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VII. INTRODUCTION 

Shortly after World War II reliable industrial gas turbines were 

developed, aided by the technology and materials of the aircraft jet 

engine. These turbines were capable of burning only relatively clean 

fuels, particularly oil and natural gas. Since the early 1970's, the 

increasing price of these fuels has led government and industry to 

seek alternative energy sources for the gas turbine. One possibility 

is the burning of crushed coal or a coal derived fuel in an open cycle 

gas turbine. These fuels contain mineral constituents, however, which 

when carried over in the combustion gases will cause erosion, deposi-

tion, and corrosion of the turbine blades. 

In an effort to determine the tolerance of industrial gas turbines 

* to erosion by coal ash particles, Menguturk and Sverdrup {1) developed 

a computer program simulating the erosion of axial flow turbine blades. 

Their work was primarily aimed at determining the allowable limits of 

particle size and concentration in a commercially operable machine. 

This investigation utilizes the computer program of Mengututk and 

Sverdrup to determine the effect of certain blade profile variations 

on turbine blade erosion. This will provide design criteria for the 

development of erosion resistant turbine blades. 

* Numbers in parentheses refer to references listed at the end of the 
thesis. 
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VIII. REVIEW OF LITERATURE 

Experimental Investigations 

Research efforts towards the development of a coal-fired gas 

turbine were begun in the United States in 1944 by the Locomotive 

Development Committee (L.D.C.) of Bituminous Coal Research, Inc. The 

L.D.C. operated a coal-fired Houdry 5-stage reaction turbine for more 

than 1,000 hours at their Dunkirk, New York Laboratories prior to 

1951. Between 1951 and 1958 an Allis-Chalmers 6-stage locomotive gas 

turbine was operated for more than 4,000 hours. The L.D.C. program was 

terminated in 1959 when no practical method of further eliminating 

turbine blade erosion could be found. 

The United States Bureau of Mines continued the investigation 

initiated by the L.D.C., transferring the project to Morgantown, West 

Virginia. 

1960's. 

The Bureau of Mines investigation continued until the late 

New blades were designed for the turbine and almost 2,000 

hours of operation completed. The new blade design showed improved 

resistance to erosion over the L.D.C. blades. 

The original Houdry turbine of the L.D.C. was operated in four 

250-hour tests during 1950 and 1951. Descriptions of the apparatus 

and the results of these tests are given in references 2 through 6. 

In 1951, a 3168 KW Allis-Chalmers prototype locomotive gas 

turbine was installed at the L.D.C. facility (7). The turbine was 

operated for 757 hours in early 1952. Erosion occurred at the 

trailing edge of the first five rows of rotor and stator blades, 

2 
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becoming progressively less toward the low pressure end of the turbine. 

No significant ash deposition occurred (8, 9, 10, 11, 12). 

After the 757-hour test, the turbine was rebladed. The first 

four rows of rotor blades were replaced with blades of 19-9DL steel. 

Stator blades of S-590 alloy were installed. The reconditioned turbine 

was operated for 1,721 hours. 

During the 1721-hour test, semi-circular notches were cut in the 

rotor blades near the blade root. Notches developed in the trailing 

edge of some of the blades causing cracks to form in 27 due to stress 

concentrations (13, 14, 15). 

The turbine was again reconditioned after the 1721-hour test. 

This included the introduction of a deflector ring in front of the 

first stage stator blades and the installation of skimmers to remove 

ash concentrations. Rotor blades of HS-31 and GMR-235 alloy were 

installed. The turbine was operated for another 1,103 hours (16). 

During this test, the second, third, and fourth stage rotor 

blades were again seriously eroded at the leading edge near the blade 

root. Notches were also cut at the base of the leading edge of the 

stator blades. 

At this point the Bureau of Mines obtained the L.D.C. turbine and 

associated equipment. It contracted the Gas Turbine Division of 

General Electric Company to evaluate the L.D.C. operations and design 

new blades for the turbine (17). 

Since the primary gas flow through the turbine follows a helical 

path, the ash particles would be expected to concentrate at the 
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outer sidewall. The L.D.C. tests showed, however, that secondary 

flows concentrate significant amounts of ash near the rotor drum (18). 

It was desired, therefore, to redesign the blading so as to concen-

trate the ash at the turbine outer sidewall, away from the critical 

rotor blade roots. 

The new blade design presented by G.E. thickened the trailing 

edge of the rotor blades to encourage radially outward secondary 

flows. The trailing edge of the stators was thinned to inhibit 

radially inward flows. An annulus was created after the first stator 

blade row to provide space for the ash to centrifuge to the outer 

sidewall. Titanium carbide wear strips were inserted at the rotor 

and stator blade roots where erosion had been maximum in the L.D.C. 

tests. 

The Bureau of Mines conducted two tests with the new blade 

design totaling 1,963 hours (19). Heavy ash deposits in the first 

stator row after 878 hours caused compressor surge and necessitated 

the termination of the first test (21, 21). 

After cleaning and reconditioning, a second test of 1,085 hours 

was conducted. During this test, ash buildup in the first stator 

row was not as heavy. Inspection of the turbine showed that the 

stator blades of rows two through four were eroded seriously at the 

blade root. The trailing edge of these blades was also heavily eroded. 

The rotor blades showed little damage. The estimated blade life at 

the conclusion of these tests was 20,000-30,000 hours for the rotor 

and 5,000-7,500 hours for the stator (19). No further tests were made 
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with the Allis-Chalmers turbine. 

Despite the limited success of the Bureau of Mines and the L.D.C., 

a coal-burning gas turbine locomotive was designed and built by Union 

Pacific Railroad and the American Locomotive Company (22, 23). 

Beginning in October 1962, this locomotive was tested for nearly a year. 

In its initial operation, power fell off badly in 200 hours. Improve-

ments in the cyclone separating system increased the operating time to 

only 400 hours before severe power loss occurred (24). 

Another of the more successful coal-burning gas turbine develop-

ment efforts took place at the Aeronautical Research Laboratories in 

Melbourne, Australia. The core of this program entailed the operation 

of a Ruston and Hornsby type "TA" open cycle gas turbine (25). Trial 

runs of 200 hours were undertaken with brown coal in 1963. Turbine 

blade erosion similar to that experienced by the L.D.C. occurred. 

At this point, the turbine was redesigned with lower gas 

velocities and blades of greater trailing edge thickness. 125 hours 

of operation of the redesigned turbine were completed in 1970 (26). 

Inspection of the turbine blades showed that erosion rates had been 

reduced by a factor of 10 to 20. Estimated blade life was in the 

range of 25,000-50,000 hours (26). It was concluded that blade life 

of this order was adequate for commercial needs. 

Ash deposits in the Ruston and Hornsby turbine were controlled 

by intermittent water injection into the combustion gases (27). If 

water injection proved inadequate, small quantities of a substance 

called Kaolin were found to remove even the hardest ash deposits. 
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McGill University in Canada began a coal-fired gas turbine develop-

ment program in 1949 (28). The program concentrated on an exhaust 

heated cycle, the advantage being that only heated air passed through 

the turbine. Ash buildup in the furnace and heat exchanger were con-

sidered the major problems when the project was discontinued in the 

late 1950's (29). 

Less extensive development efforts were made by Brown Boveri of 

Switzerland and the Ministry of Fuel and Power, Great Britain (30, 26). 

Other European efforts include programs by Escher Wyss, C. A. Parsons 

and Company, and Ruston and Hornsby (26). 

Analytical Investigations 

The first mathematical model of erosion was developed by Finnie 

as a result of his studies of erosive particle speeds using high-

speed photographic techniques (31, 32). Finnie's original equations 

were modified by Bitter to include two types of wear, these being 

wear due to repeated deformation and cutting wear (33, 34). Neilson 

and Gilchrist further modified Bitter's equations defining total ero-

sion as a combination of the brittle and ductile components (35). 

Head and Harr (36) concluded that the models developed by Bitter 

and Finnie were of little value when applied to erosion caused by 

nonhomogeneous contaminants. These authors chose to describe their 

experimental data in a statistical manner, using the Buckingham Pi 

Theorem. 
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Grant (37) derived a mathematical model of erosion following a 

procedure similar to Bitter's. The necessary equation constants were 

experimentally obtained by Grant and Tabakoff for the erosion of 2024 

aluminum alloy. 

The erosion of turbomachinery components due to particulates in 

the gas stream has been investigated extensively by Tabakoff (38, 39, 

40, 41, 42). Hussein and Tabakoff developed a computer program to 

predict particle trajectories in turbine blade cascades (43, 44). This 

work was extended to radial inflow turbines by Clevenger and Tabakoff 

(45). The erosion model of Grant was incorporated into these particle 

trajectory programs to predict the erosion due to solid particles 

ingested into rotating machinery (46, 47). 

Concurrently, Menguturk and Sverdrup of Westinghouse Electric 

Corporation developed a similar particle trajectory model for axial 

flow turbines (1). The erosion model of Bitter was incorporated into 

their computer program. Ulke (48) extended their work to include end 

wall boundary layers, radial flows, and blade wakes. Dubberley (49) 

used the computer program of Menguturk and Sverdrup to determine the 

effect of blade profile variations on the total erosion of axial flow 

turbine blades. The blade profile variations made in Dubberley's 

study are subject to criticism because of their arbitrariness. 



IX. ANALYSIS 

The purpose of this investigation is to determine the effect of 

certain blade profile variations on the erosion of an axial flow gas 

turbine. Three computer programs are used to accomplish this 

objective. The first program creates blade profiles for the desired 

blade parameters. The second program, a modification of the Katsanis 

blade-to-blade potential solution (50), determines the flow field for 

a turbine passage bounded by the above blade profiles. Finally, the 

particle trajectory model developed by Menguturk and Sverdrup (1) is 

used to determine the blade erosion corresponding to each blade passage 

configuration. 

The theoretical development of each computer program is outlined 

below. A method of varying degree of reaction is also summarized. 

Blade Profile Model 

A conventional approach to turbine blade design is to combine a 

profile-thickness form, which is known to be efficient, with a mean 

line form. This approach is summarized in references 51 through 55. 

The blade profile model used in this investigation follows the method 

of reference 55, NACA TR 460. The model is developed so that the blade 

parameters of inlet angle, exit angle, thickness, chord length, stagger 

angle, and leading edge radius can be varied as desired. 

A well-known class of airfoils including the Gottingen 398 and 

the Clark Y are known to be efficient and are nearly alike when their 

8 
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camber is removed and they are reduced to the same maximum thickness. 

An equation of the form, 

±y = 

with the conditions 

1) Maximum ordinate 0.1 at 0.3 chord 

X = 0.3 y = 0.1 

~- 0 dx -

2) Ordinate at trailing edge 

X= 1 y = 0.002 

3) Trailing-edge angle 

X= 1 ~ = 0.234 

4) Nose shape 

X = 0.1 y = 0.078 

closely describes these blades (55). The equation 

±y = 0.29690 ;x-- 0.12600 x - 0.35160 x 2 

+ 0.28430 x 3 - 0.10150 x4 

satisfies these conditions. Figure 1 shows a plot of this equation 

along with points obtained by removing the camber from the Gottingen 

398 and Clark Y sections. Airfoils of any thickness can be obtained 

by applying the proper factor to equation 2, 

(1) 

(2) 
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FIG. 1. BASIC ORDINATES OF NACA FAMILY AIRFOILS (as taken from 
reference 55) 
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±y = ___ t_ (0.29690 ~- 0.12600 x - 0.35160 x2 
t 0.20 

+ 0.28430 x3 - 0.10150 x4) (3) 

where t is the maximum thickness of the desired airfoil. 

The leading edge radius of airfoil sections defined by equation 1 

is found to be 

(4) 

Airfoils of different leading edge radius can be obtained by replacing 

the nose shape condition of equation 1 with the value of A obtained 
0 

by solving equation 4 for the desired radius. Examples of the solution 

procedure are found in reference 54. Specification of a leading edge 

radius and a blade thickness, thus, completely defines the profile-

thickness form. 

A mean camber line can be defined by two parabolas of the form 

Subject to the conditions (55), 

1) Mean-line extremities 

X = 0 

X= 1 

Y = 0 c 

0 

2) Maximum ordinate of mean line 

x = P (position of maximum ordinate) 

y = M (maximum ordinate) c 

(5) 



dy c 
dx = 0 

12 

The resulting equations for the mean camber line are 

0 < X< p 

and 

M [(1- 2 P) + 2 Px- x2] 
(1 - P) 2 P < X< 1 

Differentiating these equations at the leading and trailing edge 

respectively, 

dy 

10 
2M __ c 

= = tan y1 dx p 

and 

dy 2M __ c 
= = tan y2 dx 1 p - 1 

(6) 

(7) 

(8) 

(9) 

where y1 and y2 are the inlet and exit blade angles in the coordinate 

system of Figure 2. M and P can be determined in terms of y1 and y2 . 

p 1 = tan yl 
1 - tan y2 

(10) 

M 
p 

= tan y1 2 (11) 

It is now possible to define the mean camber line by specifying y1 and 
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Leading edge radius 

FIG. 2. DEVELOPMENT OF CAMBERED BLADE SECTION (as taken from 
reference 55) 



14 

y 2 instead of M and P as done in reference 55. 

The blade section is obtained by combining the profile-thickness 

form with the mean line form. Referring to figure 2, the ordinate 

yt of the thickness form is measured perpendicular to the mean line 

from the point on the mean line corresponding to the value of x for 

which yt was computed. The angle between the tangent to the mean line 

and the x axis is given by 

-1 
eT = tan 

dy c 
dx (12) 

The following formulas for calculating the blade profile coordinates 

may be derived, 

X = X - yt sin eT u 

yu = yc + yt cos 8T 

xl = x + yt sin eT 

yl = Yc - yt cos eT (13) 

where u and 1 refer to upper and lower surfaces respectively. Blade 

coordinates for chord lengths of other than 1.0 are found by multiplying 

the above coordinates by the desired chord length. 

The blade shape thus obtained can be transformed into the 

coordinate system of a typical axial flow gas turbine. Referring to 

Figure 3, 

B' = y -a 1 1 
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Turbine Axial Direction 

FIG. 3. BLADE SECTION - CHANGE OF COORDINATE AXES 

\ a• 
~y2 

\ 
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s I = 2 

where Bi and B2 are the inlet and exit blade angles respectively in 

the gas turbine coordinate system and a is the stagger angle. The 

blade profile coordinates are transformed by 

= x cos a + y sin a 

= x sin a - y cos a 

where A refers to the gas turbine reference frame. 

Using the method described above, it is possible to generate a 

(14) 

(15) 

turbine blade form by specifying the inlet angle, exit angle, maximum 

thickness, chord length, stagger angle, and leading edge radius. 

Two-Dimensional Inviscid Main Flow 

(Following the Development of Reference 1) 

A fortran program for calculating transonic velocities on a blade-

to-blade stream surface of a turbomachine was developed by Katsanis 

(SO). The following assumptions were made in the development of that 

program: 

"1. The flow is steady relative to the blade. 

2. The fluid is a perfect gas with zero viscosity. 

3. The flow is isentropic and free of vortices. 

4. The velocity component normal to the blade-to-blade 

surface is zero. 
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5. The stagnation temperature is uniform across the inlet. 

6. The velocity magnitude and direction are uniform across 

both the upstream and downstream boundaries. 

7. The flow is essentially subsonic with only locally 

supersonic spots." 

The calculations are performed on a blade-to-blade surface of 

revolution as shown in Figure 4. The meridional streamline distance, 

m, and 8 are the independent variables. The solution is obtained by 

reducing the weight flow until the entire flow is subsonic. The 

subsonic case is solved and the velocity distribution for the full 

flow determined using velocity gradient techniques. 

For the reduced weight flow, the stream function, ~' is defined 

by 

and is governed by 

~+.!_.a _ _l_ie.~ + 
~ 2 2 ~a2 2 aa aa am r av r p 

~ = 2whp w sin .A am 

sin .A 
r 

1 a(ph) 
ph am 

(16) 

(17) 
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The temperature distribution is obtained from the energy 

equation, 

= (18) 

The density distribution is determined from the isentropic relation, 

k 
T k-1 

( ) 
Ti 

Boundary conditions are summarized in Figure 5. The equation 

governing ~ is elliptic and is solved using a finite difference 

technique. 

When the flow is locally supersonic equation 17 is no longer 

(19) 

elliptic throughout the region. A different solution technique is, 

therefore, necessary. The method used is based on the velocity gradient 

equation 

where 

aw 
ae = AW + B 

2 2 d 2e 2 A = r cos 13 -- + sin ). tan 8 (1 + cos 8) 
dm2 

on the blade surface, 

(20) 

(21A) 
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FIG. 5. STREAM CHANNEL BOUNDARY CONDITIONS (as taken from 
reference 1) 



A = 

21 

~] ~ 
__ a_a __ ~-~ 
~ 2 am2 : 

( am ) 

2 sin A tan S (1 + cos S) 

at interior points, and 

B = r tan s aw + am 
2 wr sin A 

cos s 

+ 

The full weight flow velocity distribution is calculated by 

solving equation 20 in conjunction with the continuity equation, 

p W cos S hr dA = w 

(21B) 

(22) 

(23) 

The Katsanis main flow solution does not include boundary layers 

on the blade, hub, or casing. Whether these effects significantly 

alter turbine blade erosion is not known. 

Particle Trajectory and Erosion Model 

(Following the Development of Reference 1) 

Turbine blade erosion is conventionally determined in two steps. 

First, the particle trajectories in the turbine blade passage are 

determined; then, the erosion corresponding to each particle impact 

is obtained. The particle trajectory program of Menguturk and 
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Sverdrup (1) takes this approach. The development of that program 

is summarized below. 

The only significant forces acting on a small solid particle in 

a low density-high velocity fluid flow are the viscous drag force and 

inertia of the particle. For a spherical particle the drag force is 

given by 

FD 
-+ v ) 31T llGdp (V - f (R ) (24) G p e 

where 

R 
f(R ) e 

CD 24 e 

The drag coefficients at different Reynolds numbers are: 

CD 24/R (0 < R < 0.1) e e-

CD = 22.73/R + 0.093/(R ) 2 + 3.69 (0.1 < R < 1) e e e-

CD = 38.80/R - 12.65/(R ) 2 + 0.36 (1 < R < 10) e e e-

CD 46.50/R - 116.661/(R ) 2 + 0.61667 (10 < R < 100) e e e-

CD 98.33/R - 2778/(R ) 2 + 0.3644 (100 < R < 1000) e e e-

CD = 148.62/R - 47500/(R ) 2 + 0.35714 (1000 < R < 5000) e e e-
(25) 

where 

(26) 

The equations of motion of the particle are determined by 

equating the particle inertia to the drag force. In x, r, 6 coordi-

nates the equations of motion are: 
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. 
X = G(V - X ) p X p 

G . 2r 
e (V8 - re) - ____.£ c a + w) p r r p 

. • 2 
r G(V - r ) + r(e + w) p r P p (27) 

where 

18 ].l 

G = g f (R ) 
d 2 e 
p pp 

(28) 

The particle's path is determined by numerically integrating 

equation 27 until collision with the blade surface. The path of the 

particle after collision is determined from the rebound data of 

Hussein (44). This experimental data, shown in Figure 6, can be 

approximated by the equations: 

1 -1 -cot 
81 [

v v ] P t2 Pnl -v-- -v-- cot 81 
P tl Pn2 

= 0.95 + 0.00055 81 
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FIG. 6. PARTICLE REBOUND DATA (as taken from reference 1) 
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1.0 - o.o21os 61 + o.oool417 6i (29) 

Having obtained the particle trajectories, the erosion corres-

pending to each particle impact may be expressed by the following 

equation according to Bitter (33, 34), 

(V 2 2 - v 2 ) cos 61 
1 p Ptr s 2 Ml cf> 

(V sin 6 - v )2 
1 p 1 peL 

+ 2 Ml e: 

where S is the volume of material lost due to erosion and M1 is the 

mass of the impinging particles. The first term of Equation 30 

represents the ductile mode of erosion; the second term represents 

the brittle mode of erosion. 

Equation 30 can be rewritten as 

E = s 
~ 

= 

introducing the generalized velocity exponents m1 and m2 and the 

coefficients K1 and K2 to define the amplitude of the ductile and 

brittle modes respectively. The term in brackets can be made a 

(30) 

(31) 
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function of the impact angle, 81, only. Equation 31 can then be 

rewritten 

m 
E K1 (Vp cos 81) l f(81) 

(32) 

where 

1 

is chosen so that the erosion rate as a function of impact angle fits 

experimental results. Neglecting V and assuming m1 = m2 = m0 the 
PeL 

erosion equations become: 

m 
E = K1 (vp cos 81) 0 sin (n 81) 

m m 
E K1 (Vp cos 81) O + K2 (Vp sin 81) O for 81 > 80 

Typical results of these equations are shown in Figure 7. The 

coefficients K1 , K2, m0 , and s0 must be determined experimentally. 

For silicon carbide particles striking nickel coba~t alloy, m0 is 

assumed to be 2.5 and the following experimental results by 

Smeltzer (56) may be used: 

(33) 



w r-
<( 
a:: 
z 
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FIG. 7. BRITTLE AND DUCTILE MODES OF EROSION (as taken from 
reference 1) 
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amax (deg.) ao (deg.) 
3 

K mm /Gm 
l(ft/sec) 2 

3 
K mm /Gm 

2(ft/sec) 2 

10 10.3 7.44 X 10-8 2.4 X 10-8 

20 22.7 8.35 X 10-8 2.4 X 10-8 

30 45.3 1.12 X 10-7 2.4 X 10-8 

90 90 0 7.18 X 10 -8 

Comparison of erosion by silicon carbide particles with erosion 

by coal ash particles (26), indicates silicon carbide particles to be 

25 times as erosive as coal ash particles. In this way, the data of 

Smeltzer may be extended to erosion by coal ash particles. 

Degree of Reaction 

Degree of reaction is defined by 

A = (34) 

for an axial flow turbine. Part of this investigation required a 

method of varying degree of reaction while maintaining constant work 

across the turbine stage. 

With reference to Figure 8, a relationship for A can be determined 

in terms of the flow angles and velocities in the turbine passage. 
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FIG. 8. VELOCITY TRIANGLES FOR AN AXIAL FLOW TURBINE STAGE 
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For Ca 1 constant and c1 1 c3 the relationship is derived as follows. 

Then, 

The stage work is given by 

w = s 

Relative to the rotor blades the flow does no work and the energy 

equation yields 

= 

The relationship for A is, therefore, 

A 
~h static 

One approach to varying A is to keep W and ~h i constant s stat c 

(35) 

(36) 

(37) 

(38) 

when A is changed. From the definitions of W and ~h i , c3 also s stat c 
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remains constant. c2 can be determined directly since, 

t.h . stat1c 

(39) 

and 

A 
1/2 (v; - v~> 

t.hstatic 

t.h - 1/2 (c2
2 - c2

1> static (40) 

The remaining unknowns v2, v3 , 82, 83 , a2, and a3 are determined 

by simultaneously solving the equations for W and A with 4 equations s 

relating the flow angles and velocities. These equations are: 

v2 cos 82 = c2 cos a 2 

v3 cos 83 = c3 cos a3 

u c2 sin a2 - v2 sin 82 

u = v3 sin 83 - c3 sin a3 (41) 



X. PARAMETER VARIATIONS 

The purpose of this investigation is to determine the effect of 

blade profile variations on the erosion of gas turbine blades. 

Variations of the blade exit angle and leading edge radius were studied 

as well as one variation of degree of reaction. 

The mean blade profiles were chosen to be the first stage stator 

and rotor of the Westinghouse Model 501 B axial flow turbine. Blade 

profiles were obtained using the blade model previously described (55) 

which closely resemble the Westinghouse blades. This was accomplished 

by minimizing the variance between the blade model profile and 18 

discrete profile points of both the Westinghouse stator and rotor. 

The resulting blade sections are shown in Figure 9. Having made an 

approximation of the Model 501 B first stage, any desired profile 

changes could be obtained by making the appropriate changes in the 

blade model input. 

As seen in Figure 9, the exit angles of the stator and rotor are 

68.7° and 58.1° respectively. The blade exit angle profile variation 

was accomplished by producing stator and rotor blade sections using 
0 0 0 the blade model with exit angles reduced by 2.5 , 5.0 , and 7.5 • 

These blades are compared with the Westinghouse stator and rotor 

in Figures 10 and 11, respectively. 

The leading edge radius variation was handled similarly. Blade 

profiles were produced using the blade model with leading edge radii 

of 1/2 R
1 

and 1.67 R1 for the stator and 1/4 R2 and 3 R2 for the 

rotor. R1 is the leading edge radius of the Westinghouse stator. 
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ROTOR 
Chord Length - 96.3 mm 

Leading Edge Radius - 2.4 mm 

45p/ 
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STATOR 
Chord Length - 168.9 mm 

Leading Edge Radius - 5.8 mm 

FIG. 9. BLADE MODEL APPROXIMATION OF THE WESTINGHOUSE MODEL SOlB 
FIRST STAGE 
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Fig. 10. BLADE EXIT ANGLE VARIATION FOR STATOR 
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FIG. 11. BLADE EXIT ANGLE VARIATION FOR ROTOR 
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R2 is the leading edge radius of the Westinghouse rotor. These 

blades are plotted along with the Westinghouse stator and rotor in 

Figures 12 and 13 respectively. 

The flow field of the blade passage bounded by each of the above 

blades was determined using the Katsanis computer program. The 

weight flow used was 10 percent less than that of the Westinghouse 

Model 501B turbine to avoid choking in the blade passages. Thus, the 

velocities in the blade passages were lower than those of the 

Westinghouse turbine though the relative gas angles were kept constant. 

Due to the elliptic nature of the Katsanis flow model, a certain 

amount of iteration was necessary to obtain the correct flow exit 

angle. 

The flow field of each turbine passage was then entered into the 

erosion model as well as the initial conditions of 19 particles. More 

accurate results could have been obtained by increasing the number of 

particles in the blade passage, however, 19 was the maximum allowed 

by the erosion program. 

The initial particle conditions for the stator and rotor are 

shown in Tables 1 and 2 respectively. The initial particle conditions 

for the rotor were determined from the particle trajectories at the 

stator exit. 

A particle size of 10~m was used because, though separation 

equipment will keep their concentration low, 10~m particles will 

still cause the greatest erosion (19, 26). A particle density of 1.5 

gm/cc was used. This corresponds to the density of typical coal ash 



Westinghouse 
Stator 
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FIG. 12. LEADING EDGE RADIUS VARIATION FOR STATOR 



Westinghouse 
Rotor 
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FIG. 13. LEADING EDGE RADIUS VARIATION FOR ROTOR 
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TABLE 1. INITIAL PARTICLE CONDITIONS FOR STATOR BLADES 

d = lO~m p 

p = 1.5 gm/cc p 

V = 168 m/s p 

Particle 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

8 

a = 0° p 

e = oo 
p 

x = -0.046 m 

(Radians) 

0.00 
0.006889 
0.013778 
0.020668 
0.027558 
0.034447 
0. 041337 
0.048226 
0.055115 
0.062005 
0.068895 
0.075784 
0.082674 
0.089563 
0.096453 
0.103342 
0.110230 
0.117121 
0.124010 
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TABLE 2. INITIAL PARTICLE CONDITIONS FOR EXIT ANGLE AND LEADING 
EDGE RADIUS VARIATION OF ROTOR 

d = lOllm p 

p = 1. 5 gm/cc p 

V = 295 m/s p 

Particle 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

12 
13 
14 
15 
16 
17 
18 
19 

e 

Cl = 1.52° p 

6 = 23.9° p 

x = -0.005 m 

(Radians) 

0.00 
0.003481 
0.006962 
0.010443 
0.013924 
0.017405 
0.020886 
0.024367 
0.027848 
0.031323 
0.034809 
0.038291 
0. 041772 
0.045252 
0.048734 
0.052215 
0.055696 
0.059177 
0.062658 
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particles. 

The degree of reaction of the model 501B turbine is 0.167. One 

variation of this degree of reaction was investigated, that being 

a degree of reaction of zero. 

The procedure for changing degree of reaction is described in 

the analysis section. The following flow angles and velocities were 

obtained for A = 0: 

82 52.5° 

~2 = 67.9° 

c2 = 715 m/s c3 = 293 m/s 

Blade sections were generated with the blade model until a 

stator and rotor were obtained which satsify the above flow angles 

and velocities. The stator and rotor corresponding to A = 0 are 

compared with the model 501B first stage in Figure 14. 

The erosion of the zero degree of reaction stage was 

determined as described previously except that the initial particle 

conditions for the rotor were changed. This is because the stator 

exit angle is increased when A is reduced, and thus, the particle 

trajectories at the stator exit are changed. The initial particle 

conditions for the A = 0 rotor are shown in Table 3. 



Westinghouse Rotor 
A= 0.167 

Stator - A = 0 

Westinghouse Stator 
A= 0.167 
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= 0 

FIG. 14. COMPARISON OF THE WESTINGHOUSE MODEL 501B FIRST STAGE WITH 
A ZERO DEGREE OF REACTION STAGE 
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TABLE 3. INITIAL PARTICLE CONDITIONS FOR ROTOR OF ZERO DEGREE OF 
REACTION STAGE 

d = 10)lm p 

p = 1.5 gm./cc p 

V = 320 m/s 
p 

Particle 
Number 

1 
2 
3 
4 

5 
6 
7 
8 
9 
10 
11 

12 
13 
14 
15 
16 
17 
18 
19 

e 

a = 1.52° p 

B- = 24.9° p 

X = -0.005 

(Radians) 

0.00 
0.003481 
0.006962 
0.010443 
0.013924 
0.017405 
0.020886 
0.024367 
0.027848 
0.031323 
0.034809 
0.038291 
0.041772 
0.045252 
0.048734 
0.052215 
0.055696 
0.059177 
0.062658 



XI. RESULTS AND DISCUSSION 

The erosion of the Westinghouse Model 5018 first stage stator and 

rotor as a function of axial distance from the blade leading edge is 

shown in Figures 15 and 16, respectively. The results are presented 

for both SiC particles and coal ash particles. The damage caused by 

3 SiC particles is presented in terms of the volume, mm , removed 

per millimeter of blade surface length per kilogram of particles 

entering the blade passage. The results are modified for coal ash 

particles and expressed as millimeters of metal recession in 10,000 

-7 hours assuming an inlet particle concentration of 2 x 10 kg/kg 

of expansion gas. Details of the procedure for obtaining metal 

recession due to coal ash particles from the erosion rate of SiC 

particles is shown in Appendix A. Only the erosion of the blade 

pressure surfaces is plotted since the particle impacts on the suction 

surfaces are confined to the leading edge. 

As seen in Figure 15, the erosion of the stator remains low 

over most of the blade surface but sharply increases near the trailing 

edge. This is due to the high impact velocities and frequency of 

impact near the trailing edge. 

The erosion of the rotor has slightly different characteristics. 

As seen in Figure 16, there is considerable damage to the rotor 

leading edge. This is followed by a region of low erosion with a 

sharp increase in erosion near the trailing edge. 

In both of these figures, sharp changes occur in the erosion 

44 
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rate along the blade surface. These changes are physically 

unreasonable and are due to the discrete nature of the erosion 

calculations. 

From these figures, it can be seen that the erosion of the trail-

ing edge of the stator and rotor and the erosion of the leading edge 

of the rotor are of critical importance in the design of coal-fired 

turbine blades. The results of the blade profile variations are, 

therefore, presented in terms of the erosion at these blade stations. 

To this end, leading and trailing edge erosion were defined as the 

average erosion over the first and last 20 percent of the blade, 

respectively. This approach was necessary in order to smooth the 

variations in erosion in each finite difference interval along the 

blade surface. 

The erosion of each blade profile investigated as a function of 

axial distance from the leading edge is shown in Appendix B. The 

corresponding particle trajectory plots are shown in Appendix C. 

Stator 

The trailing edge erosion of the stator as a function of reduction 

in the blade exit angle is shown in Figure 17. As can be seen in the 

figure, the trailing edge erosion increases as the blade angle is 

increased. This is due to the increased impact velocities and 

frequency of impact at higher blade angles. The scatter of the erosion 

data points is due to the small number of particles input into the 

blade passage. 
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Figure 18 shows the effect of changing the leading edge radius 

on the trailing edge erosion of the stator. It can be seen that a 

small decrease in the trailing edge erosion occurs when the leading 

edge radius is reduced. It would have been desirable to determine 

the erosion for yet smaller radii, however, the erosion program was 

not capable of this calculation. 

The effect of reducing the degree of reaction of the turbine stage 

on the trailing edge erosion of the stator is shown in Figure 19. 

As can be seen in the figure, reducing the degree of reaction causes 

an increase in the trailing edge erosion of the stator. This is 

because a decrease in the degree of reaction results in an increase 

in the stator blade exit angle. Increasing the blade exit angle 

increases the trailing edge erosion as shown in Figure 17. 

Rotor 

Figure 20 shows the effect of blade exit angle reduction on the 

trailing edge erosion of the rotor. The results are in close agree-

ment with the stator exit angle variation. Again, greater impact 

velocities and frequency of impact at higher blade angles caused 

increases in trailing edge erosion. 

The effect of leading edge radius changes on the trailing edge 

erosion of the rotor is shown in Figure 21. As can be seen in the 

figuce, a large decrease in trailing edge erosion occurs when the 

leading edge radius is reduced. As can also be seen, a small decrease 

in trailing edge erosion occurs when the leading edge radius is 
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increased. These variations in leading edge radius are larger than 

those used for the stator. It may be that a larger decrease or 

increase in the leading edge radius of the stator would have yielded 

similar results. 

The effect of reducing the degree of reaction of the turbine stage 

on the leading and trailing edge erosion of the rotor is shown in 

Figure 22. As can be seen, the trailing edge erosion of the rotor is 

decreased as the degree of reaction is reduced. This is because 

reducing the degree of reaction results in lower relative velocities 

at the rotor exit. The leading edge erosion, however, is increased 

as the degree of reaction is reduced. This is due to the higher 

relative velocities at the rotor inlet when the degree of reaction is 

reduced. 
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XII. CONCLUSIONS 

The following conclusions can be made from the blade profile 

variation investigation over the range of parameters studied: 

1. Trailing edge erosion is decreased in both the rotor 

and stator when the blade exit angle is reduced. 

2. Decreasing the blade leading edge radius results in a 

decrease in trailing edge erosion in both the rotor 

and stator. Increasing the blade leading edge radius 

results in a small decrease in trailing edge erosion 

in the rotor. 

3. Reducing the degree of reaction of the turbine stage 

causes a shift in the erosion levels at critical 

blade stations. When the degree of reaction is reduced 

to zero, the stator trailing edge erosion and rotor 

leading edge erosion are increased while the rotor 

trailing edge erosion is decreased. 
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XIII. RECOMMENDATIONS FOR FUTURE WORK 

1. The erosion rates predicted in this investigation should be 

extended and compared with experimentally determined erosion 

rates from references 19 or 26. 

2. The effect of inlet gas velocity on the blade erosion should 

be determined. 

3. The erosion model should be extended to include deposition 

and corrosion. 

4. The erosion characteristics of coal ash particles under 

conditions representative of turbine passages should be 

experimentally determined. 
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APPENDIX A. DETERMINATION OF METAL RECESSION DUE TO COAL ASH PARTICLES 
FROM THE EROSION RATE OF SiC PARTICLES 

The erosion rate, mm3/mm-kg, of SiC particles is obtained 

directly from the output of the erosion model. To obtain the metal 

recession in 10,000 hours due to coal ash particles it is necessary 

-7 to assume an inlet particle concentration of 2 x 10 kilograms per 

kilogram of expansion gas. 

The mass flow rate through the Model 501B turbine is 308 kg/sec. 

There are 48 stator and 95 rotor blades in the first stage. Using 

this information, the total mass of particles passing through each 

blade channel in 10,000 hours is found. The total particle mass 

passing through each stator channel is 41.9 kg; the total particle 

mass passing through each rotor channel is 21.1 kg. 

The blade heights of the first stage stator and rotor blades are 

131 mm and 102 mm, respectively. Coal ash particles are assumed to 

be 1/25 as erosive as SiC particles (26). Metal recession is then 

calculated by multiplying the erosion rate by the total particle 

mass through the channel and dividing by the blade height times 25. 
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APPENDIX c. PARTICLE TRAJECTORY PLOTS 
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FIG. C-1. WESTINGHOUSE STATOR, PARTICLE TRAJECTORIES 



FIG. C-2. STATOR- BLADE EXIT ANGLE REDUCED 2.5°, PARTICLE TRAJECTORIES 
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FIG. C-3. STATOR- BLADE EXIT ANGLE REDUCED 5.0°, PARTICLE TRAJECTORIES 
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FIG. C-4. STATOR- BLADE EXIT ANGLE REDUCED 7.5°, PARTICLE TRAJECTORIES 
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FIG. C-5. STATOR- LEADING EDGE RADIUS=~ R1 , PARTICLE TRAJECTORIES 
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FIG. C-6. STATOR - LEADING EDGE RADIUS 1.67 R1, PARTICLE TRAJECTORIES 
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FIG. C-7. STATOR- A • 0, PARTICLE TRAJECTORIES 
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FIG. C-8. WESTINGHOUSE ROTOR, PARTICLE TRAJECTORIES 
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FIG. C-9. ROTOR- BLADE EXIT ANGLE REDUCED 2.5°, PARTICLE TRAJECTORIES 
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FIG. C-10. ROTOR- BLADE EXIT ANGLE REDUCED 5.0°, PARTICLE TRAJECTORIES 
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FIG. C-11. ROTOR- BLADE EXIT ANGLE REDUCED 7.5°, PARTICLE TRAJECTORIES 
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FIG. C-12. ROTOR - LEADING EDGE RADIUS = ~ R2, PARTICLE TRAJECTORIES 
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FIG. C-13. ROTOR - LEADING EDGE RADIUS = 3 R2, PARTICLE TRAJECTORIES 
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FIG. C-14. ROTOR - A = 0, PARTICLE TRAJECTORIES 
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AN ANALYTICAL INVESTIGATION OF THE EFFECT 
OF BLADE PROFILE VARIATIONS ON THE EROSION 

OF COAL-FIRED TURBINE BLADES 

by 

Jack Allan Kinback 

(ABSTRACT) 

The effect of blade profile variations on the erosion of turbine 

blades subjected to flow containing particulates was analytically 

determined. To accomplish this end, the two-dimensional inviscid main 

flow field was determined for each blade passage. A semi-empirical 

model of erosion was combined with available experimental data to 

predict erosion on the blade surfaces. 

Maximum erosion was found to be at the trailing edge of the 

stator and rotor and at the leading edge of the rotor. The trailing 

edge erosion of the stator and rotor was decreased as the blade exit 

angle was decreased. The trailing edge erosion of the stator and 

rotor was also decreased when the blade leading edge radius was 

reduced. 

Reducing the degree of reaction of the turbine stage caused a 

change in distribution of erosion levels along the blade surface. 
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