.14. 

HISES VALUE 
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-2.47£+08 
.J . 08E+08 
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+4.30£+08 
+4.91£+08 
' 5. 52E t 06 
-6 . 12E-+08 
·6.73E·08 
·7 . 34E·08 
.7 . 95E*08 

Maximum value 
Minimum value 

7.9507E+08 at node 2 193 
1079 

Figure 4.14 Von Mises stresses in the titanium blade. 
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Due to the untwisting and bending of the blade during the design speed, the stress pattern 
for the titanium blade shows high stresses at the bottom leading edge of the blade. The 
maximum principal stress pattern for the titanium blade in Figure 4.15 also shows that the 
blade suffers from high tensile stresses at the lower leading edge of the blade. In Table 
4.1 the proof stress and tensile strengths were shown as 862 and 931 MPa, respectively. 
The von Mises and principal stresses of 795, 783 MPa, respectively are close the proof 
and tensile strengths, respectively. This indicates that the titanium blades are operating 
close to their design limit criteria, with respect to material properties. 

SP3 YALUE 
-6.78E-05 
-5.96E-07 
·1.2OE·08 
+1.8oe·08 
·2.40E-08 
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·6.62£·08 
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538 

Figure 4.15 Maximum principal stress of the titanium blade. 

4.1.6 STRESSES IN THE COMPOSITE BLADE 

The purpose of this section is to consider the stresses parallel and perpendiCUlar to the 
fibre direction, as well as the shear stresses acting on individual plies in the blades. 
These values are then compared with the corresponding strengths of the laminate to 
assess if the plies can withstand the induced stresses during operation. The stress values 
given in the top left corner of the contour plots are in Pa. Each colour represents a given 
stress state. 
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4.1.6.1 STRESSES ACTING ON THE FIRST LAYER IN THE CFRP BLADE, 

LAY-UP 1 

Figures 4.16 to 4.18 show the various stresses acting on the outermost ply of the CFRP 
blade. The fibre direction for the outermost layer is in the radial direction. It is found 
from these stress plots that there is a stress concentration appearing in the base section of 
the blade close to the lower leading edge for the transverse and shear stress plots (circled 
in Figures 4.17 and 4. 18). The maximum tensile stress occurring in the parallel fibre 
direction is approximately 408 MPa, which is well below the corresponding tensile 
strength for a unidirectional CFRP laminate of 1300 MPa (see Table 4.2). In the case of 
the transverse stress to the fibre direction, the stress value of 73 MPa exceeds the 
corresponding strength value of 45 MPa in Table 4.2. The maximum shear stress (47 
MPa) in the blade is found in the base section of the blade, which is lower than the 
allowed shear strength value of 62 MPa. The geometry of the blade at this location 
incorporates a small fillet, which may act as a stress raiser. 

522 iALUE 
. 25E·09 

L 
Figure 4.16 Stresses in the fibre direction of the outermost ply, Jay-up 1. 
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Figure 4.17 Stresses in the transverse fibre direction of the outermost ply, lay-up 1. 

512 VAlUE 
-4.11E+07 

-3 •• BE+07 

-2.75[-07 
-2,07[+07 

-1.38[+07 

-7.04[+06 

-2.32[+05 
+6.58[+06 
+1.3H+07 

·2.02£.-07 
-2.70E-07 
-3.38E-07 
.04.06E+07 

.".7eE·a7 

• ••• ••••• ••••• ••••• ••••• ••••• ••••• ••••• ••••• ••••• ••••• ••••• ••••• ••••• ••••• •••• •••• •• • ••••• •••• ••• ••••• ••••• •••••• •••••• ••••• •••••• ••••••• ••••••• •••••••• ••••••••• • • •••••• ••••• • •• •••• • •• •••••••• ••••• •• •••• •• ••••• 
----------------

Figure 4.18 Shear stresses in the outermost ply, lay-up 1. 
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4.1.6.2 STRESSES ACTING ON THE SECOND LA YER IN THE CFRP BLADE, 

LAY-UP 1 

Figures 4.19 to 4.21 show the various stresses acting on the 2nd ply of the CFRP blade, 
lay-up 1. These figures show that there is no second ply on the top leading edge. It is 
observed for the CFRP blade that the stresses occurring are lower than that of the 
outermost layer. This trend proves to be true for the remaining layers as summarised in 
Table 4.4 below. The plies further toward the centre of the blade experience less stress. 
This is suggested to originate from the untwisting / bending behaviour of the blade which 
result in the highest stresses on the outside plies. lbis section is investigated more in 
Appendix C to verify this behaviour. The stresses in the transverse fibre direction in the 
second layer still shows that failure will occur in the base section of the blade, as found 
from Figure 4.20. 

Table 4.4 Maximum stress values in the five plies closest to the pressure side of the 
blade, lay-up 1. 

Layer Max. stress parallel to 
fibre, crL 

(MPa) 

Max. stress transverse to 
fibre, crT 

Max. shear stress, 
'tLT 

1 408 
2 391 
3 374 
4 356 
5 331 

522 VALUE 
-1.76E·09 
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Figure 4.19. Stresses in the fibre direction of the r d outermost ply, lay-up 1. 
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Figure 4.20 Stresses in tbe transverse fibre direction of the 2nd outermost ply, 
lay-up 1. 
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Figure 4.21 Shear stresses in the 2nd outermost ply, lay-up 1. 
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4.1.6.3 STRESSES ACTING ON THE FIRST LAYER IN THE CFRP BLADE, LAY-UP 2 

Figures 4.22 to 4.24 show the various stresses acting on the outennost ply of the CFRP 
blade, lay-up 2. The same trend found for that of lay-up 1 is present in lay-up 2, which 
suggests that the stresses further towards the centre of the blade profile, experience lower 
stresses. The maximum stresses for the cross ply model never exceed the corresponding 
strength values. This is due to fact that the lay-up 2 has more fibres in the 90° direction, 
which can accommodate the transverse stresses. The maximum tensile stress occurring in 
the parallel fibre direction is approximately 569 MPa, which is still well below the 
corresponding tensile strength for a unidirectional CFRP laminate of 1300 MPa (see 
Table 4.2). This value is approximately 30 % higher than that for lay-up 1 and is higher 
due the lower amount of fibres in the radial direction. It is found that the maximum 
transverse stress to the fibre direction, is approximately 41 MPa, which is found in the 
base section of the blade. This value is close to the corresponding strength but does not 
exceed 45 MPa in Table 4.2. The maximum shear stress (47 MPa) in the blade is found 
in the base section of the blade, which is lower than the allowed shear strength value of 
62 NIPa. 
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Figure 4.22 Stresses in the fibre direction of the outermost ply, lay-u p 2. 
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Figure 4.23 Stresses in the transverse fibre direction of the outermost ply, lay-up 2. 
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Figure 4.24 Shear stresses in the outermost ply, lay-up 2. 
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4.1.7 VIBRATION ANALYSIS FOR THE TITANIUM BLADE 

In practice it is important to prevent high cycle fatigue failures due to harmonic 
excitations. The harmonic excitations ('force functions') must not interact with the 
fundamental blade frequencies at the design speed from the engine. The compressor 
blades exhibit a particular shape at each fundamental frequency. The shape of the first 
mode of the titanium blade at the design speed can be seen in Figure 4.25. This first 
mode shape is found to be a pure bending mode. The mode shapes for all the FE models 
are found in Appendix D. The engine harmonics are supplied from ABB ST AL (see 
Table 4.5). 

~1 DISPL AC EMENI MAGNIFICATIOH 
REST~RT F(LE = tltan_v2_vlb 

EI GENHODE 1 FREQUENCY ~ 36 .. 

T 1 

(CYCLESITIME) 
ABAQU S YERSION: 5.8-8 DATE: 11·APR · 200 0 lIME: 18:37:57 

Figure 4.25 The first mode shape for the titanium blade at 10 000 rpm. 

Table 4.5 The engine harmonic frequencies at design speed. 

Engine speed 

Harmonic 
order 

HI 
H2 
H3 
H4 
H5 
H6 
H7 
H8 
H9 
HlO 

o rpm 10000 rpm 

Frequency, Hz Frequency, Hz 

o 167 
o 333 
o 500 
o 667 
o 833 
o 1000 
o 1167 
o 1333 
o 1500 
o 1667 
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The fundamental frequencies predicted by the FE model are shown in Table 4.6. During 
operation, the fundamental blade frequencies must not be too close to the harmonics of 
the engine. ABB ST AL specifications state that the frequencies must not lie within 10 
Hz from each other. During start up, excitations will occur for the blades, which can be 
visualised in the Campbell diagram when the engine 'harmonic lines' crosses the 'mode 
lines' of the blades. Since this occurs only during a brief time during start up, there is not 
a major problem with this behaviour. However, at the design speed shown in the far right 
of the Campbell diagram, there must be no excitation from the engine, i.e. the 'mode 
lines' must not lie within 10 Hz of the engine 'hannonic lines' (HI-HIO) in the diagram. 
The Campbell diagram, Figure 4.26, can be constructed from the data given in Tables 4.5 
and 4.6 18

• The closest interaction with the engine harmonics for the titanium blades is 
approximately 16 Hz for the 6th engine hannonic at design speed. 

Table 4.6 Fundamental blade frequencies at 0 and 10000 rpm for the titanium 
blade. 

Engine s~eed o r~m 10 000 r~m 
Mode Frequency, Hz Frequency, Hz 

1 223 364 
2 796 896 
3 943 1016 
4 1892 1903 
5 2123 2231 
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Figure 4.26 Campbell diagram for the for titanium blade. 
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4.1.8 VIBRATION ANALYSIS FOR THE CFRP BLADE, LAY-UP 1 

Figure 4.27 shows the Campbell diagram for the CFRP blade lay-up 1. The blade 
frequencies of the CFRP blade are found to be higher to that of the titanium blade. Table 
4.7 shows the fundamental blade frequencies for the CFRP blade as predicted by the FE 
analysis. The closest interaction with the engine harmonics for the CFRP blades, lay-up 
1 is approximately 38 Hz for the 3rd engine harmonic at the operating speed. 
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Figure 4.27 Campbell diagram for carbon composite blade, lay-up 1. 
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Table 4.7 Fundamental blade frequencies at 0 and 10000 rpm for CFRP blade, 
lay-up 1. 

Engine s~eed o r~m 10 000 r~m 
Mode Frequency, Hz Frequency, Hz 

1 358 462 
2 1192 1289 
3 1397 1420 
4 2322 2289 
5 2392 2437 
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4.1.9 VIBRATION ANALYSIS FOR THE CFRP BLADE, LAY-UP 2 

Figure 4.28 shows the Campbell diagram for the CFRP blade lay-up 2. The blade 
frequencies of the CFRP blade are found to be lower than that of the CFRP blade lay-up 
1. This is because the lay-up 2 blade has fewer fibres in the radial direction, which will 
make it less rigid and therefore lowering the blade frequencies. Table 4.8 shows the 
fundamental blade frequencies for the CFRP blade as predicted by the FE analysis. The 
closest interaction with the engine harmonics for the titanium blades is approximately 20 
Hz for the 6th engine harmonic at the operating speed. 
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Figure 4.28 Campbell diagram for carbon composite blade, lay-up 2. 

mode 1 
mode 2 

- mode 3 
- mode 4 

-mode 5 
-H1 

-HZ 
-H3 

-H4 

-H5 
-H6 

-H7 
-H8 
-H9 
-H10 

Table 4.8 Fundamental blade frequencies at 0 and 10000 rpm for the CFRP, 
lay-up 2. 

Engine s~eed o r~m 10000 r(!m 
Mode Frequency, Hz Freq uency, Hz 

1 264 391 
2 887 980 
3 1050 1097 
4 1717 1740 
5 2182 2259 
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4.2 EROSION RESULTS 

4.2.1 EROSION OF THE TITANIUM ALLOY 

This section presents the erosion tests performed on the titanium alloy, Ti-6AI-4V, that is 
currently used in the compressor blades of ABB's GTIO gas turbine. The tests were 
carried out at four different angles to investigate how the erosion rate varies with impact 
angle. For each angle a graph of cumulative volume loss of the target material vs. 
cumulative mass of erodent is plotted. The reason for plotting volume loss vs. mass of 
erodent is that a comparison between different materials can be made. Using cumulative 
mass loss vs. cumulative mass erodent will not be a valid comparison for different 
materials having different densities. These graphs can then be utilised to find the steady 
state erosion rate, which is the slope ofthe graph, for each angle obtained. 

4.2.1.1 STEADY STATE EROSION TESTrNG 

The erosion tests for the different angles can be summarised as seen in Figure 4.29. 
These graphs show that there is no incubation taking place and that a steady state erosion 
is immediately obtained. The correlation coefficients R2 for each test was greater than 
0.99. 
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Figure 4.29 The cumulative volume loss vs. cumulative mass loss of titanium 
(Ti-6AI-4V) at four different impact angles. 
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4.2.1.2 EFFECT OF IMPACT ANGLE ON THE EROSION RATE OF TITANIUM 

The steady state erosion tests on the titanium targets are plotted for each angle in Figure 
4.30. From Figure 4.30 it can be seen that the titanium alloy experiences a maximum 
erosion rate at 45° and a minimum erosion rate at 30° for the impact angles tested. This 
behaviour is typical of ductile behaviour4o. 
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Figure 4.30 The erosion rate vs. impact angle for the titanium alloy. 

4.2.2 EROSION OF THE FIBRE COMPOSITE MATERIALS 

Steady state erosion tests were performed on carbon fibre/epoxy (CFRP) and 
Kevlar®/epoxy (KFRP) with approximately 50 % volume fraction fibre. The materials 
used to manufacture the laminates are shown in Table 4.9. 

Table 4.9 Fibre composites selected for erosion studies. 

Fibre Material 
Hexcel's Plain weave carbon HXL 43193P 

Hexcel's unidirectional carbon GA 090 

Hexcel's Plain weave Kevlar® HXL 281 

Matrix Resin 
SP Epoxy Ampreg-20 

SP Epoxy Ampreg-20 

SP Epoxy Ampreg-20 
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4.2.2.1 EROSION OF THE CARBON FIBRE/EPOXY COMPOSITE 

The steady state erosion results for both the woven and the unidirectional carbon fibre 
composites as a function of impact angle are shown in Figures 4.31 and 4.32. The 
unidirectional specimens were orientated so that the erosive particles struck perpendicular 
to the fibres. It was found that when the erodents struck the fibres orientated parallel to 
the particle stream, the wear rates were lower. Both figures indicate a typical brittle 
behaviour. 
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Figure 4.31 The erosion rate vs. angle of impingement of plain weave carbon/epoxy. 
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Figure 4.32 The erosion rate vs. angle of impingement of unidirectional 
carbon/epoxy . 
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The maximum erosion rate for the plain weave and unidirectional carbon composites 
occurs at 90°. The lowest erosion rate occurs at low angles for both materials. This 
behaviour can be identified as brittle behaviour4o

, 44, 46. The results are found to be 
similar to that found of Pool et af4. The erosion rate of these two materials is high in 
comparison to the titanium, which exhibit at least an order of magnitude lower erosion 
rate than the composites. Inspection of the CFRP specimens shows that the fibres break 
in a brittle manner and are removed easily by the silica particles. Figure 4.33 shows an 
eroded area in a woven CFRP composite that was eroded by approximately 30 grams of 
silica particles. From tills figure it can be observed that the damaged area forms ridges 
and valleys due the nature of the woven carbon fibre plies. It is observed that where 
more matrix rich areas are encountered in the plain weave composite, the damage to the 
fibres is less severe. 

Figure 4.33 SEM micrograph showing a typical eroded area in a woven CFRP. 

The extremely illgh resolution of the near field scanning optical microscope (SNOM) 
allowed the determination of the depth profile of the damaged areas. The SNOM image 
in Figure 4.34 also gave the profile of the broken carbon fibres that protrude from the 
epoxy matrix. The SNOM image verified the brittle nature of the carbon fibres in the 
damaged zone. 

Figure 4.34 SNOM image of the CFRP eroded area and damage mode. 
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Figure 4.35 shows a SEM micrograph of the eroded area of a CFRP unidirectional with 
the fibres orientated perpendicular to the erodent stream. This image shows the fibre 
breakage and subsequent removal after the resin has been eroded. 

Figure 4.35 SEM micrograph showing a typical eroded area in a unidirectional 
CFRP. 

4.2.2.2 EROSION OF THE KEVLAR® FIBRE/EPOXY COMPOSITE 

The Kevlar® composite was exposed to the same erosion conditions as the carbon 
composites and the erosion rate for the various impact angles can be seen in Figure 4.36. 
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Figure 4.36 The erosion rate vs. angle of impingement of Kevlar® plain weave. 
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The maximum erosion rate for the KFRP composite occurs at a 60° impingement for the 
angles tested. This indicates a more ductile behaviour than the carbon fibre composites 
investigated 44. The erosion results of the fibre composites studied show that the KFRP 
composite exhibits a superior erosion resistance than the CFRP composites. This 
conforms to previous studies done by Pool et af. on fibre co mposites44

. It is suggested 
that CFRP and KFRP have different mechanisms of erosion. Inspection of the eroded 
Kevlar® specimen in Figure 4.37 shows that the fibres break in a ductile manner with 
fibres undergoing large deformations before the subsequent removal of the composite 
material. 

Figure 4.37 SEM micrograpb oftbe eroded surface of woven KFRP eroded at a 600 

impingement angle. 

4.2.3 EROSION OF THE POLYMER COATINGS 

Steady state erosion tests were performed on epoxy and polyurethane coatings. The 
materials used for these tests are shown in Table 4.10. 

Table 4.10 Polymer coatings investigated. 

Manufacturer / 
Supplier 
AXSON 
AXSON 

AXSON 
3M 

Tekochem 
Tekochem 

Production 
code 

EPO 1021 
DR 3144 

Epolam 2022 
3M tape 

Tl 
T2 

Coating description 

Epoxy gelcoat 
Urethane gelcoat 

High performance epoxy 
Polyurethane tape for the protection of helicopter 

rotor blades 
Polyurethane coating, (with primer) 

Polyurethane coating, (without primer) 
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Figures 4.38 to 4.43 show the erosion rates as a function of impingement angles for all 
the coating materials investigated. All the coatings were applied onto CFRP specimens 
to investigate the erosion properties of the coatings as well as the bonding between the 
coating and the composite. The general trend for the polymer coatings tested is lower 
erosion rate at shallow impact angles, which indicates ductile behaviour4o. The five 
different polymer coatings show wide variation in erosion resistance. The erosion rate is 
found to be the lowest at perpendicular impact angles for all the coatings, where the 
erosion rates are comparable to that of the titanium alloy (Ti-6AI-4V). The bonding 
between the fibre composite and the polymer coatings was found to be satisfactory. The 
erosion tests were carried out until the coating was worn through at some location on the 
specimens and inspection revealed there were no signs of the coating "flaking off' due to 
poor bonding. 

From these figures it can be observed that the erosion resistance of the polyurethane 
coatings are superior by an order of magnitude compared to that of the epoxy and the 
epoxy gelcoat. The best polymer coating tested was the Tekochem, Tl followed by the 
3M tape. The Tekochem T2 sample performed poor under erosion and this is believed to 
be due to the poor bonding between the coating and substrate. The relatively good 
erosion resistance of the polyurethanes is believed to be due to low cross-linking density 
leading to better rebound resilience. 
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Figure 4.38 Tbe erosion rate vs. angle of impingement for epoxy gelcoat. 

80 



Univ
ers

ity
 of

 C
ap

e T
ow

n

~~ 

• 

~~ 

o 
o 10 cO 30 40 50 60 70 80 90 100 

Angle (deg) 

Figure 4.39 The erosion rate vs. angle of impingement for high performance epoxy. 
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Figure 4.40 The erosion rate vs. angle of impingement for urethane gelcoat. 
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Figure 4.41 The erosion rate vs. angle of impingement for 3M polyurethane. 
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Figure 4.42 The erosion rate vs. angle of impingement for polyurethane Tl. 
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Figure 4.43 The erosion rate vs. angle of impingement for polyurethane T2. 

100 

The typicaJ appearance of the eroded surfaces of the coatings are shown in Figures 4.44 
to 4.46. The surface of the urethane gelcoat is relatively smooth and it appears that 
material is removed by a ductile ploughing mechanism by the rounded sand particles. 

Figure 4.44 SEM micrograpb of tbe eroded surface of the 
urethane gelcoat UR 3144, eroded at 300 impingement angle. 
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The mechanism of erosion for the 3M polyurethane tape appears to be through the 
initiation and intersection offme cracks below the surface and removal of very fine flakes 
of material. The surface appeared smooth after erosion. The maximum erosion rate for 
the Tekochem Tl sample occurred at 30° impingement angles (Figure 4.42) and mode of 
erosion seemed to be through the detachment of small pieces of material at localised 
areas. For this material an incubation period of no or very low wear was observed. This 
initial low wear could be due to the embedment of some erodent particles which was 
observed in the SEM. 

Figure 4.45 SEM micrograph of the eroded surface of the 
3M polyurethane tape, eroded at 30° impingement angle. 

Figure 4.46 SEM micrograph of the eroded surface of the 
Tekochem Tl polyurethane sample, eroded at 30° impingement angle. 
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4.2.4 EROSION OF THE NICKEL COATING 

The steady state erosion rates for nickel coated specimens are shown in Figure 4.47. The 
CFRP was first "activated" to allow a good bond between the composite and the metal 
coating. De Beers, UK, performed this process. The CFRP specimen was then 
electroplated with a nickel layer approximately 60 j1ffi thick as shown in Figure 4.48. 
The maximum erosion angle occurs at 45° for the angles tested, which suggests a ductile 
mechanism of erosion40

• The erosion rates of the nickel coating are lower than that for 
the titaniwn alloy tested (see Figure 5.6). However, the bonding between the nickel layer 
and the CFRP deteriorate during the erosion process. The nickel coating then de­
laminates from the substrate. This observation suggests that the coating is not well suited 
for the application of protection a compressor blade against severe erosion, unless a 
thicker coating can be applied and the adhesion improved. 
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Figure 4.47 The erosion rate vs. angle of impingement for the nickel coating. 

Figure 4.48 SEM micrograph showing the Ni coating bonded on the CFRP surface. 
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4.3 FLEXURAL BENDING TEST RESULTS 

Three point bending tests were carried on three different laminate materials, viz. carbon, 
Kevlar® and carbonlKevlar® hybrid, as specified in section 3.2.1. The stresses vs. 
deflection curves are shown for these composites in Figures 4.49 to 4.51. For each of 
these composite materials, four bending tests were performed to ensure accuracy and the 
averages of the strength values are tabulated in Table 4.11. 
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Figure 4.49 Stress vs. deflection in bending for CFRP. 
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Figure 4.50 Stress vs. deflection in bending for KFRP. 
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Figure 4.51 Stress vs. deflection in bending for tbe carbon / Kevlar® hybrid. 

The CFRP laminate is far superior in bending strength to that of the KFRP laminate. The 
hybrid laminates have bending strength values that lies approximately half of the sum of 
the CFRP and KFRP bending strength values. This conforms well to the rule of mixtures 
for composite materials. The KFRP laminate shows a ductile behaviour whilst the CFRP 
failed at a low strain indicating a brittle behaviour. The bending moduli are obtained 
from the equation 3.2 in section 3.3 and are shown in Table 4.11. 

Table 4.11 Bending properties of the tested laminates. 
Fibre composite Bending strengtb Bending modulus 

CFRP 
KFRP 
CarbonlKevlar® 
hybrid 

(MPa) (GPa) 
707 50.4 
191 14.5 
394 33.5 

4.4 IMPACT TEST RESULTS 

The results of the low velocity impact tests are presented in Figures 4.52 to 4.55 showing 
graphs of force vs. deflection and energy vs. deflection. These graphs are selected to 
illustrate the damage caused by the impact event at different velocities and to determine 
the impact properties of the laminates tested. Figures 4.52 and 4.54 compares the impact 
behaviour of the CFRP at different impact energies whilst Figures 4.53 and 4.55 
compares the impact behaviour of different composites at the same impact energy. Only 
selected data is presented below, and the data for all other impact tests can be found in 
Appendix E. 
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Figure 4.52 Force vs. deflection curves for the CFRP laminate at different impact 
velocities. 

In Figure 4.52 it can be seen that at the impact velocity of 4.1 and 4.9 mls the impacter 
penetrates the laminate. The deflection curve shows that for 3.2 mls the curve reverts 
back. 
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Figure 4.53 Force vs. deflection curves for carbon, Kevlar® and carbon/Kevlar® 
hybrid at 3.29 m/s impact velocity. 

The graphs in Figure 4.53 show the impact events for a laminate of CFRP, KFRP and a 
hybrid ofthese. From these graphs, it is evident that the CFRP laminate is stiffer than the 
KFRP laminate. The relative stiffrtess of the carbon, Kevlar® and hybrid laminates can 
be determined from the slopes ofthe different graphs and are tabulated in Table 4.12. 
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It must be realised that these values can only be used for comparative assessment because 
the second moment of area of each specimen is different. The stiffness values in Table 
4.12 are not modulus values since they are obtained from the gradient of force vs. 
displacement graphs. The CFRP laminate indicated severed impact damage and 
delamination compared to the KFRP laminate, which show a more ductile failure as 
indicated in Figures 4.54 and 4.55, respectively. The KFRP fracto gram in Figure 4.53 
shows that more energy is absorbed until a force of approximately 3.3 kN is reached. A 
microscopic examination suggest that the micro buckling fibre breaking mechanism in 
the KFRP laminate accounts for the increased amount of energy absorbed. The hybrid 
shows a behaviour in between that of the CFRP and the KFRP. This was also evident 
from the surface damage examination by photomacrography in Figure 4.56. 
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Figure 4.54 Severe surface damage on the bottom surface 
of the CFRP impacted specimen at approximately 6 J. 

Figure 4.55 Ductile surface damage on the bottom surface 
of the KFRP impacted specimen at approximately 6 J. 
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of the carbon / Kevlar® hybrid impacted specimen at approximately 6 J. 
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Figure 4.57 Energy vs. deflection curves for carbon laminate at different impact 
velocities. 

The energy deflection curve for CFRP in Figure 4.57 shows that some of the elastic 
energy is returned to the impacter for the 3.2 mls impact velocity. It is also evident that 
beyond approximately 8 J the carbon laminate cannot absorb more impact energy. 
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Figure 4.58 Energy vs. deflection curves for carbon, Kevlar® and carbonlKevlar® 
hybrid laminates at an impact velocity of 3.3 m/s. 

From the Figure 4.58 it is evident that the KFRP specimen can absorb more elastic 
energy which is returned to the impacter. The CFRP and the hybrid display similar 
impact behaviour. The information from the impact data for the laminates is summarised 
in Table 4.12. From the impact information given in Table 4.12 it is clear that the KFRP 
has a superior impact absorbing capability compared to that of the CFRP. 

Table 4.12 Impact properties of the laminates investigated. 
Fibre Ultimate Rate of energy 

impact energy absorption (JIm) 
(J) 

Carbon 8.21 2214 

Kevlar® 

Hybrid 
CarbonlKevlar® 

17.37 

10.34 

3296 

2159 

4.5 FINITE ELEMENT IMPACT RESULTS 

Ultimate "Stiffness 
impact " 

force (N) (104 N/m) 
2371 209 

3386 111 

2404 146 

The low velocity impact was modelled using a quarter model with the same dimensions 
as the impact specimens tested in section 4.4. The boundary conditions was modelled 
according to the testing performed. The impacter was modeUed as a hemispherical rigid 
surface with the same dimensions used in the experimental testing. A velocity of 3.0 mls 
was used to model the plate impact event. The material used in the model was a carbon 
fibre in the cross-ply configuration. The FE code used was ABAQUS and the plate was 
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modelled using continuum 8 noded brick elements. The mesh generated can be seen in 
Figures 4.59 and 4.60. 

Figure 4.59 The quarter model FE mesh of a carbon/epoxy plate with the impacter. 

Inner section 

Figure 4.60 The quarter model FE mesh of the carbon/epoxy plate. 
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The highest stresses occur close to the vicinity of the impacter. The following stress plots 
have been taken from the' inner section' of the plate shown in Figure 4.60. Figure 4.61 
shows localised intra-laminar compressive stresses at the point of impact and tensile 
stresses on the bottom side of the plate. The inter-laminar stress plot in Figure 4.62 
shows high localised compressive stresses at the top surface which will cause localised 
damage on the plate. 

L-l 
Figure 4.61 Intra-laminar stresses along the fibre direction. 

Figure 4.62 Inter-laminar stresses through the plate. 
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5.1.2 DEFLECTIONS OF THE TITANIUM COMPRESSOR BLADE 

The significant deflection that occurs for the compressor blade during operation of the 
turbine is the untwisting of the blade, resulting from the centrifugal load and the 
geometry of the compressor blade. In addition, there is also a bending behaviour 
associated with the high centrifugal load. The greatest deflection occurs towards the top 
of the leading edge. The elongation due to the centrifugal load in the radial direction was 
found to be considerably less. 

5.1.3 DEFLECTIONS OF THE COMPOSITE COMPRESSOR BLADES 

The composite material models investigated show different behaviour due to the 
difference in lay-up configuration. Lay-up 1 (see section 4.1) which has fibres in the +/-
45° direction, displaces the least of the FE models. A comparison of the deflections the 
titanium blade and the composite blade (lay-up 1) in the 2 direction is shown in Figure 
5.1. 
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Figure 5.1 FEA comparison of deflections in tbe 2 direction (into tbe page) for the 
titanium alloy left, and CFRP composite (lay-up 2) to the right. Note: The two 
displacement plots are plotted on tbe same scale. The 'infinity legend' belonging to 
the composite blade in Figure 5.1 means tbat no deflections reach this value. 

The FE results suggest that the +/- 45° direction plies give the blade a higher torsional 
rigidity, resulting in less untwisting of the blade during the operation of the turbine. It is 
also noted that the lack of +/- 45° plies in lay-up 2 results in larger deflections, which 
again can be explained by a lower torsional rigidity compared with that of lay-up 1. 
Furthermore, it is found that the displacement in the radial direction of the composite 
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investigate the possibility of using a cross-ply configuration of fibre lay-up in the 
compressor blade. The motivation being that the impact resistance would be greater if a 
woven cloth was used. The results for this model show that the maximum stress along 
the fibre direction increase by approximately 40 % in magnitude but is still about 44 % 
that of the corresponding strength for the lamina. The reason for the higher stresses along 
the fibre direction in the cross ply (lay-up 2) is the reduced amount of fibres in the radial 
direction, which carry the majority of the centrifugal load. 

Fillet 

Figure 5.2 Stress concentrations in the compressor blade can be reduced by 
incorporating a fillet. 

The transverse tensile stresses occurring in the outer plies in this lay-up is close to failure 
at the stress concentration point in the blade root section. Apart from the stress raising 
effect at this particular section, relatively low stresses are encountered with respect to the 
corresponding strength. The maximum shear stresses in the blade are found to be 
approximately 70 % of the corresponding composite strength. The cross-ply (lay-up 2) 
configuration is modelled using unidirectional fabric data. The material properties of a 
woven cloth will be slightly worse than that of a unidirectional cloth with the same 
configuration due to the lower efficiency of the cloth. Since the FE stress values 
encountered are relatively low in comparison to the corresponding strength, it is 
suggested that a woven cloth could sustain the induced loading in the blade. 

This study has not considered inter-laminar properties for the composite blade FE 
models. The inter-laminar material properties are not available for the fibre composite 
materials used in this study. However, the inter-Iarninar strain occurring in the CFRP 
blade, lay-up 1 for the outermost ply indicates a maximum strain of approximately 
0.0086 which occur at the base section of the CFRP blade (see Appendix G). 
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5.1.6 VIBRATION ANALYSIS 

The harmonic excitations were supplied by ABB STAL and compared to the blade model 
frequencies to ensure that no excitation occurs during the design speed of the turbine. A 
comparison is made between ABB ST AL' s calculations for the titanium blade 
frequencies for the first two vibrational modes at 10 000 rpm and calculations done in 
this study. These values are compared in Table 5.1 for verification purposes and it can 
be seen that the results are found to be in good agreement. 

Table 5.1 Verification for the first two titanium blade frequency modes 
at the design speed 10000 rpm. 

Mode 

1 
2 

ABB STAL 
(Hz) 
369.9 
902.8 

FE (this study) 
(Hz) 
340 
896 

Correlation 
(%) 
98 
99 

The fundamental blade frequencies and mode shapes (see Appendix D) are calculated for 
the titanium blade and the two composite blades. It is observed that the composite blades 
experience higher frequencies than that of titanium except for one vibrational mode 
where the CFRP blade with the cross ply lay up has a lower blade frequency than the 
titanium blade as shown in Figure 5.3. The composite blade with 70 % of the fibres in 
the radial direction (lay-up 1) is found to have the highest blade frequencies for all the 
vibrational modes. This is due to the lower density of the carbon fibre composite 
compared to the titanium alloy, in combination with the high stiffness of the carbon 
fibres. An examination of the blade mode shapes (see Appendix D) suggests that the frrst 
two modes are predominantly bending and torsion, respectively. The remaining motions 
are however complex and hard to characterise but it is apparent that the blades undergo 
large deflections in all the vibrational modes. 
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Figure 5.3 Fundamental blade frequencies at 10 000 rpm for titanium and 
composite blades. 
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before failure, hence absorbing more energy during particle impingement. A comparison 
of the erosion rate vs. impingement angle for the fibre composites tested are shown in 
Figure 5.4. 
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;;:; 
< 
8 
.." 
r;ol -'-' 
~ 
f 1 5 +---- --­
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O~ 

o 
30 60 90 
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Figure 5.4 Erosion rate vs. impingement angle comparison for CFRP and 

KFRP composites. 

From Figure 5.4 it is clear that the Kevlar® fibre reinforced composite exhibit the lowest 
erosion rate compared to the carbon fibre reinforced composites. The lower erosion rate 
of the woven carbon composite compared to the unidirectional CFRP is suggested to 
originate from the enhanced bonding interaction in the woven cloth. Zahavi ef al. also 
reported that better adhesion between the matrix and fibres lead to lower erosion rates46

. 

It is noted that all of the investigated fibre composites have erosion rates of an order of 
magnitude higher than that of the titanium alloy. 

5.2.4 THE EROSION OF POLYMER COATINGS 

Epoxy and polyurethane coatings were considered in an attempt to protect the fibre 
reinforced composite that would be used in the compressor blade. The aim is to fmd a 
coating that has sufficient erosion resistance to protect the blade from general dust and 
sand particles that might enter the compressor during operation. The erosion for the 
various polymeric coatings are summarised in Figure 5.5. The performances of the 
selected coatings show a wide variation in erosion performance. Differences of several 
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orders of magnitude for some angles are noted for the coatings. The comparison also 
shows that all the coatings have generally higher erosion rates for shallow angles of 
impact than that for perpendicular impact angles, which indicates a ductile erosion 
behaviour. This was verified by examining the damage modes of the eroded specimens 
in the SEM. The mechanisms of erosion observed for the polyurethane coatings show 
ductile ploughing at low angles while at higher angles the formation of fragments that are 
gradually removed from the surface. The high erosion resistance of some of the 
polyurethane coatings at high angles can be explained in terms of the high rebound 
resilience of these elastomers. 

The softer coatings viz. the 3M polyurethane tape and the Tekochem polyurethane TI 
sample showed the highest erosion resistance as shown in Figure 5.5. Li and Hutchings 
reported that the higher erosion resistance of softer materials can be accounted for by 
visco-elastic effects50. It is also suggested that when a hard particle strikes the surface the 
strains developed are insufficient to cause damage and erosion results from local 
accumulation of strain by many impacts. Micro-cracks were observed in the 3M 
polyurethane coating which eventually intersect and lead to fragments of material being 
removed. The erosion rates at 90° are lower for some of the coatings compared to that of 
the titanium. The bonding between the fibre composite and the polymeric coatings tested 
show no signs of delamination. 
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Figure 5.5 Erosion rate vs. impingement angle comparison for polymeric coatings. 
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Figure 5.6 Erosion rate vs. impingement angle comparison for potential coatings. 

5.3 FLEXURAL BENDING PROPERTIES OF FIBRE 
REINFORCED POLYMERS 

During operation, the composite compressor blades do not only untwist but also exhibit 
bending due to the load and geometry of the blade. It is therefore suggested that the 
bending properties of the composite playa role in determining a suitable material for the 
composite compressor blade. The bending test results show that the bending strength of 
Kevlar® composite is low compared to the bending strength of carbon. The low bending 
strength of the KFRP is due to the low compressive strength of the Kevlar® fibres. The 
bending tests show that the carbon reaches a critical point where it suddenly breaks. All 
the CFRP bending specimens broke in a brittle manner. The KFRP show a far more 
progressive failure mode and a large portion of the fibres are not broken but rather 
deformed to allow the bending failure to occur. The hybrid composite shows a 
combination of the brittle nature of the carbon and the more ductile behaviour of the 
Kevlar®. The bending strength and modulus are however considerably lower than that of 
the carbon composite. The addition of Kevlar® in the compressor blade will have a 
positive effect in that it will prevent sudden catastrophic failure but the lower stiffuess 
will make the blade deflect more. 
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5.6 MANUFACTURE OF A CFRP COMPRESSOR BLADE 

An attempt was made to manufacture the carbon fibre reinforced polymer (CFRP) 
composite blade using resin transfer moulding (RTM). The composite blade is shown in 
Figure 5.7 along with the currently used titanium alloy (Ti-6Al-4V) blade. The 
composite blade on the LHS has an aluminium backing on its leading edge. The first 
attempt, unfortunately, contain a high porosity which is deleterious for mechanical 
properties. 

Figure 5.7 CFRP and titanium compressor blades. 
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AN INVESTIGATION OF EROSIVE BEHAVIOUR OF 
FIBRE·REINFORCED COMPOSITE MATERIALS 

J. Branehog, K. Marcus and A. Ball 
Department of M".terials Engineering, University of Cape Town 

The use of carbon- and Kevlar fibre reinforced 
composite materials has found a wide range of advanced 
applications where a high specific strength is required I. 
These composite materials have many other advantages 
over traditional materials such as steel and aluminium, 
but there are disadvantages that need to be considered 
when using composite fibre materials in engineering 
applications. 

This paper is concerned with the erosive behaviour of 
carbon and Kevlar fibre based composites to be used for 
turbine compressor blades. The turbine blades operate in 
an aggressive environment which include dust and ice 
particles, that get ingested into the turbine, and cause 
erosive wear on the blades. The composite materials 
were blasted with silica particles of approximately 
180/lm in size at 400 kmIh. The mechanisms and 
erosion resistance was then determined as a function of 
material properties. 

The carbon and Kevlar fibre reinforced composite 
materials consist of an epoxy resin matrix with multiple 
layers of fibres . The fibres are either arranged in a 
unidirectional configuration or as a woven cloth. The 
fibres are saturated in the epoxy matrix and vacuum 
laminated to avoid a high void content in the composite. 

The qualification of the erosion damage was determined 
using a Cambridge S200 SEM operating at 15kV. The 
eroded specimens were collected and cleaned in an 
ultrasonic bath. The specimens were then fixed on 
aluminium stubs and coated to ensure electrical 
conductivity. 

Figure ] shows a carbon composite that was eroded by 
approximately 30 grams of silica particles. From Fig.] it 
can be observed that the damaged area forms ridges and 
valleys due to the nature of the woven carbon fibre plies. 
The epoxy matrix is easily eroded by the silica particles. 
SEM analysis of the eroded composite also shows that 
the fibres break in a brittle manner, and where more 
matrix rich areas are encountered, the damage to the 
fibres is less severe. 

The extremely high resolution of the near field scanning 
optical microscope (SNOM) allowed us to determine the 
depth profile of the damaged areas. The SNOM image in 
Fig. 2 also gave the profile of the broken fibres that 
protrude from the epoxy matrix. 

Ms. S Marais at the Polymer Institute, University of 
Stellenbosch, kindly performed the SNOM analysis. 

Reference 

1. Stachowiak, G.W. (1993) In: K. Friedrich, ed. 
Advances in Composite Tribology, Composite 
Materials Series, .8., Amsterdam, Elsevier, 510. 

Figure 1. SEM micrograph showing a typical eroded area 
in a carbon fibre composite. 
Figure 2. SNOM image of the eroded area and damage 
mode. 
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The stresses towards the centre of the profile are less than at the surface. This appendix 
verifies this behaviour showing plies close to the centre of the PMC blade lay up 1. 
Figure CI to C3 shows the stresses on the PMC blade lay-up 1 for plies close to the 
centre profile. 
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511 YALU[ 
-1.16E·/>7 
- 7,20[-06 

- 2.8n-01) 
+1.57[·0'& 

'5.96[+06 
t1.03EtG7 
01.47[10'7 

t1.'lLE t o7 
+2,3SE"01 

·2 .79£· 0'1 
-3,23£'0'7 
-3,61£"07 
-4,11[007 

.4.5U·01 

Figure C2 Stresses transverse to the fibre direction in the 25th ply. 
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Figure C3 Shear stresses in the 7th ply. 

Figure C4 to C6 show the ply stresses occurring on the suction side of the PMC blade. 
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Figure C4 Stresses parallel to the fibre direction in the outermost ply on the suction 
side of the PMC compressor blade. 
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Figure C5 Stresses transverse to the fibre direction in the outermost ply on the 
suction side of the PMC compressor bJade. 

512 VALUE 
- 5.26E-07 
- 5. 11E-07 

- -2. 77E-07 
-4.12E·06 

- +1.95E+07 
·4.30E-07 
·6.6&E.07 
·9. 02E·07 
·1.1"£+08 
+1.37£·08 
'1. 6tE -08 
+1. S,.E +08 
-2.08E-08 
- IHf IHITY 

Figure C6 Shear stresses in the outermost ply on the suction side of the PMC 
compressor bJade. 
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APPENDIXD 

Mode Shapes for Titanium, PMC Lay-up 1 and PMC Lay-up 2 
Compressor blades. 
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The first five mode shapes are shown for zero rotational speed for all the compressor 
blade models considered. 

Figures Dl to D5 show the mode shapes of the titanium alloy. 

D I SPLHE"ENT 

RESIART FILE 

E1 GEN"DDE 1 FREQUENCY = 223. 

I 1 

(CYCLES/TIME> 

ABAQUS HRSION: 5.8-8 DATE: "-APR-2000 TINE : 18:37:57 

Figure Dl Mode no. 1 for the titanium alloy blade. 

DISPLACEMENT 

RESTART FILE; tit 

E I GENHDDE 2 FREQUENCY 

ABAOUS YERSION: 5.8-8 

796. (CVCLESITIHE> 

DATE: 1I- APR -2000 TINE: 18:37:57 

Figure D2 Mode no. 2 for the titanium alloy blade. 
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RESTART FILE ~ titan_v2 HENT 1 

EIGENHODE 3 FREQUENCY 943. (C~CLES/TINE) 

ABAQUS YERSION: 5.8-8 DATE: II-APR-2000 TIHE: 18:37:57 

Figure D3 Mode no. 3 for the titanium alloy blade. 

~1 n I SPLACEHENT 
REST~RT FILE = tit 

EIGEHHODE 4 FREQUENCY 
ABAQUS HRSION: 5 . 8-8 

INCREHENT 1 
1 . 829E-03 (CYCLES/TIHE) 

DATE: ll-APR-2000 TIHE: 18:37:57 

Figure D4 Mode no. 4 for the titanium alloy blade. 
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RESTART FILE 

ElGEHHODE 5 

NT 1 
FREQUENCY 0 2.123E-03 (CYCLES/TIME) 

ABAQUS VERSION: 5.8-8 DATE: Il-APR-2000 TI"E: 18:37 :5 7 

Figure D5 Mode no. 5 for the titanium alloy blade. 

Figures 06 to 010 show the mode shapes of the PMC blade lay-up 1. 

O ISP'LACEi'1.KN'i' P1ACNI?I CATION 

PESTAJ:l T FILE - skov e ) v2 f 
E IGDUt) OE 1 FRBQUENC'l .. IC YC LES/ TIM E) 

ABAQUS VERSIon: 5 .8 -6 DATE : lS-FEB-2000 IH".2: lO:lS: } 1 

ABACUS 

Figure D6 Mode no. 1 for the PMC blade lay-up 1. (The red shape to the right shows 
the blade for no excitation) 
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RraElrfJtJDE 2 

- 3. 5'14E-02 

INCREMENT 1 

E+03 (C?CLES/TI~E) 

ABAQU S VEPBION: 5 .8-8 DArE: l B- FEB-ZOOO TIME: 10:15.37 

Figure D7 Mode no. 2 for tbe PMC blade lay-up 1. 

DI SPLAC EM8NT KAGHTPtCATI Of4 

Fl BSTAR'I riLE - skovel_v2_f EMENT 1 

E IG Df""O E 3 F P£O UBHC Y - (C YCL!;C!r I i":£) 

ABAQUS V~SION: 5. B-8 DATE:: ta-fEB-200a TIME: 10:15:37 

Figure D8 Mode no. 3 for tbe PMC blade lay-up 1. 

ABAQUS 

ABAQUS 
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BIG ENf'l)O£ .; 

ABACUS VERSION: 5. 8 -8 DATE: 18-F'EB- 2000 TIME': 10: 15 :37 

Figure D9 Mode no. 4 for the PMC blade lay-up 1. 

RBSTAPT YlLS -

EIGSN >SJD£ 5 

,;eAQUS VERSION: 5,8-6 ('lATE: 18-FEB-2000 Tum: 10:1 5: 37 

Figure D10 Mode no. 5 for the PMC blade lay-up 1. 

ABAQUS 

ABACUS 
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Figures Dll to DIS show the mode shapes of the PMC blade lay-up 2. 

DISPLA(E~E~r 

RESTART FILE 
2E- 02 
E HEN r 1 

EICE~HODE 1 FREQUENCY = 26.. «(YCLE5 / TI~E ) 

ABAQUS YER SION: 5.8-8 DATE: ll - APR -2000 lIHE: 1.: 25:38 

Figure Dll Mode no. 1 for the PMC blade lay-up 2. 

~l DISPLACEMENT 
RESTART FILE 
EICENHODE 2 FREQUENCY = 887 . (CYCLES / TIHE ) 
ABAQUS YERSIOH: 5,8-8 DATE : ll - APR - 2000 TIHE : 14:25:38 

Figure D12 Mode no. 2 for the PMC blade lay-up 2. 
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nDISPLACEHEHT MRGNIFICATI 3.99~E-02 

RESTART FILE = sk_xplij_ INCREMENT 1 
EIGENHODE 3 FREQUENCY = 1.050['03 (CYCLES/TIHE) 
ABROUS VERSION: 5 . 8-8 DATE: 11-APR-2000 TIHE: 14:25:38 

Figure D13 Mode no. 3 for the PMC blade lay-up 2. 

D I SPLA CEHHT 
RESTRRT FILE 
EIGENHODE ~ FREQUENCY = 1.717E.03 (CYCLES / TIM[ ) 
RBAQUS VERSION : 5.6 - 8 DATE: l1-APR-2000 TIHE: 14:25:36 

Figure D14 Mode no. 4 for the PMC blade lay-up 2. 
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RESTART FILE 
EIGENHODE 5 FREQUENCY = 2.182E+03 (CYClES/TI"E) 
ABAOUS VERSION: 5.8-8 DATE: 11-RPR-2000 TIHE: 14:25:38 

Figure 015 Mode no. 5 for the PMC blade lay-up 2. 
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Figure El Force vs. deflection for carbon laminate at different impact velocities. 
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Figure E2 Force vs. deflection for Kevlar laminate at different impact velocities. 
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Figure E3 Force vs. deflection for carbonlKevlar bybrid laminate at different 
impact velocities. 
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Figure E4 Energy vs. deflection for carbon laminate at different impact velocities. 
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Figure E5 Energy vs. deflection for Kevlar laminate at different impact velocities. 
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Figure E6 Energy vs. deflection for carbonlKevlar hybrid laminate at different 
impact velocities. 
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Erosion volume rate (1 E-6 mA 3)/g 

Angle (deg) 
II 

Material 30 45 60 90 

Titanium, Ti-6AI-4V 0.0625 0.1461 0.1337 0.1028 

Carbon UD 1.4 2.6 2.7 2.9 

Carbon crossply 0.923 1.562 1.926 2.325 

Kevlar 0.7566 1.2034 1.2327 0.947 

PU coating, UR 3144 0.5479 0.5662 0.3226 0.1884 

T1 0.4684 0.349 0.0653 0.0157 

T2 1.6559 1.421 0.956 0.6754 

3M 0.08 0.152 0.142 0.03 

High perf. Epoxy 7.425 6.458 4.012 3.124 

Nickel coating 0.0477 0.0643 0.0545 0.0403 
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APPENDIXF 

Erosion Data 
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APPENDIXG 

Interlaminar strain in the CFRP blade, lay-up 1 
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Figure G 1 Interlaminar strain for the outermost layer on the pressure side of the 
CFRP blade, lay-up 1. 
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Figure G2 Interlaminar strain for the outermost layer on the suction side of the 
CFRP blade, lay-up 1. 




