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ABSTRACT 

This thesis presents a computer package developed to 

calculate the blade erosion rates in multistage turbines 

that use particle-laden hot expansion gases. This package 

iii 

is an extension of the single-stage erosion code presented 

in an earlier work. The present package calculates gas flow 

and particle trajectories in each stage. The calculated 

particle outlet conditions of given stage are processed 

statistically to generate the particle inlet conditions to 

the next stage enabling trajectory and erosion calculations 

to be advanced beyond a single turbine -stage. The package 

allows erosion predictions ~o be obtained either based on 

the semiempirical erosion formula presented earlier or by 

using an improved model which relies upon direct inter­

polation of available experimental data. 

This computer package has been applied to a four-stage 

electric utility gas turbine. Erosion damage primarily occurs 

at the leading and trailing edges of the blades and is 

usually confined to pressure surfaces. It is found that, 

in addition to the first stage rotor blades, as indicated in 

earlier studies, the second stage rotor and the second andthir 

stage stator blades may also be exposed to critical erosion 

damage. The useful life of the machine appears to be dictated 

by the thinning of the first stage rotor trailing edge, but 

the'other high erosion points indicated by this study should 

also be effectively protected for feasible turbine operation. 

Recommended methods of controlling blade erosion and some 

general guidelines for the design of an erosion resistant 

turbine are indicated. 
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aZET 

Bu tezde pargac1k ylik1li slcak gaz ku11anan gok 

kademe1i tlirbin1erde meydana ge1en kanat erozyon h1z1ar1n1 

hesap1amak igin ge1i$tiri1en blr bi1gisayar paketi sunu1mak­

tad1r. Bu paket daha once sunu1an tek kademe1i erozyon progra­

m1n1n bir uzant1S1 olarak ge1i$tiri1mi$tir. Yeni pakette 

her kademenin gaz ve pargac1k ak1$lar1 hesap1anmaktad1r. 

Veri1en bir kademenin glk1$lnda hesap1anan pargac1k oze11ik-

1eri .bir sonraki kademenin- giri$indeki pargac1k oze11iklerini 

- e1de etmek igin istatistiki bir i$lemden gegiri1mekte ve 

boy1e1ik1e pargac1k yorlingeve kanat erozyon hesap1ar1 bir 

tek tlirbin kademesinden oteye gotlirli1ebi1mektedir. Erozyon 

hesab1 daha once sunulan yar1 ampirik erozyon formli1li i1e 

veya mevcut deneyse1 datan1n dogrudan interpo1asyonu i1e 

daha hassas bir bigimde yap11abi1mektedir. 

Bu bi1gisayar paketinin elektrik liretiminde ku11an11an 

dort kademe1i bir gaz tlirbinine uygu1anmas1 sunu1maktad1r. 

Sonug1ardan erozyon hasar1n1n ozel1ik1e kanat1ar1n hucum ve 

firar kenar1ar1nda olu$tugu ve gene11ikle bas1ng ylizey1erine 

tesir ettigi an1a$11maktad1r. Daha onceki ga11$ma1ar1n gos­

terdigi gibiblrinci kademe rotor kanatlar1n1n a$lr1 bir 

erozyona maruz ka1d1g1 gozlenmi$, ancak i1aveten ikinci kademe 

rotor ve ikinci, liglincli kademe stator kanat1ar1nda da kritik 

erozyon hasar1 oldugu saptanm1$t1r. Tlirbinin fayda11 omrlinlin 

birinci kademe rotor kanat1ar1n1n firar kenar1ar1ndaki ince1eme 

i1e sln1r1and1g1 sonucuna var11m1$ fakat diger yliksek erozyon 

bo1ge1erinin de etkin bir etkin bir bigimde korunmas1 geregi 

ortaya glkm1$t1r. ~anat erozyonu kontro1u ve erozyona dayanlk-

11 bir tlirbin tasar1m1 husus1ar1nda tavsiye1er be1irtilmi$tir. 
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I I I NTRODUCTI ON 

The escalating cost of petroleum together with the 

uncertanities in its availability has directed a~tention to 

coal as an alternative source of energy for future power 

plants. 

In order for coal to widely substitute petroleum~ 

more efficient and nonpolluting ways of obtaining power 

from coal must be found than the traditional system of 

burning pulverized coal in stearn turbine plants. In this 

regard pressurized fluidized·-bed combustion and low BTU 

coal gasification proce~ses are under consideration for use 

-in combined-cycle plants where part of the power will be 

generated by Fassing the combusted coal gas through a gas 

turbine. 

One of the problems associated with this scheme is 

that the particulate matter contained in th~ hot expansion 

gas is likely to cause turbine blade erosion. Unless the gas 

is adequately filtered, significant amounts of particles 

ranging in size from lto 10 pm can still pass through and 

enter the turbine. These particles may erode the blade 

surfaces and result in an unacceptably short operating life 

or mechanical failure without any warning. 

The trival solution to this problem is to reduce the 

particulate content to negligible proportions by extensive 

filtration. However, hot-gas parti6le filters are very 

expensive and therefore, it is desirable to know in advance 

1 
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how much filtration is required for economical plant 

operation. It is also desirable to achieve further reduction 

in "filtration costs by taking special design precautions to 

ruggedize turbines against particle erosion. 

"Ability to theortically calculate turbine erosion is 

vital to determination of the particle filtration requirements 

and the development of an erosion resistant turbine design. 

The most complete work about" turbine blade erosion 

was reported by Menglitlirk and Sverdrup {I}. The computer model 

developed by them enables calculation of erosion in an axial 

-turbine stage. They reported erosion calculations for the 

first stage of a large electric utility gas turbine. However, 

it is not clear whether the critical erosion does indeed 

occur in the first stage. A more comprehensive analysis that 

considers all stages of a multistage turbine is necessary. 

The aim of this thesis~ is to modify the existing 

model which predicts the erosion in a single stage, and extend 

its applicability to a multistage turbine. 

For this purpose, the existing program TPART v.7as modified , 

in such a way that it follows particles based on the gas flow 

solution of the TSONIC program developed by Katsanis {2} and 

stores impact data for further use in final erosion computations. 

The modified program is designed to carry out these trajectory 

calculations stage by stage. The calculated particle exit 

conditions of a given stage are processed statistically to 

generate the inlet conditions of the next stage. This procedure 

enables trajectory calculations to be advanced beyond a 

single turbine stage and represents the major extension to the 

single stage capability of the origin~ TPART program. Moreover, 

the numerical integration procedure used is replaced by a 

"piecewise exact solution" (PES) technique (Menglitlirk and 

Gline~ {3}) that increases the speed of calculations considerably 

and the erosion calculation routines originally built in the 

program are removed and recomplied ina separate auxiliary 
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program TPER. The TPER program accepts impact data calculated 

and stored by TPART program and calculates erosion damage 
- -

based on any de"sired erosion data. These modifications allow 

erosion prediction to be obtained for different blade materials 

without having to repeat the costly t~ajectory calculations. 

The m?del described above was used to predict blade 

erosion of a 65 W~ four stage electric utiliy gas turbine. 
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I I. BACKGROUND 

Theoretical prediction of turbine blade erosion 

requires calculation of particle trajectories in turbine blade 

passages. Erosion rates can be calculated by combining the 

calculated impact conditions with ex~e:imental data concerning 

erosion resistance of the blade material. Previous work on 

particle dynamics and erosion is summarized below. 

2.1 PARTICLE DYNAMICS 

In their pioneering work Lapple and Shepherd {4} 

developed equations governing parti~le motion in a fluid flow 

in the presence of viscous drag force only. Davies and peetz{5}, 

calculated particle trajectories around a cylinder by 

assuming Stokes' drag law. Heywood {6} described a procedure 

for calculating the uniform velocity attained by particles 

under steady conditions. Techniques for determining trajectories 

of particles experiencing unsteady two-dimensional motion 

were deseribed by Holland-Batt {7}. Tabakoff and Husseirr.{8.9} 

investigated particle trajectories and effect of particle 

conce~ration, mean diameter and material density on flow 

properties by using an experimental cascade. Hussein and 

Tabakoff {lO} presented a computer model to calculate tra­

jectories of solid particles in turbine and compressor blade 

passages. A theoretical analysis was· also described by Morsi 

and Alexander {II} to determine particle trajectories around 
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isolated symmetrical and cambered airfoils. 

Ulke and Rouleau {12} studied the effect of secondary 

flows on the motions of particles in an axial gas turbine 

and indicated that turbine secondary flows must be given 

serious consideration in particle trajectory calculations 

since these flows may significantly affect the paths and 

distribution of particles through the blade rows. 

In an analytical investigation of particle trajectories 

in c~scades o~~irfoils Dring,et al {13} calculated location, 

velocity, and angle of particle impacts on turbine blades. 

Results were compared with experimentally determined trajec~ 

tories. 

Using a computer model, similar in scope to that of 

Menglitlirk and Sverdrup {11 Lord and Singh {14} calculated 

particle trajectories in blade passages. 

Flow visualization techniques were developed by Suo, 

et al {IS} and used to study particle trajectories near an 

airfoil with a film-cooled leading edge. The results indicated 

that turbine airfoil leading edge film cooling in a gas turbine 

engine may deflect particles up to at lea~ 5.8 pro in diameter 

when the cooling air velocity is at least 0.67 times the 

approach velocity. 

Menglitlirk, et al {16} studied the effect of blade 

boundary layer on particle trajectories. It is noted that the 

boundary layer effect on the trajectories of particles smaller 

than 6 pm is important and that an accurate assessment of 

turbine erosion and deposition requires inclusion of the 

boundary layer effect. 



6 

2.2 EROSION OF METALS 

. The erosion phenomenon \vas . described by Finnie, ~\I'olak 

and Kabil {17} as the removal of material from a solid 

surface by the action of impinging solid or liquid particles. 

This type of wear arises in many industrial operations and 

also finds useful application as a material removal process. 

To understand erosion, or any other type of \olear, one must 

identify and analyze the mechanism or mecanisms by which 

material is being removed. The practical experience with 

erosion indicated that there are at least two types of 

material behavior. Ductile materials undergo weight loss 

by a process of plastic deformation in which material. is 

removed by the displacing or cutting action of the particle. 

This type of wear exists if particles strike a body at an acute 

angle, scratching out some material from the surface. Brittle 

materials exhibit a different mechanism of erosion primarily 

because they fracture immediately after elastic deformation 

without going through any plastic deformation. In the brittle 

erosion case, material is removed by the intersection of 

cracks which radiate out from the pOint of impact of the 

eroding particles. As it is also seen from Figure-l ductile 

and brittle materials respond to erosion in very different 

ways. Departures from ideally ductile or ideally brittle 

behavior can be discussed in a qualitative manner. The 

ductile mode is characterized by the maximum erosion occuring 

at some intermediate angle between 0-90 degrees, usually 

20-30 degrees. The brittle mode is characterized by the 

erosion rate increasing with increasing impingement angle, up 

to a maximum at normal (90 degrees) impingement. 

As a result-of reviewing the extensive literature 

about metal erosion by particle impact, it could be concluded 

that, erosion is at least function of particle velocity, 

particle size and shape, particle and target hardness, tempe­

rature, angle of attack and thermal conductivity. However, 
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most attempts to formulate erosion relate it to two main 

parameters, namely angle of attack and impact velocity raised 

to an exponent m. All other variables are lump'ed into constants 

of the erosion system considered. In general, 

(1) 

where, Q is the erosion rate, C is the system constant, S is 

'the angle of attack and V is the particle velocity raised to 

a power,m. 

Table 1 summarizes experimental results obtained by 

various investigators and formulations proposed. 

Although the velocity exponent m is proposed to fall 

between 2 and 3 for an extensive range of particle and target 

combinations, Head and Harr {29} suggested greater than 3 and 

Smel tzer, Gulden and Crompton {3 O} suggested less than 2. 'I'he 

maximum erosion angle, Bmax is usually between 20 0 -40 0 for 

ductile materials and 90° for brittle materials. 

No definitive explanation on temperature dependence 

of erosion has been given. Tilly {44} concluded that erosion 

may increase or decrease with temperature depending on the 

material properties but the extent of the change is small 

in relation to the normal operational range of the alloy. 

Neilson and Gilchrist {45}proposed a linear relationship 

between initial target temperature and weight loss of target 

plate. Ives, et al {35} remarked that the effect of tempe­

rature and environment on erosion is difficult to establish 

because it varies among different alloys. Gat and Tabakoff 

{46} obtained similar results and stated that erosion damage 

may increase or decrease as the temperature increases, 

depending upon the angle at which particles strike the 

material surface and upon the test temperature with respect 

to the thermal properties of material. Wakeman and Tabakoff {3 9} 

stated that the erosion rate as a function of temperature 



TABLE 1- Summary of Experimental Res.ults and Formulations About Erosion 

Year Reference 

49 Stoker {18} 

58 Finnie {19} 

60 

60 

65 

Finnie {20} 

Bitter {2l} 

{22} 

Wood and 

Espenschade 

Particle-Target 

Silicasand-Blackiron 

SiC-Cu,Al, SAEl020 Steel 

SiC-Cu,Al, SAEl020 Steel 

Cast iron-AI 

SiC-AI 

SiC-Cu 

SiC-SAEl055(as received) 

SiC-SAEl055 (fully hardened) 

Silicasand~Cl050 Steel 

Silicasand-Stainless Steel 

Silicasand-Al 

(3max 

20 

17 

m 

2.2-3 

2.0 

Formulation 
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15-20 2.0 Q~M8V (sin2(3-3sin2(3) (3<18.5° p -

15 

12 

13 

25 

50 

20 

20 

20 
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2.0 

2.0 

2.0 

2.0 
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2.0 

2.0 

Q~~os2(3 
24p 
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QC2 
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( 3) 

(4 ) 
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TABLE 1 (Cont'd) 

Year Reference Particle-Targ€t Smax 

66 Sheldon and SiC-Brittle Material 

Finnie {24} 

67 Finnie,et al SiC-C1213 Steel 22 

{17} SiC-CI045 Steel 22 

SiC-AI 18 

SiC-Tool Steel 22 

68 Neilson and A1 20 3 -Al 20 

Gilchirst A1 20 3 -Glass 90 

. {2 5} A1 20
3
-steel 20 

A1 20 3 -Ceramic 90 

68 Sage {26} Sand and Dust-Chromium Steel 

m 

2.28 

2.28 

2.26 

2.35 

2.0 

2.0 

2.0 

2.0 

2.3 

Formulation 

O=kr fl (m' )vf2 (m' ) 
-- p 

(5) 

Q=MV
2 

(BHN) f (S) ( 6) 
24 

o 1/2MV2cos 2 SsinnS + 1/2M (VsinS-K)2 S< S. 
- -0 ¢ E· 

Q 1/2MV2cos43+ 1/2M(VsinS-K)2 S.?:.So 

¢ E 
1T 

for S=S ,S = --
o 0 2n 

2.3 2.3 
Q=V dp (DPH) (8 ) 

(7) 

I-' 
a 



TABLE 1 (Cont'd) 

Year Reference Particle-Target Bmax m 

70 Tilly and Quartz-Ai Alloy 30 2.0-2.3 

Sage {27} Quartz-Mg Alloy 30 2.0-2.3 

Quartz-Co Alloy 30 2.0-2.3 

GJass sphere-Ai 90 2.4-2.4 

70 Brasinikas Coal ash-18/8 Stainless S.35-50 2.3-3.4 

{28} Coal ash-Bright Mild S. 35-50 2.3-3.4 

Coal ash-HS31 35-50 2.3-2.4 

Coal ash-Crown Max 35-50 2.3-3.4 

Coal ash-C242 35-60 2.3-3.4 

Silicasand-SS18/8 37 2.3 

70 H,ead and Silicasand-Al Alloy 30 4.34 

Barr {29} Glassbeads-Al Alloy 45 4.34 

Silicasand-Stainless S. 30 4.34 

Glassbeads-Stainless S. 45 4.34 

Silicasand-Glass plate 90 3.06 

Glassbeads-Glass plate 90 3.06 

Formulation 

Q~-0.45dp-0.13 dp 0.25 d~ 

m>4 at 540 uC 

QDS V lf• 34 S0.lj6 HO.10 £;,0.21 

R 2·34 B 2.48 

n V3• 06 &.68 H 2.lJ8 £;, 0.03 
"BS 

B 3·64 

(9 ) 

(10 ) 

I-' 
I-' 



Year 

70 

72 

72 

74 

Reference 

Smeltzer, 

et al {30} 

Finnie {3l} 

Sheldon and 

Kanhere {32} 

Grant and 

TABLE 1 

Particle-Target 

Silicasand-Al Alloy 

A1203-Al Alloy 

Silicasand-Stainless S. 

A1203-Stainless S. 

SiC-AI, Cu, Steel 

Glass-AI 

Tabakoff {33} A1203,Si02-2024 Al 

(Cont'd) 

8max 

38 

32 

38 

30 

13 

m 

0-1.64 

0-1.22 

0-1.14 

0-1.14 

'2.4 

2.36-3.0 

2.4 

20-90 2.8-4.0 

Formulation 

Q=Cf(8)i . (11) 

, 

QDS=f (8, S1p ' V,dp ' as , Tg'.FI: F2 , F 3' 

F
4

,F'
S

,F
6

) (12) 

Q =d 3 V 3 (p ) 3{2 /H 3{2 
P P v 

Q=:£<l f' (BJ v 2cos 2 8 {l-R~} +·f (V n) 

RT=1-0~0016VsinB 

f' (8) =1+CK(K12sin2B
o

)2 

f (Vn ) =K3 (VsinB)4 

(13) 

(14) 

I-' 
N 



Year 

75 

·77 

77 

79 

79 

Reference 

Frass {34} 

Ives,et al 

{35} 

Young and 

Ruff {36} 

Tabakoff, 

et al {37} 

Haji and 

Sheldon {38} 

TABLE 1 (Cont'd) 

Particle-Target Smax 

Silicaflour-CI050 Steel 35 

SiC,Si0 2 ,A1 20 3 

Stainless S., Nickel 20 

A1203-304 Steel 20 

10 

Coal ash-2024Al, 

304SS,6Al-4V-Ti 20 

Steel particles-AI 

m 

2.-3. 

2.9 (25 C) 

(500 C) 

2.0 

2.0-2.7 

Formulation 

Eq.14 with 

f '. (13) = {I +CK {K12sin (90/So )S} } 2 (15 ) 

I-' 
w 



TABLE 1 (Cont'd) 

Year Reference Particle-Target 

79 

79 

Wakeman and 

Tabakoff {39} 

Raask {40} 

Quartz sand-Ti6-4 

INCO 718 

Quartz-Mild Steel 

79 Tabakoff,et al Coal ash, quartz san 

80 

80 

{41} 

Raj and 

Moskowitz {42} 

304SS, 

RENE41 

Ti6-4, 

INC0718. 

Alumina powder-Nichrome 

V-Cb 

Kotwal and Four types fly ash-SS304 

Tabakoff {43} RENE41 

INC0718 

Bmax 

30-35 

36 

25 

30 

30 

35 

m 

2.5 

30-60 3.57 

30-60 3.57 

Formulation 

Q =CW V2• S 

-w P 

m n 
Q=tjJ E E TtJ. (£'.. w.) 

'.. 1 . 1 1 1J J' 
1:: J = 

..... , 

(16 ) 

(17) 

I--' 
01:>0 
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is relati ve-ly constant for each materia-l up to a temperature, 

which is unique to the material, beyond which it increases 

. rapidly. A rather more detailed explanation about temperature 

dependence of erosion was given later by Gat and Tabakoff {47}. 

Briefly, as temperature increases metal resistanc~ to erosion 

may increase or decrease, but at the homologous temperature 

(the actual temperature of material divided by its melting 

temperature) above 0.5; in general, decreasing resistance 

to erosion is dominant. 

Concerning the effect of concentration on erosion 

Wood and Espenschade {23} noted that the relationship between 

concentration of dust in the airstream and the erosion ~ss 

is not a linear one, the average erosion loss per impact being 

greater at low dust concentrations than at the higher concen­

trations. However, Newhart{48} stated that the total erosion 

is indepenedent of dust concetration within realistic limits, 

and is a direct function of the total weight ingested of any 

given particle size for a given gas turbine. 

Sheldon {49} showed that the material initial hardness 

had an effect on erosion and that the fully work hardened 

target hardness should be considered rather than the annealed 

hardness of the surface. He postulated that erosion work 

hardened the surface-to a very high degree and that the depth 

of cut by each impact would progressively decrease as erosion 

progressed and finally reach a steady state. Therefore, work 

hardening and annealing properties of the material should be 

considered. It may be possible that some materials reach high 

surface hardness after erosion and at high temperatures 

annealing may occur and increase erosion. 
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I I I. ANALYSIS 

The present analy~is is carried out in three main 

i. Calculation of the gas flow through the stator and 

the rotor blade passages of the given mUltistage 

turbine. 

ii. Calculation of particle trajectories in the blade 

passages and determination of particle impacts 

with blade surfaces 

iii. Calculation of the erosion rates caused by impacting 

particles 

In the following, each step is discussed in some detail. 

3.1. CALCULATION OF GAS FLOW 

The solution for the gas flow in the blade passages is 

obtained from the computer program TSONIC developed by 

Katsanis {2}. The input description for this program is given in 

Appendix A. The solution method is based on the following 

assumptions; 

1. The flow is steady relative to the blade 

2. The fluid is a perfect gas with zero viscosity 
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3. The flow is isentropic and free of vortices 

4. The velocity component normal to the blade to blade 

surface is zero. 

5. The stagnation temperature is uniform across the 

. inlet 

6. The velocity magnitude and direction are uniform 

7. The flow is essentially subsonic with only locally 

supersonic spots. 

If the flow is transonic, the solution is obtained in 

two stages; (1) the,weight flow is reduced sufficiently so the 

flow is completely sub~onib ~hroughout the passage and a 

solution is obtained to the stream function· equation based on 

this reduced weight flOw, and (2) the velocity distribution 

is determined based on the actual weight f~ow 'by means of a 

velocity gradient method. 

The calculated velocities and densities at the grid 

points of the finite difference mesh used are stored for 

subsequent use in the trajectory calculations. 

3.2 CALCULATION OF PARTICLE TRAJECTORIES 

For particle trajectory calculations the computer 

program TPART developed by Menglitlirk and Sverdrup {I} is used 

with some modifications. 

The equations of motion of particle moving in the gas 

stream are {I} 

x::: G n-\T -:{) 
x 

e~~(W6-r0)-2f(e+W) 
r r 

r=G (w -r) +r (e+w)2 
r 

(18 ) 
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where, 
(19 ) 

(20) 

and d Iv -v I Re _P g p g P 
llg 

(21) 

The moving coordinate system with respect to which these 

equat'ions are written is illustrated in Figure 2. In the above 

x denotes the axial coordinate, e the tangential distance in 

radians measured from the blade leading edge, r the radial 

coordinate, W 'We and Ware the components of the gas x r 
velocity along the respective coordinates. In addition, Vg 

denotes gas viscocity, d p particle diameter, Re particle 

Reynolds number, Pp particle d~nsi ty, Pg gas density, V g 
~ -

absolu-te gas velocity vector and Vp absolute particle velocity 

vector. CD is the drag coefficient for a spherical particle 

and equal to 24/Re for stokes flow. For large Re, experimental 

correlations obtained by Morsi and Alexander {ll}are used. 

The main modifications made in the TPART program are 

as follows; 

i. Menglitlirk and Sverdrup {l} solved Eqs. (18) by using 

a numerical method based on a finite difference integration 

technique. This technique utilizes the HAMMNG predictor 

correct~.r algorithm which is essentially a fourth-order Runge­

Kutta scheme. However, -the highly time consuming nature of 

the HAfl1MNG method makes it difficult to solve equations of 

moti6n ~conomically. Therefore, this method has been replaced 

. ~ .. ,., .. 
. "'. 
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z 

p(x,r, 9)= P(X,V,Z} 

Y4r--~----~--~----------~ 

FIGURE 2 - The coordinate system for the particle motion 

in an axial turbomachine 

x 
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'by the more economical PES (piecewise exact solution) method 

.developed by Me.nglitlirk and Gline§i.J 3l .. The PES method of 

i~tegr~tion see~~ exact solution ~oari appr6ximate form of 

the governing equation set in small time intervals. In a 

given time interval Eqs. (18) may be linearized and uncoupled 

as follows 

-c - 2 
(22) 

where the subscripts (n-l) and (n) refer, respectively, to the 

initial and final points of the nlth integration st~p and 

Al = Gn - l 
2r 

A2 = (G+-) 1 r n-
• 2 

Bl = - (8 n-l+w ) 

c3 =(GW) 1 x n-

(23) 

The exact solution to Eqs (22) in the current time 

interval, 

given by 

i.e. the piecewise exact solution to Eqs (18), is 

C 
r = Kl eml~t+K2em2~t + B~ 

c2 
8 - K -A2~ t + K + - ~t 

- 3e 4 A2 
(24) 

-A ~t C3 
x = KSe 1 + K6+ Al ~t 



wher.e, -"-Ai ±/].\f -4Bl 

2 

. Cl 
rn-l-rn_lmt B"m2 

1 
Kl = -------=--

(25) 

and l'>tn = tn - t n - l represents the current time interval. 

In order to advance in~egration a step further, the 

solution at l'>t = l'>t is used as initial condition for the 
n 

next step. 
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ii. Particle impact-rebound data is changed. Menglitlirk 

andS'~erdrup {I} used Hussein's{50} experimental i~pact rebound 

correlations for poppy seeds and corn cups impacting stainless 

steel. I~ the present study the following correlations ~ecently 



presented by'Tabakoff and Hamed{51} for erosive quartz and 

aluminia particle~ impacting stainless ~teel, ti~anium and 

aluminium alloys at high speeds are used, Figure (3). 

Vn2 V- =1.0"-0.41598 81 - 0 .499481
2 + 0.2928 3 

, nl . 1 

Vt2 
V-=1.0- 2. 12 81 + 3.077581-1.181 
tl 

(26) 

iii. The capability of the TPART program is extended 

to the calculation of particle trajectories in successive 

turbine stages. The old version of the program calculated trajec­

tories only for a single. stage. In a given stage this program 

assigns nine uniformly distributed t~ngential positions at 

the rotor inlet to each particle traversing the preceding 

stator passage. This is done to account for the relative 

rotation between the stator and the rotor blades. It is 

argued that, due to rotation, any circumferential position 

has equal probability at,the rotor inlet provided that 

sufficiently long time is allowed. Therefore, with respect 

to a multistage application the number of particle trajec­

tories to be calculated would increase exponentially with 

the successive number of stages. For example, 10 particles 

entering the first stage stator would produce 90 trajectories 

in the first stage rotor, 810 trajectories in the second 

stage stator, 7290 trajectories in the second stage rotor 

and so on. Instead of this, the new version of the TPART 

program handles 100 particles with some given distribution 

at the first stage stato~ At rotor entry a random tangential 

position is assigned to each particle, since at the entry 

tangential position of particles is statistically random. The 

same ,procedure is repeated for the other stages in the same 

manner. This random entry assignment is performed by the 
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random number generator subprogram (RANDP) available on the 

existing computer system. 
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The TPART program uses the gas flow solutions given by 

the TSONIC program and calculates particle trajectories 

through a turbine stage. The blade surface impact data (i.e. 

impact location, impact velocity and angle) are stored for 

use in erosion calculations. The ,particle exit conditions 

are also stored to generate the inlet conaitions for the next 

stage. 

The input description of the TPART program is given 

in Appendix B. 

3.3 CALCULATION OF EROSION RATES 

A computer program TPER is developed to calculate blade 

erosion rates based on the impact data obtained by the TPART 

program. The input description of TPER program is g~ven in 

Appendix C. 

Separation of the erosion calculation routines from 

the TPART program allows erosion predictions to be obtained 

for as many different blade materials as desired (provided, 

of course, basic experimental data concerning erosion resis­

tance of these materials is available) without having to 

repeat the costly trajectory calculations. 

In the applications considered in the present study 

(see Chapter 4) erosion rates for four different materials 

have been obtained. The first two materials are some 

hypothetical blade alloys the erosion resistances of which 

are assumed to be represented by the following semiempiric"al 

erosion model suggested by Menglitlirk and Sverdrup{l}. 
. ". ~;..; .. 
, " , 
Q=KI(VCOs~)mSin nS+K 2 (VsinS)m 

, , 
Q=K

I 
(VcosS)m+K

2 
(VsinS)m 

(27) 

n=1T/2S o 
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where the first part of both equations. represents the ductile 

mode (Figure 1) and the second the brittle mode. An approximate 

velocity exponent of 2.5 was assumed. Table 2 shows the erosion 

coefficients Ki' K2 and the reference angle So' These parameters 

have been obtained based on experimental data given for silicon 

carbide particles eroding a nickel cobalt alloy with 99 per cent 

(Ni±Co) by assuming that SiC particles are'approximately 

25 times as erosive as coal ash particles eroding typical blade 

alloys. To investigate the effect of ductile/brittle nature 

of the blade material two cases have been. considered having 

maximum erosion angles of 20 and 90 degrees (Table 2) with 

constant maximum erosion rate. 

Smax 

degrees 

20 

90 

Table 2 - Erosion Coefficients Estimated for Coal Ash 

Particles Eroding Ty~ical Blade Material for 

Two Different Haximum Erosion Angles {I} 

Erosion Coefficients m3/kg 
2 5 

So 
(m/sec) 

, , 
degrees Kl K2 

22.7 6.51xlO.,..14 1. 87xlO-14 

90 0 5.60xlO-14 

Owing to its complexity the erosion phenomenon is very 

little understood. The semi-empirical erosion model of 

MengUtlirk and Sverdrup {I} simplifies this phenomenon by 

lumping the effects of all material and environmental 

parame~ers which are, as yet impossible to generalize, into 

the coefficients K1, K2 and m. Therefore, its appl~Cqbility 

is limited to a short range of operational conditions (to a 

single stage at the best). Although it is possible to elimi­

nate this drawback by changing model cOefficients in short 
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intervals on the basis of experimental r~sults covering a 

·range of ambient conditions, this approach would be cumbersome. 

If such experimental data is available, it would be more 

practical and even more accurate to utilize the given data 

directly by interpolation. The remaining two materials 

considered in .the present study illustrate. the interpolation 

approach. These materials are stainless steel 304 and Rene 41. 

The experimental results for a range of impact velocities and 

temperatures for these materials were obtained by Tabakoff, et 

al {4l}, {521 These four models are illustrated ·in figures Dl 

through D4 in Appendix D. 
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IV, RESULTS AND DISCUSSIONS 

The multistage turbine erosion program package 

developed in this study was applied to a four stage electric 

utility gas turbine rated to -drive a 65 MW generator. The 

first stage stator~nd rotor blade erosion rates of the 

same turbine calculated by the single-stage erosion program 

were previously reported by Menglitlirk and Sverdrup. fl}. 

Figures 4 through 11 show typical midspan trajectories 

of 3 ~m and 12 ~m coal ash particles (density 2.5gm/cc) 

through the 'four stages (i.e. eight blade rows) of turbine. 

By virtue of their low inertia, the 3 ~m particles can 

follow the gas stream closely, and most of them avoid 

collision with the blade surfaces. On the other hand, it is 

noted tha~ the 12 ~m particles exhibit conside~able deviation 

from the gas flow and are involved in frequent impactions 

with the blades~ usually on the pressure surfaces except 

near the leading edges. 

Capture efficiency is defined as the ratio of the 

amount of particles impacting the blade to the total amount 

entering the passage. Figure 12 shows the stator and rotor 

blade capture efficencies for all the stages as a function 

of.particle diameter. In the size range considered, 3-12 ~m, 

the capture efficiencies generally increase with the particle 

diameter, except in the final row. The capture efficiency 

of the fourth stage rotor blades starts to decrease for 

particles larger than 10 ~m which, due to their accumulated 

deviations in the preceding rows, are directed at. decreasing 
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angles of attack to the blade surfaces. 

Some general features of the particle motion through 

the blade passages can be tied in with the following nondimen­

sional parameters, the blade average stokes number, 

st avg 
P d 2 V P P avg 

l-lb g 

where V is the average gas velocity in avg 

the passage and b the blade chord, the angle through which 

the flow is turned, ex , . the number of blades in. the given row, 

N, and the deviation of particles from the gas flow at the 

passage inlet that may be expressed by the angle o=S -S 
. p g 

where Sp and Sg denote particle deviation in a given 

blade passage increases with all these parameters (except 

perhaps the ~nlet particle deviation which might sometimes 

reduce the capture efficiency as in the fourth stage rotor 

discussed above). The fact that the stokes number is 

proportional to the square of particle diameter is the 

explanation for the strong diameter dependence observed in 

Figures 4 through 12. The first stage rotor has the maximum 

capture efficiency, because the velocities, the turning angle 

and the number of blades are relatively large in this row 

and the blades are relatively small. 

The above generalization carries important design 

implications. An erosion resistant turbine should incorporate 

the following'design features. The annulus area should be 

large so that the throughflow velocities are low. To decrease 

stage loadings (turning angles), the number of stages should 

be increased and work should be uniformly distributed between 

stages. The blade chQrds should be large and the number of 

blades in each row should be minimized. 

,The main parameters that affect local erosion rates 

are the particle impact velocity and angle. Figures 13 through 

20 show particle impact velocities and angles as a function 

of the axial distance from the leading edge of each blade. 
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It is observed that particles collide the leading edge of 

the blade with an angle ,close to 90 degrees. On the other 

hand, particle collision~ with the t~ailing edge occur at 

smaller angles and larger velocities~ 
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Before presenting the erosion results it is worthwhile 

to critically review the basic, erosion .models used in the 

calculations. 

It should be remembered that the erosion responses 

of two of the materials were calculated from Eqs. (27) 

with the model coefficents (see Table 2) deduced"from a set 

of constant temperature experimental data for silicon carbide 

particles eroding a nickel-cobalt alloy based on the rough 

estimate that silicon carbide particles are 25 times as 

erosive as co~l ash particles eroding "typical" blade 

materials. Therefore, it is highly questionable whether these 

models can represent the behavior of some real blade materials 

to an acceptable accuracy and it is clear that they do not 

reflect the effect of temperature variations through the turbine. 

The reason for including these cases in the present study, as 

well, is to establish a basis of comparision between a ductile 

material and a brittle material that have similar maximum 

erosion levels but different angular responses. 

Accurate assesment of multistage turbine erosion is 

dependent on the availability of basic erosion data for the 

specific blade material used and in the complete operational 

range of temperatures and velocities. In this respect, the 

interpolative models used to describe the erosion behavior 

of 304 stainless steel and Rene 41 are more realistic. These 

models were based on the basic erosion data obtained by 

Tabakoff et al {41},{52} in their high temperature material 

erosion facility at the University of Cincinati.Nevertheless, 

these data (shown in Figures D3 and D4) cover temperatures 

up to 649 ~ and velocities up to 305 mls which are low in 

comparision to the maximum temperatu~es_of about I0820C and the 
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maximum velocities of about 657 m/s encountered in our hitbine.'In, 

the present application, erosion rates at velocities above 

the experimental range were estimated by extrapolation. 

However, for temperatures above the experimental range the 

erosion data obtained at the maximum experimental temperature 

(649°C) was assumed, because it was felt that the erosion 

response could drastically change near the melting temperatures 

of the materials that extrapolation would be misleading. 

Figures 21 through 28 illustrate the total erosion 

damage per blade as a function of particle size. The total 

erosion damages per blade caused by 3,6,9 and 12 urn particles 

are also illustrated in Figu'res 29 through 32 as a function 

of the stage number. The axis on the left (E) gives the 

total damage per blade in terms of the volume of material 

(m3 ) removed per kilogram of particles entering the turbine., 

The axis on the right (E~)' indicates the mate~ial volume (m3 ) 

removed from each blade in a given row in 10,000 hours of 

continous operation for a reference turbine inlet concentration 

of 0,00023 gm/m3 standard (0,0001 grain/ft3 standard). It is 

noted that stator and rotor blade total erosion rates exhibit 

different trends .. As we go cbwnstream, the total damage per 

blad~ generally increases for the stationary rows but decreases 

for the rotating rows. It is interesting that damage inflicted 

on 304 stainless steel and Rene 41 is very similar in both 

trend and magnitude. Comparision between the "hypothetical" 

materials with 20° and 90° maximum erosion angles shows 

that ductile materials as blade material are much more 

susceptible to erosion damage than brittle materials of 

comparable basic erosion resistance. This is mainly because 

in the particle diameter range considered most particle-blade 

impacts occur at small angles to which brittle materials 

are inherently resistant. It is also interesting to note that 

the ductile material erosion calculated by the semiempirical 

erosi~n model is considerably lower than the 304 stainless 
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steel and Rene 41 erosion calculated by the interpolative 

model, for all particle diameters considered (3-12~m). 

60 

Figure 33 'summarizes the effect of particle size on the 

total erosion rates of 304 stainless steel. As expected, 

damage increases greatly with increasing particle diameter. 

For long blade life, large particles must be effectively 

removed from the gas. Another point of interest in these 

curves is that the total damage on the first stage stator 

and the second and forth stage rotor blades is considerably 

lower than in the remaining rows. 

Figures 34 through 37 shows the predicted material 

recession rates due to erosion of 304 stainless steel 

blades as a function of the axial distance measured from 

the blade leading edge of each row. These results are given 

for four particle diameters (3,6,9 and 12 ~m) in millimeters 

of material recession after 10,000 hours of operation with a 

reference inlet particle loading 0,00023 gm/m3 standard 

(0,0001 grain/ft3 standard). It is noted that' the recession 

rate curves are quite sensitive to particle diameter and 

display considerable trend and magnitude variations between 

blade rows. These curves are usually characterized by two 

notable peaks which occur near the leading and trailing edges 

the exact locations depending upon the diameter of particles 

and the blade row under consideration. The trailing edge 

recession rates are usually.larqer than the leading edge 

recession rates for the larger particles (9~m and 12~m), but 

the reverse is usually true for the smaller particles (3 ~m 

and 6 ~m). 

As an example to the blade erosion pattern of a typical 

brittle material, Figures 38 through 41 show the recession 

rates calculated for the case with Smax= 90 0
• Here, the 

leading edges exposed to particle impacts at relatively large 

angles erode at much faster rates than the trailing edges, in 

general. 

Figure 42 shows the leading edge'and trailing edge 

recession rates of 304 stainless steel as a function of 
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FIGURE 34 
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Metal recession rates for 304 stainless steel 

(first stage) as a function of axial position 



FIGURE 35 - Metal recession rates for 304 stainless steel 

(second stage) as a function of axial position 
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FIGURE 39 - Metal recession rates for brittle material 

8 =90 0 (second stage) as a function of axial 
max 

position 
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particle diameter. It appears from these results that the 

useful life of the machine will be dictated by the thinning 

of the first stage rotor trailing edge. In addition, the 

trailing edge regions of the second stage stator and rotor 

blades and the third stage stator blades and the leading 

edge regions of the second stage rotor blades are subject to 

high erosion rates. 

Figure 43 illustrates the leading edge and trailing 

edge recession rates of the brittle material with B =9~. max 



E 
E . 
1/1 
L.-a 
.c 
0 
0 
0 
0 -c: 

c: 
0 
1/1 
III 
ClJ 
u 
ClJ 
0:: 

"0 -ClJ 
~ 

0.12 

0.09 

0.06 

0.03 

0.0 

0.05 

0.04 

0.03 

0.02 

0.01 

STATOR 
Leading edge 

ROTOR 
Leading edge 

2ND 

4 TH 

3RD 

1ST 

3RD 

1ST 

4 TH 

2ND 

0.015r----,---r--,----,-----. 

0.012 

O. 

0.003 

0.0 

0.12 

0.09 

o.ob 

0.03 

STATOR 
Trailing edge 

ROTOR 
Trailing edge 

3RD 

1ST 

2ND 

particle diameter .dp • microns 

72 

FIGURE 43· - Maximum metal recession rates as a function 

of particle size for brittle material, B =90 0 
max 



73 

V, CONCLUSIONS AND RECOMMENDATIONS 

1. A computer program package has been developed to 

calculate the blade erosion damage ina multistage 

turbine resulting from the particulate matter contained 

in the hot expansion gases 

2. The following conclusions have been obtained from the 
, -

application of this program package to a modern multi-

stage gas turbine. 

a. Erosion damage primarily occurs at the leading and 

trailing edges of the blades and is usually confined 

to the pressure surfaces 

b. Erosion damage has been noted to generally increase 

with increasing particle diameter and density"flow 

turning, gas velocity, and number of blades in a 

row and with decreasing blade size. 

c. The useful life of the machine will be dictated by the 

thinning of the first stage rotor trailing edge. In 

addition, the trailing edge regions of the second 

stage stator and rotor blades and the third stage 

stator blades and the leading edge regions of the 

second stage rotor blades are subject to high erosion 

rates. Erosion of this turbine may be controlled by 

armoring these high erosion points with field-replaceable: 

erosion shields or by hard facing. Erosion life of 

a blade may als~ be increased by increasing the 

trailing edge thickness. 
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d. Ductile materials as blade material are much more 

susceptible to erosion damage than brittle materials 

of comparable basic erosion resistance. Use of brittle 

materials (e.g. cer~mic blade) appears to be a 

promising solution to the blade erosion problem. 

Erosion of blades made of a brittle material tends 

to peak around the leading ed~es. Hard facing or 

shielding of these areas may prove to be necessary. 

3. The models used to simulate,;, the gas particle flow need 

improvement in the following areas 

a. The present gas flow model is 2-D and does not 

describe the flow in those stages having small hub-to­

tip radius ratios accurately. A 3-D flow solution is 

require,d. 

b. It is known that blade and end-wall boundary layers 

and secondary flows have important effects on the 

motions of small particles and the 'resulting erosion 

damage. For reliable assessment of turbine erosion 

these effects should be taken into account. 

c. Accurate assesment of multistage turbine erosion is 

dependent on the availability of basic erosion data 

for the specific blade material used and in the 

complete range of temperatures and velocities typical 

of modern high-temperature gas turbines. Experimental 

studies to obtain such data should be encouraged. 
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APPENDIX A 

TSONIC PROGRAM INPUT DESCRIPTION 

A' description of input variables of the TSONIC 

program used for gas flow solution are given below: 

GAM 

AR 

TIP 

RHOIP 

WTFL 

OMEGA 

ORF 

BETAI 

BETAO 

CHORDF 

STGRF 

REDFAC 

DENTOL 

specific heat ratio, C /C 
p v 

gas constant, J/(kg) (K) 

inlet stagnation temperature, K 

inlet stagnation density, kg/n0 

mass flow rate per blade, kg/sec 

rotational speed, rad/sec 

overrelaxation factor, 

ORF=O, program calculates optimum ORF 

1<ORF<2, ORF calculated by program is used for 

subsequent runs using the same mesh spacing 

inlet flow angle, deg 

outlet flow angle, deq 

axial length of blade,m 

distance between leading and trailing edge circles, 

rad. 
weight flow reduction factor to assure subsonic 

flow, 0.5 < R~DFAC < 0.9 

d~nsity change tolerance per iteration 

DENTOL O.OOl(high) , 0.01 (medium) , 0.1 (loose tolerance) 
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CUTOFF percent of axial blade length were extrapolation. 

of surface velocities start. 

MBl number of vertical mesh lines up to leading edge 

MBO number of vertical mesh lines up to trailing edge 

~~ total number of vertical mesh lines, MM<lOO 

NBBl number of horizontal mesh lines, NBBl<50 

NBL number of blades 

NRSP number of MR, R~SP, and BESP coordinates, NRSP<50 

Rll,2 leading edge radius(l for upper, 2 for lower surface) ,m 

ROl,2 trailing edge radius (1 for Upper, 2 for lower surface), m 

BETll,2 true angle at tangent points of leading edge radius 

with blade surface, deg 

BETOl,2 true angle at tangent points of trailing edge radius 

with blade surface, deg 

SPLNO~,2 number of MSPl,2 and THSPl,2 coordinates 

MSPl,2 meridional blade coordinate,m 

THSPl,2 tange~tial blade coordinate, rad. 

MR meridional channel coordinate,m 

RMSP radial mid-channel coordinate, m 

BESP stream channel thickness,m 

BLDAT 

AANDK 

ERSOR 

STRFN 

SLCRD 

lNTVL 

SURVL 

lCONT 

NLAST 

JFLOW 

JOUT· 

lPLOT 

Control variables 

=1, print geometrical information 

=0 

=0 

=1, 

=1, 

=1, 

=1, 

=1 

=0 

print 

print 

print 

print 

stream function values 

streamline coordinates 

interior flow data 

surface flow data 

=1, subsonic and 2, transonic 

=1, print and 2, store on disc unit 

=0 
TSO~lC program stores the gas solution necessary for 

TPART program on unit 18(with JOUT 2) 



Card 1 

Card 2 

Card 3 

Card 4 

Card 4 

APPENDIX B 

TPART PROGRAM INPUT DESCRIPTION 

All formats are free. 

Title 

DPART, RHOP 

DPART particle diameter, microns 

RHOP particle density, gm/cm3 

NSTAGE, NPAR, DSR (1), DSR(2), SSK, IDIST, PERCNT 

NSTAGE: Stage number of current run 

NPAR number of particles to be studied 

SSK scale factor, usually 1 

PERCNT: Capture zone, percent of pitch for full 

pitch run PERCNT=lOO. 

IDIST first stage stator particle distribution 

0, no given distribution(usually) 

1, some given distribution 

DSR gap size between blades, ft 

(for first stage IDIST=O) 

XRE, ZRE, VPARRE, BETPRE, ALPPRE 

XRE Partical starting position in stator, 

x-direction, ft 

ZRE Partical starting pasition in stator, 

e···direction, ft 

VPARRE: Partical starting velocity (ft/sec) 

BETPRE: 0 (usually) 

ALPPRE: 0 (usually) 

(for first stage IDIST=l) 

the above quanti ties for each particle ent'ering. 
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Card 4 (for other stages) and Card 5 :(for first stage) 

IPPRINT, INP 

79 

IPPRINT : 1, particle integration history printed. 

0, no print 

INP 1, passage gas properties printed. 

0, no print. 

TPART program reads stator and rotor data stored by 

TSONIC program on units 21 and 23 r.espectively. During 

calculations stores data necessary on unit 23 and 24 

temporarily. TPART program also reads proceding stage exit 

data from unit 25 (except for first stage) and stores 

current stage exit data on unit 26. TPART program stores 

impact data on unit 27. 
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APPENDIX C 

TPER PROGRAM INPUT DESCRIPTION 

All formats are free. 

Card 1 Title 

Card 2· NDEP 

NDEP : number of impacts of each particle considered 

Card 3 . «TESURS (I,J), I=1,2), J=1,9) 

Card 4 

TESURS : stator blade surface temperature distribution 

I=1,2 denotes upper and lower surface? respectively~ 

J=1,9 denotes number of data readed for each surface 

«TESURR (I,Jr, I=1,2) ,J=1,9) 

TESURR : rotor blade surface temperature distribution 

I and J as explained above. 

TPER program reads impact data stored by TPART program 

on unit 28. 
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EROSION MODELS USED· 
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FIGURE D-I - Erosion volume paremeter as a function of 
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APPENDIX E 

TURBINE OPERATIONAL AND GEOMETRIC DATA 



No. of Stator Vanes 

1st and 2nd Stage-48 

3rd and 4th Stage-64 

680 Ib/sec ~ 

I~ 

30 11 

No. of Rotor Blades 

1st Stage-95 

2ndStage-91 

3rd Stage-55 

4th Stage-51 830°F 
1.1 Atm 

32 11 ___ ~·--"o.~1 
44" 

'1;_" 24.9 11 

FIGURE E-l - Turbine geometrical and operational data 

co 
-....J 



v u w 
Absolute Blade Relative 

LOCATION Velocity mls Velocity mls Velocity mls 

Enter Rotor 1 597.3 312.7 371.1· 

Leave Rotor 1 281.4 311.5 474.3 

Enter Rotor 2 509.5 315.2 308.1 

Leave Rotor 2 275.8 318.5 457.9 

Enter Rotor 3 426.9 323.7 261.3 

Leave Rotor 3 251.2 326.7 465.2 

Enter Rotor 4 458.3 336.5 280.3 

Leave Rotor 4 337.1 366.5 

Entering Rotor 

u 

Leaving Rota,. 

u 

FIGURE E-2 - Velocity triangles on mid-span stream surface 

(3 
Angle Relative 
to Rotor Blade 

47.87 

57.3 

27.5 

53.5 

5.9 

54.9 

8.7 

50.· 

a 
Angle Relativl 
stator Blade· 

66.7 

15.5 

61.2 

14. 

53.4 

14.1 

54.4 

co 
co 
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