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ABSTRACT

This thesis-presénts a computer péckagé developed to
calculate the blade erosion rates in multistage turbines
that use particle-laden hot expansion gases..This package
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 package4
allows erosion predictions to be obtained either based on
~ the semiempirical erosion formula presented earlier or by
using an improved model which relies upbn 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 coﬁfined to pfessure 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 and thir
stage stator blades may also be expoSed to critical exosion
damage. The useful life of the machine appears to be dictated
by the thinning of the first‘étage 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 éontrolling blade erosion and some
general guidelines for the design of an erosion resistant

turbine are indicated.
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OZET

Bu tezde parga01k yiklil sicak gaz kullanan ¢ok
kademeli turbinlerde meydana gelen kanat erozyon hizlarini
hesaplamak igin gellgtlrllen bir bilgisayar paketi sunulmak-
fadir. Bu paket daha Once sunulan tek kademeli erozyon progra-
minin bir uzantisi olarak geligtirilmistir. Yeni pakette
her kademenin gaz ve parcacik akislari hesaplanmaktadar.
Verilen bir kademenin ¢ikisinda hesaplanan parcacik &zellik-
leri bir sonraki kademenin-girisindeki parcacik O6zelliklerini
‘elde etmek icin istatistiki bir iglemden gégirilmekte ve
bdylelikle parcacik ydriinge ve kanat erozyon hesaplari bir
tek tlrbin kadémesinden.éteye gétﬁrﬁlebilmektedir. Erozyon
hesabi daha ®nce sunulan yari ampirik erozyon formiilil ile
veya mevéut deneysel datanan doérudan interpolasyonu ile
daha hassas bir bigimde vapilabilmektedir.

Bu bilgisayar paketlnln elektrik uretlmlnde kullanllan
dort kademeli bir gaz tlirbinine uygulanmasi sunulmaktadair.
Sonuglardan erozyon hasarinin 6zellikle kanatlarin hucum ve
firar kenarlarinda olustudu ve genellikle basing ylizeylerine
‘tesir ettigi anlagalmaktadir. Daha Onceki caligsmalarin gds-
terdigi gibi birinci kédemé rotor kanatlarinin asira bir
erozyona maruz kaldigi gdzlenmis, ancak ilaveten ikinci kademe
rbto; ve ikinci, lglincli kademe stator kanatlaranda da kritik
erozyon hasari oldudu saptanmigtir. Turbinin faydali &mriiniin
birinci kademe rotor kanatlarinin firar kenariarlndaki inceleme
ile 51n1rland1§1 sonucuna varilmis fakat diger yliksek erozyon
bdlgelerinin de etkin bir etkin bir bigimde'korunma51 geregi
ortaya glkmlgtlr,vgénat erozybnu kontrolu ve erozyona dayanik-

11 bir tiirbin tasarimi hususlarinda tavsiyeler belirtilmigtir.
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I, INTRDDUCTIQN |

The escalating‘doSt of petroleum together with the
uncertanities in its availability has directed attention to
coal as an alternative source of energy for future power
‘plants. o

'In order for coal to widely substitute petroleumr
more efficient and nonpolluting ways of obtaining power
~ from coal mﬁst be found than the traditional system of
burning pulverized coal in steam turbine plants. In this
regard - pressurized fluidized~bed combustion and low BTU
coal gasification processes are under consideration for use
*in combined-cycle plants.where part of the power will be
generated by rassing the combusted coal gas through a gas
turbine. : A

One of the problems  associated with this scheme is
that the particulate matter contained in the hot expansion
gas is likely to cause turbine blade erosion. Unless thergas
is adequately filtered, significant amounts of particles
ranging in size from lto 10 ym can still pass through and
eénter 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 particle filters are very

expensive and therefore, it is desirable to know in advance



how much filtration is required for economical plant
operation. It is also desirable to achieve further-reduction
in filtration costs by taking special désign precautions to
ruggedize turbines against particle erosion.

-Ability to theortically calculéte 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 Mengiitiirk and Sverdrup {1}. The computer model
developed by them enables calculatioﬁ of ergsion 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 comprehénsive 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 51ngle stage, and extend
its applicability to a multistage turbine.

For this purpose, the existing program TPART was 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 desianed 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 Sfage. This procedure
enables trajectory calculations to be advanced beybnd a
siﬁgle turbine stage and represents thermajor extension to the
single stage capability of the origind_TPART program. Moreover,
the numerlcal integration procedure used is replaced by a
"p1ecew1se exact solution" (PES) technique (Menglitiirk and
Glineg -{3}) that increases the speed of calculations considerably
and the erosion calculation routines originally built in the

program are removed and recomplied in a separate auxiliary



pfogram TPER. The TPER program accepté impact data calculated

" and stored by‘TPARTvprograﬁ and calculates erosion damage

basedcnlanydesirederésion data.Theseimbdifications allow

erosion prediction to be obtained for different blade materials

without havihg to repeat the costly trajectory calculations.
The model described above was used to predict blade

erosion of a 65 MA four stage electric utiliy gas turbine.



11, BACKGROUND

Theorgtical 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. Wlth experlmental data concerning
erosion resistance of the blade materlal 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 partiqle 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 t;ajectories
of particles experiencing unsteady two-dimensional motion
were deseribed by Holland-Batt {7}. Tabakoff and Hussein.{8.9}
investigated particle traﬁectories and effect of particle
coﬁégﬁtration, mean diameter and material density on flow
bfoperties by using an experimental cascade. Hussein and
Tabakoff {10} presented a computer model to calculate tra-
jectories of solid particles in turbine and compressor blade
paséages. A theoretical analysis was'also described by Morsi

and Alexander {11} to determine particle trajectories around



isolated symmetrical and cambered airfoils.

Ulke and Rouleau {12} stﬁdied-the_effect of secondafy
flows on the motiQns of particles ih 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 cascades of airfoils Dring, et al {13} calculated location,
’velobity,.énd éﬂéle of particle impacts on turbine blades.
Results were compared with experimentally determined tréjec¥
tories. , ’

Using a computer model, similar in scope ‘to that of
Menglitlirk and Sverdrup {1}, Lordiand Singh {14} - calculated
- particle trajectories in'blade passages.

Flow visualization techniques were developed by Suo,
et al {15} 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 least 5.8 um in diameter
when the cooling air ve1001ty is at least 0.67 tlmes the
approach velocity. A

Menglitiirk, et al {16} studied the effect of blade
boundary layer on pdarticle 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 efosion and deposition_requiresrinclusiOn of the

boundary layer effect.



2.2 EROSION OF METALS

. The erosion phenomenon was described by Finnie, Wolak
and Kabil {17} as the removal of material from a solid
surface by the action of impinging solid or liquid particles.
Thisrtype of wear arises in many indusﬁrial operations and
also finds useful application as a material removal process.
To Understend erosion, or any other type of wear, one must
identify and analyze the‘mechaniSm or mecanisms by which o
material is being removed. Thevptacticaliexperiehce with
erosion indicated that there are at least two types of
material behavior. Ductile materials underéo weight loss
by a process of plastic deformation‘in which'material;is
removed by the displacing or cﬁttingraction 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. Departufes 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 erosioniby 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,



«— E=E+ Ep
Total Erosion

Ductile o
Mode !

Erosion 'Raté

0 20 40 60 80
Impact Angle (Degrees)

PARTICLE OF MASS,M AND VELOCITY,V

VOLUME REMOVED, Q

AN
W

FIGURE 1 - Modes of erosion and principle of material

removal for ductile material



nost 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 lumped into constants
of the erosion system considered. In general,

Q=cCf (8,v™ | (1)

where, Q is the erosion rate,‘C'is the system constant, B is
‘the angle of attack and Vv is the particle velocity raised to
a power m. .

Table 1 summarizes experlmental results obtained by
‘varlous 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} snggested,greater than 3 and
Smeltzer, Gulden and Crompton {30}suggested less than 2. The
maximum erosion angle, sﬁax is usually between 20°—40°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
_materlal properties but the extent of the change is small
in relation to the normal operational range of the alloy.
Neilson and Gllchrlst {45}proposed a linear relatlonshlp
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{39}

stated that the erosion rate as a function of temperature



TABLE 1- Summary of Experimental Results and Formulations About Erosion

Year Reference

49

58

60

60

65

Stoker {181}
Finnie {19}
Finnie {20}

Bitter {21}
{22}

Wood and

Espenschade

Particle-Target

Silicasand-Blackiron
SiC-Cu,Al, SAE1020 Steel
SiC-Cu,Al, SAEL020 Steel

Cast iron-Al

sic-Al

S5iC-Cu

SiC-SAE1055(as received)

SiC-SAE1055(fully hardened)

SilicasandﬁClOSO‘Steel

Silicasand-Stainless Steel

Silicasand-Al

max m Formulation
20 2.2-3
17 2.0 o
. NMVZ . . 2 0
15-20 2.0 Q—Sp_(51n28~351n B) B<18.5
' : (2)
0=V _cos2g 8<18.5°
24p
KTt @122 a2,
15 0 e QNK%V51nB K)(VcosB—C(VSln& K)¢)
V' Ysing ¥VsinfR
12 .0 .
13 .0 : ,
Q _ l . 2 . . 3/2
25 Co=—e M{VCOSZB—Kl(V81nB—K) 2}
50 24
D= 5=-M(VsinB-K)® :
Ot = QD+ ch BsBO
Qc2‘ ' BZBO
20 |
) ”
20 Q=£:(1I) £, (1) MyCoszB (4)
20 ) v P . )



TABLE 1 (Cont'd)

Year Reference Particle-Target - “max . M ' Formulation

66  Sheldon and SiC-Brittle Material - - ooy F1(m ) Ea () (5)
Finnie {24} ' :

. ' 2 . . .
67 Finnieetal  SiC-Cl213 Steel 22 2.28 oM (mam)f£(p) (6)
{17} $iC-C1045 Steel 22 2.28 24 |
SiC-Al - 18  2.26
SiC-Tool Steel : 22 2.35

1/2MV2cos?Bsinnp

1/2M(VsinB-K)?

68 Neilson and  Al,0,-Al 20 2.0 0= + B8
Gilchirst | Al,0,-Glass 90 2.0 : 2¢ 2 o : i (7)
: 2 ' oM(VsinB-K
{25) Al,0 -Steel 20 g-1/2MV_cos B, 1/2MVSInB-R) g,g
. €
Al,0,;-Ceramic 90 2.0 v ¢ . T
: for B8=8, sB,= —
: 2n
68 Sage {26} Sand and Dust-Chromium Steel - 2.3 Q:V23 dp (DPH?J ' (8)

0T



Year Reference

70 Tilly and
Sage {27}

70 Brasinikas
{28}

70  Head and
ilarr {29}

TABLE 1 (Cont'd)

Particle-Target

Quartz-Al Alloy
Quartz-Mg Alloy
Quartz-Co Alloy
Glass sphere-Al

Coél ash-18/8 Stainless S.35-50

" Coal ash-Bright Mild S.

Coal ash-HS31

Coal ash-Crown Max
Coal ash-C242
Silicasand-Ss18/8

Silicasand-Al Alloy

Glassbeads-Al Alloy

Silicasand—sfainléss S.
Glassbeads?Stainléss S.
Silicasand-Glass plate
Glassbeads-Glass plate

Pmax ' m Formulation
30 2.0-2.3
30 2.0-2.3
30 2.0-2.3
90 2.4-2.4
2.3-3.4
— -3 —— — 2 3,
35-50 2.3-3.4 Q=-0.45dp-0.13 4} 0.25 a}
35-50 2.3-2.4
35-50 2.3-3.4 m>4 at 540°'C -9
35-60 2.3-3.4
37 2.3
30 4,34 Ge 3l 0eL6 17 0410 - 0021
Ppg-Y B "H &
45 4.34 RZ3 g2
30 4°34 0 S V3-0682-68 HZ-US €0-03 (10)
»..B =
45 4.34 s
90 3.06

90

T1



TABLE 1 (Cont'd)

Year Reference Particle-Target Bmax m . Formulation

70 Smeltzer, silicasand-Al Alloy 38 0-1.64

’ et al {30} Al203-Al Alloy . 32 0-1.22 i ‘
Silicasand—-Stainless S. 38 0-1.14 Q=C£ (8) ] 1D
Al,0;-Stainless S. 30 0-1.14 |

72 Finnie {31} T » 13 2.4 QDS:f(B,Qp,vx&yc%,ngmEé,F',

F4;ES,F6) (12)‘

4 72 Sheldon and SiC-Al, Cu, Steel - 2.36-3.0 0=d3 V3 (p ')3I2/HV3/2 ; : (13)
Kanhere {32} Glass-Al - 2.4 P P '
74 Grant and | o Q=K £ () V?cos?B{1-R2} + £ (V)
Tabakoff {33} Al,0;,5Si0,-2024 Al 20-90 2.8-4.0 ' ‘

Rp=1-0.0016Vsing
£' () =1+CK (K, ,5in28 )’
 £(V,) =K3 (VsinB)"

(14)

A



TABLE 1 (Cont'd)

Year Reference Particle-Target Bmax m ' ~ Formulation
75 Frass {34} Silicaflour-C1050 Steel 35 - _
77 Ives,et al Sic,S8i0,,A1l,0;
{35} Stainless S., Nickel 20 2.-3.
77 Young and Al,03;-304 Steel 20 2.9 (25 C)
- Ruff {36} ' 10 . - (500 C)
79  Tabakoff, Coal ash-2024Al, N ' EBq.l4 with |
et al {37} 3048S,6A1-4V-Ti 20 2.0 ’ f{(g):{1+CK{Klzsin(9o/go)B}}2» (15)
79  Maji and Steel particles-Al - 2.0-2.7

Sheldon {38}

€T



Year

Reference

79' Wakeman and
Tabakoff {39}

79 Raask {40}

79 Tabakoff,et al
{41}

80 Raj and
Moskowitz {42}
Kotwal and

80

Tabakoff {43}

TABLE 1 (Cont'd)

Particle-Target Bmax m ' | Formulation
Quartz sand-Ti6-4 30-35 -
INCO 718
Quartz-Mild Steel 36 2.5 szcwpv2°s (16)
Coal ash, quartz san
'304ss, 25 -
RENE41 .30 -
Ti6-4, 30 -
INCO718. .35, -
Alumina powder~Nichrome 30-60 3.57
vV-Cb 30-60 3.57
Four types fly ash-55304 o n
' RENE41 - - Q= & I W,(e\. w. " (17)
| wi__lj_l i (€55 0s) (17).
INCO718 i

vl
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is relatively constant for each materia1 up to a temperature,
which is unique to the material, beyond which it increases
.rapidly. A rather more detailed explanation about tenperature
v dependence of erosion was given later by Gat and Tabakoff {47}.
Briefly, as temperature increases metal res1stance to erosion
may increase or decrease, but at the homologousvtemperature
(the actual temperature of material divided by its melting
temperature) above 0.5, in general, decreasing re51stance
.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 loss
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 ofvany
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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[11, ANALYSIS

The present analysis is carried out in three main
steps: : j
i. Calculation of the gas flow thrbugh 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 foliowing, 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



17

3. The flow is isentropic ahd_fréé of vortices
The velocity component normal to the blade to blade
surface is zero. | '
5. The staghation,temperature is uniform across the
~inlet _
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 fldw is reduced sufficiently so the
flow is completely subSbnic throughout 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 flow’by'meahs 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 Mengiitiirk and Sverdrup {1} is ‘used
with some modifications. ‘ ‘ ‘

The equations of motion of particle moving in the_gas

stream are {1}

®=G (W_-X)

X . . : .
5.C( ~rd)-2L (& | 18
Gz (W —rb) -7=(8%w) - L : (18)

f:G(wr—f)+r(é+wf
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where, 18w

G= —3J_f (Re) ' ‘ : (19)
dzp ' '
PP
Re
f(Re):CD 57 (20)
and ) > -+
p.d_|v_-v_]| - : :
Re --9 P g Db (21)
, - Hg | . A

~ The moving coordinate system with respect to which these
equations are written is illustrated in Figure 2. In the above
X denotes the axial coordinate,Ae the tangéntial distance in
radians measured from the blade_leading edge, r the radial

coordinate, Wx , W and Wr'are the components of the gas

)
velocity along the respective coordinates. In addition, Ng
denotes gas viscocity,'dp particle diameter, Re particle

Reynolds number, Pp particle_dénsity, gas‘density, ﬁg.

P,
absolute gas velocity vector andVVp agiolute particle Qelocity
vector. CD'is the drag coefficient for a spherical particle
and equal to 24/Re for Stokes flow. For large Ré, experimental
correlations obtained by Morsi and Alexander {lll}are used.

The main modifications made in the TPART program are

as follows;

i. Menglitiirk and Sverdrup_{l} solved Egs. (18) by using
a numerical method based on a finite difference integration
technique. This technique utilizes the HAMMNG predictor
correctdr algorithm which is essentially a fourth-order Runge-
Kutta scheme. However, the highly time consuming nature of
the HAMMNG method makes it difficult to solve equations of

‘motion economically. Therefore, this method has been replaced

.....
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N

pixr, 0)=P(X,Y,Z)

Y 4

FIGURE 2 - The coordinate system for the particle motidn

in an axial turbomachine
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by the more economical PES (piecewise exaét sQlution) méthod
,developed_by Menglitiirk and Gﬁné§\{3},¢The PES method of
ihtegrationvéeéké exact solufion fo'éﬁ.apprOXimate form of
the governing equation set in small time intervals. In a

given time interval Egs. (18) may be linearized and uncoupled -
as follows

n-1<t<t - (22)

x-eAlx =C

where the subscripts (n-1) and (n) fefer,,respectively, to the

initial and final points of the n'th integration step and

- ‘
!

1= %n-1
2r
By = G+
-— — 7 2
Bl_,(en_rm)
(23)
Cl::(GWr)n—lr
. (G by
Cy= FWg ) ny ~2(F) 1
C3é (wa)n—l

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

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

given by ' Cy
_ m] At myAt o L
r..Kle +K2e Bl
-ALAE 2 (24)
6 =Kge 2 +K4+-A—2- At
: C
X = KSe'AlAt + K +X§ At
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where , Sp m

1 1 1
m. - = -
1,2 -
T -Y m +El
n-1""n-1"1 Blm2
Kl:
' my=m, ,
R (o
. — o+ 1
n—l n-=1"1 Blml
RKy=7"—
my=my
C é_
K, s—2 - 22 (25)
2 AZ -
A2 . ‘
e C2 en—l~
K4 =9 - —
n-1 2
: A A
C L2 2
3 *p-1
K5=-—2--
Al By
C X
K. =x —-—2 + n-l
6 n-1 A2 A
1 1
Me=t=t
and At =t - t _, represents the current time interval.

In order to advance integration a step further, the
solution at At = Atnis used as initial condition for the

next step.

ii. Particle impaét-rebound data is changed. Mengﬁiﬁrk
and Sverdrup {1} used Hussein's{50} experimental iﬁpadt rebound
correlations for poppy seeds and corn cups impacting stainless

steel. In the present study the following correlations recently
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presented by Tabakoff and Hamed {51} for'étosivevquartz and
aluminia particles impacting stainless steel, titanium and

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

A%
n2 . .. - 2 3
%;—-_1.0 0.41598 Bl 0.4994813'0.2928l
- 'nl o . ‘ .
Vi (26)
o _te _ -9 2 _ 3
th_]uo 2.1281't3.077581 l.lBl

iii. The capability of the TPART program is extended
to the calculation of particle trajectories in'suécessive
turbine stages. Thé old version of the program caiculated trajec-
tories onlyvfor a single.stage.'lh a given stage this program
assigns nine uniformly distributed tangential positions at
the rotor inlet to each particle traversing the preceding
Stator paséage. This is doné 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, lOAparticles
entering the first stage stator would produce 90'trajectories o
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 stator. At rotor entry a random tangential
positidn is assigned to each particle, since at the entry
tangential position of particles is statistically random. The
same procedure 1is 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 (RAVDU) available on the
existing computer system. ' A

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.eQ‘
impact location, impact velocity and angle) are stored for
use in’erosiQn calculations. The particle exit conditions
are also stored to generate the inlet conaitions for the next
kstage, |

- 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 impéct data obtained by the TPART
program The input descrlptlon of TPER program is glven in
Appendix C. ’

Separation of the erosion calculatlon routines from
the TPART program allows erosion predlctlons to be obtained
for as many different blade materials as desired (provided,
of course, basic experimental data concerning erosion resis-—
tahce of these materials is available) without having to
repeat the costly trajectory calculations.

In the applicétions considered in the present study
(see Chapter 4) erosion rates for fdur different materials
have been obtained. The first two materials are some
hypothetical blade alloys the erosion re51stances of which
are assumed to be represented by the following semlemplrlcal

erosion model suggested by Menguturk and Sverdrup{l}.

Q:K’l (Veosg)Msin nB+K,(Vsing)™  for B <8,

. ' ) ' (27)
Q:Kl(VCOSB)me2 (Vsing)™  for B 28,

n:n/ZBO
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where the flrst part of both equatlons represents the ductlle
mode’ (Figure l) and the second the brlttle mode. An approximate
velocity exponent of 2.5 was assumed. Table 2 shows the erosion
coefficients Ki, KE and the reference angle Bo- These parameters
have been obtained based on experimental data given for silicon
carbide particles eroding a nickel cbbalt 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.

Table 2 - Erosion Coefficients Estimated for Coal Ash
Particles Eroding Typical Blade Material for

Two Different Maximum Erosion Angles {1}

Erosion Coefficients m3/kg ” 5'
Bmax Bo ‘ (m/sec)”*
degrees ’degrees Kj ' - Kp
20 22.7 6.51x10 - 1.87x10"
% 90 0 5.60x10

Owing to its complexity the erosion phenomenen is very
little understood. The semi-empirical erosion model of
Mengiitiirk and Sverdrup {1} simplifies this phenomenon by
lumping the effects of all material and environmental
parameters which are, as yet impossible to generalize, into
the coefficients Kl’ K2 and m. Therefore, 1ts appllcablllty
igs 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

AZ\Q\ On
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intervals on the basisiof experimental results 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‘illustrateithe'interpolation
approach.‘These materials are stainlééé steel 304 and Rene 4l.
The experimental results for a range of impact velocities and .
temperatures for these matérials were  obtained by Tabakoff, et
al {41}, {52}, These four models are illustrated 'in figures D1
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 sfage electric
utility gas turbine rated to~drive a 65 MW generator. The’
first stage stator and rotor blade erosion rates‘of the
same turbine calculated by the single-stage erosion program
were previously reported by Mengiitlirk and Sverdrup. {1}.

‘Figures 4 through 11 show typical midspan trajectories
of 3 um and 12 um coal ash'particles (density Z;ng/cc)
through the four stages (i.e. eight blade rows) of turbine.
By virtue of their low inertia, the 3 uym particles can
follow £he gas stream closely, and most of them avoid
collision with the blade surfaces. On the other hand, it is
noted that the 12 ﬁm particles exhibit conside;able deviation
from the gas flow and are involved in frequent impactions
with the blades,4usually 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 um,
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 pm 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. _ 4
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, -

pd?v . ;
Stavg=—2ﬁ25—__§ where Vavg is the average gas velocity in
.9 '

the passage and b the blade chord, the angle through which
the flow is turned, o, the number of blades in the glven row,
N, and the deviation of particles from the gas flow at the
passage inlet that may be expressed by the angle- §=8 —B

where Bp and B denote particle deviation in a glven

blade passage 1ncreases with all these parameters (except
perhaps the inlet partlcle 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 (turnlng angles), the number of stages should
be 1ncreased and work should be uniformly distributed between
stages. The blade chords 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 partlcles collide the leadlng edge of
'~ the blade with an angle close to 90 degrees. On the other
:hand particle collisions with the tralllng edge occur at
smaller angles and larger velocities:

Before presenting the erosion results it is worthwhile
to crltlcally review the basic. erosion models used in the
calculations.

It should bé’remembered that the erosion responses
of two of the materials were calculated from Egs. (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 coal~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 variatious through'the turbine.
The reason for including these cases in the present study, as
well, is to establish a basis of comparision bétween 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 m/s which are low in

comparision to the maximum temperatures of about 1082°C and the
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maximum ve1001t1es of about657m/sencountered 1nourtmrb1ne In-
. the present application, eros1on rates at velocities above
 the experimental range were estimated by extrapolation.
' However, for tempefatures above the experimental range the
erosion data bbtainédvat 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 um particles
are also illustrated in Figures 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 matefial.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 (O,OOOl‘grain/ft3 standard). It is
noted that stator and rotor blade total erosion rates exhibit
different trends. As we go downstream, the total damage per
blade generally increaseé 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. Cdmparision 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

erosion 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 considefed (3-12um).

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 perticleS'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 ym) 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 eensitive 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 larger than the leading edge
recession rates for the larger particles (9um and 12um), but
the reverse is usually true for the smaller particles (3 um
and 6 um). ‘

As an example to the blade erosion pettern of a typical
brittle material, Figures 38 through 41 show the recession
rates calculated for the case with g__ = 90°. 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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(fourth stage) as a function of axial position
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particle diameter. It appears from these results that the
useful life of the machine will be dictatea by the thinning
of the first stage rotor trailing edge. In additidn, the
trailing edge regions of the second stage stator and rotor
blades and the third stage stator blades and the leadingA

edge regions of the second stage rotor blades are subject to

high erosion rates.

Figure 43 illﬁstrates the leading edge and trailing .

edge recession rates of the brittle material with Bmangoﬁ
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V., CONCLUSIONS AND RECOMMENDATIONS

A computer program package has been developed to
calculate the blade erosion damage in a multistage
turbine resulting from the particulate matter contained
in the hot expansion gases

The‘following conclusions have been obtained from the

applicatidn 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

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. |

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 fegions 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 also be increased by increasing the

trailing edge thickness.
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Ductile materials as blade material are much more
susceptible to erosion damage tﬁan brittle materials
of comparable basic erosion resistance. Use of brittle
materials (e.q. ceramic 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 edges. Hard facing or

shielding of these areas may prove to be necessary.

The models used to simulate:: the gas particlé flow need
improvement in the following areas

.

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
fequired. ' ’

It is known thét 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.

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.




APPENDICES




76

APPENDIX - A

“TSONIC PROGRAM INPUT DESCRIPTION -

A description of input variables of the TSONIC

program used for gas flow solution ére‘given below:

GAM - specific heat ratio, QP/Cv

AR gas constant, J/(kg) (K)

TIP inlet stagnation temperature, K

' RHOIP inlet stagnation density, kg/m3 |
WTFL mass flow rate per blade, kg/sec i
OMEGA rotational speed, rad/sec

ORF overrelaxation factor, ,
‘ ORF=0, program calculates optimum ORF
1<ORF<2, ORF calculated by program is used for

subsequent runs using the same mesh spacing

BETAT inlet flow angle, deg .
BETAO outlet flow anglé, deg ' i
CHORDF  axial length of blade,m
 STGRF distance between leading and trailing edge circles, i
rad.. |
REDFAC weight flow reduction factor to assure subsonic }
flow, 0.5 < REDFAC < 0 .9 }
DENTOL density change tolerance per iteration '

DENTOL 0,001 (high), 0.0l (medium), 0.1 (loose tolerance)
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CUTOFF percent of axial blade length were extrapolationA
of surface velocities start. ,
number of vertical mesh lines up to leading edge
MBO - number of vertical mesh lines up to trailing édge
MM - total numbér of vertical mesh lines, MM<100
NBB I - number of horizontal mesh lines, NBBI<50
NBL ~number of blades
NRSP number of MR, RMSP, and BESP coordinates, NRSP<50 .
RI1,2 leading edge radius(l for upper, 2 for lower surface),m
RO1,2 trailing_edge radius(l for uPper;Z for lower surface), m

BETI1,2 true angle at tangent points of leading edge radius
with blade surface) deg

BETO1,2 true angle at tangent points of trailing edge radiué
"with blade surface, deg .

SPLNOl,2 number of MSPl,2 and THSPl,2 coordinates

MsPl,2 meridional blade coordinate, m

THSP1,2 tangential blade coordinate, rad.

MR meridional channel coordinate, m
RMSP radial mid-channel coordinate, m
BESP stream channel thickness, m

Control variables

BLDAT =1, print geometrical information
AANDK =0 ‘

. ERSOR =0
STRFN -1, print stream function values
SLCRD =1, print streamline coordinates
INTVL =1, print interior flow data
SURVL =1, print surface flow.data
ICONT =1
NLAST =0
JFLOW - =1, subsonic and 2, transonic
JOUuT - | -1, print and 2, store on disc unit
IPLOT -0 |

TSONIC program stores the gas solution necessary for

TPART program on unit 18(with JOUT 2)
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APPENDIX B

TPART PROGRAM INPUT DESCRIPTION

All formats are free.

Title

DPART, RHOP

DPART : particle diameter, microns

RHOP : particle density, gm/cmS _

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=100.

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-=0)

XRE, ZRE, VPARRE, BETPRE, ALPPREV

XRE : Pértical starting position in stator,

x-direction, ft

' ZRE . Partical starting pasition in stator,

g-direction, ft
VPARRE: Partical starting velocity (ft/sec)
BETPRE: 0 (usually) '
ALPPRE: 0 (usually)
(for first stage IDIST=1)

the above quantities for each particle entering.
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Card 4 : (for other stages) and Card 5 :(for first stage)
| IPPRINT, INP -
IPPRINT : 1, particle integration history printed.
, NO print A '

passage gas properties printed.

~

0
INP s 1
0

, ho print.

TPART program reads stator and rotor data stored by
TSONIC program on units 21 and 23 respectively. During
calculations stores data necessaiy 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 :
Card 2

Card 3 =

Card 4

Title

NDEP

NDEP : number of impacts of each particle considered
((TESURS (I,J), I-=1,2), J=1,9) |
TESURS : stator blade surface temperature distributioﬁ
I-1,2 denotes upper and lower surfaces respectively.
J=1,9 denotes. number Qf data readed for each sUrface
((TESURR (I,J), I=1,2),3=1,9) '
TESURR : rotor bléde 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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2016

Erosion Volume Parameter (m3/kg)

00

15 .30 45 60 75
Angle of attack (degrees)’

FIGURE D-4 - Erosion volume parameter as a function of

angle of attack for Rene 41
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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

10 Atm

TR

680 ib/se¢c —»

1980°F 1680°F
5.4 Atm

No. of Rotor Blades
1st Stage-95
2nd Stage-91
3rd Stage-535
4th Stage-51

- 1360°F
1450°F 3.6 Atm

4.3 Atm

1620°F

830°F
‘ 1030°F 11 Atm

1130°F 1.8 Atm — ¥
1250°F 2.2 Atm T 3
2.4 Atm '

FIGURE E-1 - Turbine geometrical and operational data
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\Y U ' W . B ' o

: Absolute Blade Relative : Angle Relative = Angle Relativ
LOCATION velocity m/s Velocity m/s Velocity m/s  to Rotor Blade Stator Blade-
Enter Rotor 1 597.3 312.7 371.1 . 47.87 66.7
Leave Rotor 1 281.4 311.5 474.3 57.3 15.5
Enter Rotor 2 - 509.5 315.2 308.1 27.5 61.2
Leave Rotor 2 275.8 318.5 457.9 53.5 14.
Enter Rotor 3 426.9 323.7 261.3 5.9 ' ’ 53.4
Leave Rotor 3 251.2 326.7 1 465.2 54.9 14.1
Enter Rotor 4 458.3 _ 336.5 280.3 8.7 54.4
Leave Rotor 4 337.1 . 366.5 - 50.

Entering Rotor

- Leaving Rotor

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