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INTRODUCTION 
Gas turbines have been experiencing hot corrosion 

problems for over 25 years. These problems comprise 
two main types: vanadium attack and sulfidation. This 
paper deals with the problem of sulfidation corrosion, 
a name which is not accurately. descriptive, as will be 
seen. 
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In line 11ith the philosophy of the 2nd Turboma
chinen· :3vmposium. the scope of this paper will be aimed 
at presenting one particular experience of the author: 
the problems undergone bv a \\'estinf!house W-191-G gas 
turbine installed in the Tachira Plant of C.A. de Admin
istracion v Fomento Electrico 1CADAFEl located in La 
Fria. Tachira State, Venezuela, near the Colombian 
border. 

No attempt will be made to delve into the purely 
theoretical or mathematical aspects of the problem, but 
concurrently with the analvsis of the different aspects 
of the problem, the necessary theoretical background will 
be mentioned to support our reasoning and observations. 

The W-191-G Westinghouse single shaft unit under 
consideration is a package plant with the following oper
ating conditions: l-l-.5 i\IW rated capacity and 15.6.:1-
MW peaking capaciy using natural gas, and 14.25 MW 
rated capacity and 15.37 1\IW maximum capacity with 
liquid fuel No. 2 measured at 305 ft. ( 93 m.) altitude 
with a barometric pressure range of 1008 to 1016 mili
bars and an ambient temperature range of 61° F to 82° F 
(16 to 23° C) in the La Fria location. The rated speed 
of the unit is -1-912 RPi\1 gear reduced to 3600 RMP. The 
15-stage axial compressor has a 6.9 pressure ratio and 
231 lb /sec airflow. The 5-stage turbine is of the 
reaction type. 

The turbine inlet temperature is 1450°F (788°C) 
as base load and l500°F (8l6°C) peak and the turbine 
exhaust temperature is 728°F ( 417°C) base and 812°F 
(433°C) peak. 

After 22,312 hours of operation with 52. 7'7c average 
load factor and using fuel oil No. 2 most of the time. 
this unit suffered the catastrophic effects of hot corrosion 
in its diaphragms and blades which required the recon
ditioning of the first three stages and cleaning of the 
fourth one at an appreciable cost. Concurrently, this 
unit also experienced considerable fouling of its axial 
compressor. 

TECHNICAL CONSIDERATIONS 
OF HOT CORROSION 

The fouling and corrosion of turbines almost always 
go hand in hand, but they do not necessarily have to be 
present at the same time. Cases have been known in 
which the blades have heavy deposits without corrosion 
taking place and conversely, cases where the deposits 
are light but the corrosion is quite severe. 

The fouling of the turbine blades results in an out
put and efficiency drop although to a lesser extent than 
when resulting from compressor fouling. Compressor 
fouling causes a temperature rise at the compressor outlet, 
while turbine fouling produces an exhaust temperature 
rise resulting in a change in the fuel quantity. Depend
ing upon the installation, the thermal efficiency deterio-
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ration is approxima telY parallel to the output drop o r  
nearlY half 11 ., . " 

The increased roughness and profile thickening 
caused by the corrosion of blades are responsible for the 
efficiency reduction. It has been shown i :2 1 that effi
ciency deterioration due to surface rouzhness is not zreat
ly influenced by the speed of the �achine or b� the 
type of blading used t impulse or reaction). 

In particular. eificiencv is greatly dependent upon 
the surface roughness. The influence of the profile 
change due to deposits on efficiency reduction is less 
marked, as it amounts to only 20 to 307c of the total 
measured effects of the rough l�yer. 

It has been observed ( l) that even with the same 
fuel, not all gas turbines suffer equally from fouling 
and corrosion. 

The frequent starts and stops of the units tend to 
reduce the average increase of foulinz due to the fact 
that every time the unit stops, a certa�in amount of the 
deposits over the blades is loosened due to thermal shock. 
In some instances ( 3) this has been translated into an 
output recovery. 

The hot corrosion mechanism is not yet fully under
stood and there is considerable controversy on the sub
ject. Some theories have been postulated ( 4) but they 
but the lowest amounts according to Sims ( ll), while 
it is reported to have a beneficial effect on hot corrosion 
according to others (5) (7). 

( 4) Titanium, which for some is innocuous up to 
about 8% ( 11) and is beneficial according to others ( 7). 

(e) Since high creep resistance is not strictly com
patible with high corrosion resistance, it is sometimes 
customary to use protective layers of non-corrosive ma
terial. The W-191-G units have no protective layers of 
this type and recent studies ( 5) seem to indicate that 
their use has not been successful, or that they are unlikely 
to provide a permanent safeguard ( 6). 

do not seem to explain fully all the problems being ex
perienced. 

It is generally accepted that the phenomenon of 
deposit formation and/ or catastrophic corrosion takes 
place in the presence of a reactive residue, generally of 
a low melting point. This residue. may have its origin 
only in the fuel components or in the combination of the 
fuel components and ambient conditions. For instance, 
in the centrifuge side of Las Morochas plant, which is 
located on the South shore of Lake Maracaibo, where a 
twin W-191-G is used, burning No. 2 fuel, 0.85% bv 
weight of SiO� and 9.32% of FeOa, which are erosiv� 
matters, were found. 

Sulfidation corrosion is a form of hot corrosion 
which frequently occurs in gas turbines burning residual 
fuels where the ambient effect may or may not be a con
tributing factor. But the most significant aspect of sulfi
dation corrosion is that it may also be a problem when 
commercial fuels of better purity are used, as in the 
Tachira Plant, where No. 2 fuel is burned. In this case, 
the ambient contribution, i.e., the alkali material, is ex
tremely important in order for corrosion to take place. 

*Numbers in parentheses designate References at the end 
of the paper. 

It is general!\' accep ted th a t  the sulfur of the fuel com
hines with the alkali material inzested from the envi
ronment to produce a reacti\·e r�sidue which contains 
�lkaline sulfates. This combustion residue is deposited 
In a molten state and subsequentlY accumulates over the 
turbine blades. where it reacts w(th the p rotective oxide 
laver which normally covers this surface and destrovs it. 
\luch has vet to be learned about this l ast process · 

iS). 
However. it appears that under the scale thus formed the 
sulfur is now capable of effectivelv di ffusinz in the basic 
metaL thus initiating an accelerated reaction

� 
of oxidation· 

corrosion. This reaction seems to be controlled by the 
chromium depletion of the basic metal bv means of the 
formation of chromium sulfides ( Cr"S:l) : The elimina
tion of chromium makes the basic metal less resistant 
to oxidation. 

Confirmation has been given ( 6) that sulfur is re
sponsible for the high temperature attack by reacting 
with the alloying element chromium, forming sulfide, and 
three deleterious effects have been ascribed to this chro
mium sulfide formation: 

l. The remaining matrix scaling resistance is re
duced by the severe chromium depletion. 

2. An autocatalytic continuation of sulfide forma
tion occurs due to the preferential oxidation !striations) 
of the chromium sulfid�, which again liberates sulfur ( 7) . 

3. When extreme chromium depletion takes place, 
the remaining nickel reacts with sulfur to form sulfides 
of a lower melting point, causing pronounced acceleration 
of corrosion. 

Sulfur content as low as 0.05% by weight in a 
distillate fuel is more than adequate to initiate the sulfi
dation corrosion. Salt water spray or the crystals trans
ported by the wind from marine environments are the 
most common sources of alkali matter. 

Similarly, it is also known that the contamination of 
high-quality fuels by sea water has resulted in sulfidation 
corrosion. This alkali matter source can effectively be 
reduced by means of appropriate maintenance of storage 
tanks and by filtration and purification of the fuel. How
ever, it must he pointed out that the Tachira Plant under 
scrutiny is an inland installation. The filtration of alkali 
particles from the air ingested by the turbine is, how
ever, a major engineering consideration although it may 
not be feasible for many applications for reasons of cost 
and size requirements. 

�@jng to som_� __ i.!l y��i.g.;!tions . ( 8 )_, _ n�ckel-bas_�L_ 
all�ys -�jth a chromium content of 15% or less are par
ticularly sensitive -to swfidii.tion corrosion. According 
to others, nickel-base alloys have a corrosion resistance to 
sulfur-bearing environments superior to other materials, 
and it has been emphasized that chromium has a greater 
affinity than nickel for oxygen as well as for sulfur, for 
which reason in the chromium-nickel alloys, the initial 
corrosion products are the chromium oxides and sulfides 
(7). For this reason there exists the opinion that high
chromium content alloys are desirable from the point of 

. view of sulfidation corrosion attack when they are pro
vided with adequate mechanical properties. 

It has also been stated ( 9) that the ingestion of any 
sodium compound, either from the atmosphere or con
tained in the fuel, can result in the rapid corrosion of 
nickel or cobalt based alloys at temperatures above 

\:._. 
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TABLE 1. 

Stage .-\.lloy c :\In Si Cr :\"i Co :\lo \V Cb Fe Ti AI 

1 Cdimet 5�0 .05 19.0 Bal. 1:2.0 ti.O 1.0 :3.0 2.0 
�.3,4 Inconel 700 .12 . 1 0 .30 15.0 Bal. 28.5 3.7 .-;o 2.2 3.0 

I t-;-oo F t <;00°C 1 • During combustion the sodium salts 
1 'iaCli are com·erted to s'Odium sulfate 1:\a�SO� 1 "hich 
deposits on the metal as a liquid flux, consequentlv strip· 
ping off the  protective oxide laYer and exposin� the 
basic material to rapid oxidation. fo r example. a tvpical 
sulfur content of 0.07','; by weight is capable of convert
in� approximatelY 250 ppm of sodium to sodium sulfate. 
It is argued that since l ppm of sodium in the fuel is 
sufficient to initiate sulfidation attack. then logicallv 
there seems to be little point  in limiting the fuel '·sulfu.r 
content and e\·ery point in preYenting the ingestion of 
sodium. This, of course, implies that a judicious choice 
of materials has previously been made in the hot-gas-path 
�ecti on. 

if the sulfur in the fuel were completelv eliminated. the 
:<ulfur in the sea salt would probabh be sufficient to 
promote sulfidation corrosi o n .  

A s  shown i n  Table 2, the sodium content i n  the gas· 
oil used in the \\'.l<J l-G u n i ts varies from 0.3 to 1.2 ppm. 
while the sulfur concentration varies from 0.51 to 0.67o 
bv weight as shown in Table 3. 

Methods used to minimize corrosion in 
gas turbines burning liquid fuels 

The efforts being made to minimize corrosi on in gas 
turbines burning liquid fuels are  the fo l lowing: 

Tests made bv Bergman ( 71 confirm that the hot 
r:orrosion problem. could. not be resolved bv a reduction 
of sulfur in the fuel to a very low lev el I 0.0002<;i l. Even 

(a. l Limiting the operating temperature to 1550°F 
( 8.:1.3 °(), which of course limits the machine efficiency 
and fuel economv. The W-191-G unit under analysis 
here operates within this limit. 

· 

TABLE 2. SUMMARY OF 13 SAMPLES OF GAS-OIL USED BY SIX W-191-G UNITS 

Determinations 

1) Low heating value 
2) High heating value 
3) Specific gravity 

3a) Gravity, deg. A.P.I. 
4) Distillation 

Initial point 
10% 
20% 
50% 
90% 
Decomposition point (96.57<) 

5) Kinematic viscosity at 100°F 
5a) Say bolt viscosity at 100°F 

6) Water content 
7) Sediment 
8) Sulfur 
9) Copper strip corrosion 

10) Carbon residue (Conradson) 
11) Total acid N° 
12) Strong acid N° 
13) Strong base N° 
14) Ash content 
15) Calcium (Ca) 
16) Lead (Pb) 
17) Sodium (Na) 
18) Sodium + Potassium (Na + K) 
19) Vanadium (V) 
20) Magnesium (Mg) 
21) Organic matter 
22) Iron (Fe) 
23) Copper ( Cu) 
24) Aluminum (AI) 
25) Chromium (Cr) 
26) Nickel (Ni) 
27) Silver (A g) 
28) Potassium (K) 
29) Color 

NOTES 

Standards 

ASTM-D287 
ASTM-D86 

ASTM-D-445 
ASTM-D-445 

KF 
ASTM-D473 
ASTM-1266 
ASTM-D130 

cs 

Results Range 

19,000-19,700 (n) 
19,380-19,690 (n I 
0.8344-0.8619 

32.4-37.3 

351-429 
394-488 
416-520 
440-582 
577-676 
653-712 
2.52-5.74(1>) 

34.46-44.7311>) 
30(c) 

0(<1) 
0.41-0.521e) 

2 
0 

0.45-0.50ifl 
0.20-0.30 

0 
0-0.9 

<1-5 
0.3-1.2 
0.3-1.2 

0 
0.1<1 

0 
<1-3 
<1 
<1 
<1-<5 
<1-<5 
<0.1<1 
0-0.3 
1.5-3 

a) The 3 samples taken at Yaritagua and La Cabrera plants showed the lowest heating values. 
b) The same samples as in (a) showed the greatest viscosity. 

Units 

BTU/lb 
BTU/lb 

op 
oF 
oF 
op 
oF 
oF 

centistokes 
Saybolt sec 

p.p.m. 
% by weight 
% by weight 

% by weight 
mg KOH/gm 
mg KOH/gm 

'7o by weight 
p.p.m. 
p.p.m. 
p.p.m. 
p.p.m. 
p.p.m. 
p.p.m. 
p.p.m. 
p.p.m. 
p.p.m. 
p.p.m. 
p.p.m. 
p.p.rn. 
p.p.m. 
p.p.m. 

c) The same samples as in (a) showed a 50% larger water content. 
d) The sample corresponding to the storage tank of Las Morochas plant showed an abnormal quantity of sludge. 
e) The same samples as in (a) showed a 10% larger sulfur content. 
f) The only sample which showed a total acid N° of 0.5 mgKOH/gm corresponded to the return tank from the Laval 

centrifuges of Las Morochas plant. 
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T.-\ELE 3. GAS-OIL SPECIFICATIO:\"S .-\CCORDING 
TO SHELL 

Refineries 

Specific gravity at G0 °F 
Color _.l .. S-Tl\1 
Diesel Index 
Cetane No. 
Viscositv Redwood I at 100° F, sec. 
Cloud point, °F 
Sulfur content 
Copper strip corrosion 
Sediment 
Ash 
Total acid N°, mgKOH/gm 
Flash point PM, c F 
Distillation: 

Collected at 350 ° C, S·c vol. 
Final point, °C 

Kinematic viscosity at 100°F, Cst 

San 
Lorenzo 

0.8453 
0.5 

54.6 
41 
:32.35 
-:31) 

0.60 
N° 1 

0 
0 
0.49 

169 

92 
680 

Punta 
Cardon 

0.8:389 
:2.0 

Ci7.3 
5:2 

0 
0.51 
?--;0 1 

0 
0 

0.22(*) 

94 
649 

:3.0 

( *) This figure seems to correspond more to strong acid 
N° (Author's note) 

1. b) Attaining a uniform temperature throughout  
t h e  cross section of  the hot gas path .  

(c) Shaping carefully the h o t  gas p aths. part icu
l a rly the turbin e-inlet  piece, and providing them wi th 
an adequate cross section. 

In connection w i th the forego i n g  I tems I a I, ib I 
and (c), Lee et .  a!. 1101  h ave shown that the surface 
t emperature of  the blade or vane rather than the gas
stream temperature is the cri tical factor in determini n g  
the amoun t o f  corrosive attack to b e  expected a t  a given 
con tamin an t level and that the amoun t of this attack 
is an exponential function o f  this temperature  under dy
n amic flow conditi ons such as i n  an operating g as turbine. 
This finding is of sign ifican t importance i n  c o o led bl ades. 

(d) Using materials which are suffic ien tly r esistant 
t o  h o t  corrosion. The key i n gr edien ts o f  con temporary 
superalloys which affect their hot corrosio n  performance 
a r e: 

( 1) Chromium, which is considered Yi tal to h elp 
p r o tect  alloys from oxidation and hot c o rrosi on.  A min
imum requirement is 15-207< ; the h i gh e r  the tempera
ture, the more is required. S ee Table 1 for comparison 
w i th the alloys actually used in the W-191-G u n i ts under 
c onsideration.  

( 2) Molybdenum: i ts presence is deleter i o us, at 
least i n  amounts o f  1 or 2'/(, according to Referenc es (1) 
and ( l l), while i ts addition to Ni-197c alloy (such as 
Udimet 520) enhances weight loss above 2190°F (1200° 
C) accordin g to Reference 5. O thers ( 7) assign n o  
effe c t  t o  i ts presence. 

( 3) Aluminum: a key i ngredient in generating y' 
in n ickel alloys, aluminum appears to be deleterious in all 

2. On the part of the user: 
(a) Removin g the harmful i n gredien ts from the 

fuel. The best methods used today ( 12) a r e  cleaning 
and centrifuging the  fuel. S odium, p o t assiu m  and c al
cium compounds in liquid fuels are most often present 
in the form of salt water. Because n o  a dditive h as yet 
been found which will counteract the effects of these c om
pounds during combustion, they must be removed from 
the oi l  prior to i ts use, particularly if it is  a residual 
typ e  ( 13). The centrifuge usually discharges the liquid 

fuel aboYe it� b011l. 11 hile the �lud�e. oil and suspended 
so lids flo11· outside throu�h a certain number of small 
nozzle� at the bo11 1 rim. -Due to the fact tha t  the solids 
are flushed out throu!Yh these nozzles bY means of suffi
c i en t liquici. the bowl i� <"�sentialh· self-cleaning and can 
11·ork manY hours, or indeiini teh·. -,,·ith out shu t ting down . 
:\. c oncen tr a t in g, self-cleaninf! tYpe of cen trifug� is the 
De La1·al m ake. as used in Las ;\lorochas plan t . 

t b 1 Providing fine fuel f il tration ahead of the 
turbine. generallv 5 microns, for mech anical and low
p ressu re ;ir a tom'ized dis t i l la te fuels ( 121. 

D I STILLATE FuEL CO:\S I D ERAT I O�S 
\\'ith regard t o  the sodium sal ts. these a re generallv 

presen t in the fuel in smal l  quan ti ties and are difficult to 
el iminate. but in pract ice  it has been found that bein g 
water soluble. and the amoun t tha t is soluble being negli
gible, the\· c an easilv be removed by filtration and water 
removal. Thus, due to the fact that the amoun t of  sodium 
that is acceptable t o  the  mach ine is verv small, say 0.6 
ppm , the amount i n  t h e  fuel need no t  be severelv re
stricted if  proper equi pmen t to remove the salt is inciuded 
in the fuel installation.  

The ASTl'vl specifies that  for un treated gas turbine 
fuels the total alkali c o ntent m ust not  exceed 5 ppm. It 
has been suggested 11-J.J t h a t  this figure ought to be kept 
under 0.5 ppm. The analvsis of the fuel used in the 
W-191-G units sh ows a sodium + potassium con ten t 
range o f  0.3 · 1.2 ppm. the potassium content alone be
i n g  0 - 0.3 ppm, Table 2. \Iain ten ance costs start climb
ing almost exponen tial ly I U) whenever the total alkali 
concen trat ion goes above 0.5 ppm. 

A c on clusion b ased o n  field experiences indicates 
that some c orrosion takes place ll'ith a sodium level 
l ower than 1 ppm, but n o t  o f  the c atastrophic type which 
occurs at  higher con tami n a n t  levels. This has not been 
the case 1\·i th the W-191-G unit .  

I f  the quan t i ty o f  sodium present in the l iquid fuel 
No. 2 is approximately 0.2 ppm, corrosion is not en
hanced. In the presen t c ase the figures exceed 0.3 ppm . 

The act ion o f  the s odium chloride ( NaCI ) can be 
doublv harmful: 

. 

l. by promoting the vanadium at tack by means o f  
t h e  formation o f  sodium \·an ad ates ( Na VO:l, Na:lV04). 

2. by promo ting the low temperature acid attack 
due to the formation o f  hydrogen chloride (HCI). 

I t  is in terestin g to p o i n t  o u t  tha t  knowing this, the 
author expressly requested the analysis of  the sludge 
from the centrifuges of Las Moroch as Plant with the 
specific purpose of f inding out i f  i t  con tained NaCI, and 
this was found absent .  The only sodium present w as 
found in pure form i n  the fuel an alysis shown in Table 2. 

I t  h as been repeatedly confirmed (1) (15) (16) that  
the  corrosion intensity also basically depends o n  the 
weight ratio of sodium to vanadium content,  which should 
not be greater than 0.3 according to the ASTM fuel spe
cifications. In the p r esent case this factor is trifling, as 
c an be seen in T able 2. 

For an operation with a blade metal temperature of 
1500°F (815°C) practical data ( 17) indicate that i f  the 
c ontaminants level does n ot exceed 2 ppm sodium with 
2 ppm vanadium or 0.5 ppm sodium w i th 5 ppm vana
dium, the fuel treatment is not necessary. 

c 
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In 1·ie 11· o f  the f act th:�t �ome dis ti l la te fuels con tain 
up to :2 ppm vanadium. the 11ri ter reques ted tha t  special 
r:are b� exercised in l o o k in£:: for vanadium traces in the 
1::; fuel samp�es analned. Table 2. hut the resul ts were 
nee!:atiH. However. i t  io  rea lized that amounts below 
11_.1 ppm Yan adium are difficult and expensi1·e to detect 
.,, ith ar_-cu racv I lUI. 

\ut 1\i thst andin !:! the iact that .  based on the abo,·e 
r·riteria. fuel cleani;l£:: and centrifuc:in!:! is not  e5sential . 
the au thor finds thet; recommendable 'to coun teract am· 
irree!:ularitY in the fuel qualit1· comin:2: from th e refiner�· 
�mel in vie11 of the  cata�trophic corr�sion damac:e expe
rienced. 

Remarks on the gas-oil anah·ses 
The resul ts sho11·n in Table 2 indicate that  the liquid 

iuel U5ed in all the 1\'-l'll-G units of C\D.\FF: i ,;  i n  
acc ordan ce  with the AST'II �tanclards. except as poin ted 
n ut in the next  paragraph. 

The initial  dis ti l lation p oint of the samples taken in 
the Tachira, Las i\Io r o chas. Yarila!:!ua and La Cabrera 
plants. 11  he�e iden tical 1\'-El l-G u�-i ts <� re opera tin !!. is 
;;omewhat  above n o rmal .  This can cause combust ion 
troubles during the start-up of the units . 

\\'ith regard to Note 1 cl of Table 2. it can b e  added 
that 11 a ter content should  be kept a t  a minimum because 
it can produce c o r r osion of the fue l  controls during 
shutdown. 

In connection with No t e  (d) of Table 2, it is interest
ing to mention that an excess of sediment c an obstruct 
the fuel fi l ters o r  interfere with the ease o f  atom ization 
and combustion. 

The meas u red Yal u e  of c o pper s trip corrosion IS 

rlouble that indicated b1· the fuel sup p lier, Shell, m 

Table 3. 
The value o f  the total  a cid N° o f  the sample taken 

in Las :\[orochas p lant in the return t ank from the cen
tr i fuges is the closes t t o  t h e  Shell specif ications. Table  3. 

The color indicated in the analyses is greater than 
that specified b v  Shell .  b u t  this is not as imp o rtant in the 
combustion characteris tics o r  other criteria of  the fuel 
qual i tY. 

The liquid fuel analyses show that i t  amply s atisfies 
the fuel specifications o f  t h e  manu facturer,  Wes tinghouse, 
Table+. 

TABLE 4. DISTILLED FUEL SPECIFICATIONS No. 
26717 ACCORDING TO WESTINGHOUSE 

A. Physical 
Gravitv-0 API 
Viscosity-SUV 
Distillation 

(90% point) 
Ash-'7c weight 

B. Chemical 

Sulfur-% weight 
Vanadium-ppm 
Sodium-ppm 
Calcium-ppm 

:\linimum 
at 100° F 
°F maximum 

maximum 

less than 
less than 
less than 
less than 

26 
32-45 

675 

O.Ql 

2.0 
2.0 
2.0 

10.0 

:\OTE: The fuel viscosity required for combustion is 'iO 
sec Saybolt universal, or less, for starting and 100 
sec Saybolt universal after starting. 

(0'\:31 [)[fL\ TI0'\:3 1\[C \lWL\G 
THE L \Sl::Ol-:3 fCEL 

Tl1ere :'t't'lllS to he nn rPa:'on to limit the sulfur con
t en t in natur�11 C!a-; prm·idtcd the inlet air is 11·ell filtered 
to a1· oid sodi um inc:estion. The hnlro�en su l f i d e  1 H . .S I 
,·ontent o f  the n a t�ral �as �uppli�d b�- the Corporac

-
i on 

Venezo l an a  del Petroleo I CVP I is. according to them, 
.=; ppm bv volume. Past experience i n d icates

c 
1 191 th a t  

the s u l fu r  conten t  of  combustion !!as. after  dilution with 
air, sh o uld not exceed about +O grains/100 cu ft at 
tem p e r atures between 1200-1+00°F 1 649-760°C). As 
prev i ously m entioned, the Tachira p l ant  W-191-G unit 
h a d  also experienced catastrophic erosion of the axial 
comp ress o r  blades which necessitated i ts e xpensive r e
placement d u e  to malfunction of the air filters . 

The gaseous fuel must be free of sol ids. including 
solid h vel ra tes. because the::e can plu� the burner nozzles. 
Liqu id� are aloo a problem be('au�e these c an cause a bad 
distribu tion and burn the r l  is('har�e n ozzles as  11· el l  as the 
diaphragm and ro tor blades .  

The ine r t  products dilu ted in the natural  gas  have 
the same effect  on combust ion as the use of foul air. 

In the present. analvsis the existence of  liquid com
p onen ts in sign ificant amounts in the gas d uct has n ot 
been con firmed because there ha1·e been no indications 
o f  their effec ts. but if this had been the cas e, the solution 
o f  the pro blem consis ts in installing l iquid separators 
with drains and fi l ters. 

BLADE CORROSION EVALCATION 

Two means are available for ra ting the degree of hot 
corrosion: the weight loss method and metallographic 
analysis. 

The zcei(!ht loss method is cousidered by some ( 7) 
misleadin g, because i t  does not indicate a significant 
weight c h an ge for intergranular a t tack, which c an be 
verv deep. For instance. a misleadin g  wei ght gain can 
be o bs erved when the material h as been actuallv rend ered 
useless because of m assive sulfid e p enetration . Also, 
since the weight loss is averaged over the weigh t  of the 
ent ire  specimen, its value is not  significant when only 
localized corrosion occurs. Because of the foregoing, a 
deep pit  m aY not  register as an appreci able a ttack. 

Figure 1. Corrosion of the leading edge of nozzle blades. 
(CADAFE photo) 
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Figure 2. Corrosion of the trailing edge of nozzle blades. 
(CADAFE photo) 

M etallographic analysis, on the other hand, seems 
to be a more representative and significant means of 
evaluating the degree of hot corrosion. This method 
takes into account all types of oxidation and sulfidation. 

Metallograph ic analysis 

The extension and severity of the sulfidation corro
sion suffered by the W-101-G unit of the Tachira Plant 
can be seen in Figs. 1 and 2. 

The manufacturer sectioned the blades and sub
jected them to microscopic examination in order to ob
serve the depth of corrosion and the corrosion-affected 
zone. The results are summarized in Table 5. 

TABLE 5. METALLOGRAPHIC ANALYSIS 

Estimated 
Depth of Total 

Estimated Alloy Corrosion 
Stage Depth of Affected Affected 

NO Material Scale, in. Region, in. Zone, in. 

1 Udimet 520 0.004 0.004 0.00 8 
2 lnconel700 0.004 0.003 0.007 
3 Inconel 700 0.002 0.004 0.006 

(inter-granular 
attack) 

4 lnconel700 0.001 0.001 0.00 2 

The microscopic examination of the corrosion affect
ed zone revealed intergranular spiking and grey globular 
sulfides, which are characteristics of sulfidation. Fig. 3 
shows the corrosion attack on the surface grain boun
daries of one first stage blade. The sulfides are the 
grey globular particles seen underneath the oxide layer. 
No striations indicative of oxides as described in (ii) 
of the chromium sulfide formation mechanism are evi
dent. 

The microstructure of stage 2 blade showed evidence 
of sensitization of the grain boundaries. 

Chemical analysis 

According to the manufacturer, the analysis of the 
corrosion products on the blades revealed that the scale 
contained 0.6% sodium and 3.4% sulfur. Qualitative 
tests also revealed the presence of chloride and sulfate, 

Figure 3. Photomicrograph showing intergranular spik
ing in the corrosion affected surface layer of Stage 1 
blade. (Westinghouse photo) 

although no figures were given. These findings indicated 
to the manufacturers that the corrosion attack could have 
resulted from the condensation of sodium sulfate on the 
blades (hot corrosion mechanism I , thus confirming the 
author's conclusions. The presence oi chlorides also 
suggested to the manufacturer that the sodium was "prob
ably" extracted from sodium chloride salts in the air. 
However, as mentioned above, the Tachira plant is an 
isolated, inland one. The manufacturer also stated that 
"the fuel oil would be the principal source of sulfur con
tamination." 

The chemical analysis made by Westinghouse also 
revea!t:d a "significant concentration" of vanadium, al
though no figures were given, and pointed out that this 
can be extremely detrimental if its is present as pentoxide 
(V �05), as is well known. However, the manufacturer's 
finding contradicts the results revealed bv the 13 samples 
of fuel in which, at the writer's request, vanadium traces 
were specifically sought with negative results. Also, long 
ago it was stated (20) that uninhibited vanadium retards 
corrosion which is due to sodium sulfate, and more re
cently it has been found ( 21) that even ·a trace of vana
dium pentoxide can actually prevent sulfidation attack in 
the present range ( 0.3-1.2 ppm) of sodium, Table 2. 

Creep rupture results 

The manufacturer removed samples from the airfoil 
and root of a stage 2 Inconel 700 blade and tested them 
for creep rupture life. The results are shown in Table 6. 

TABLE 6. CREEP RUPTURE TESTS OF STAGE 2 
INCONEL 700 BLADE 

Sample Orientation Airfoil Root Specifications 

Temperature, °F 1450 1450 1450 
Stress, psi 50,000 50,000 50,000 
Life, hrs. 178 145 100 min. 
Elongation, '7c 11.1 21.5 5 min. 
Reduction of area, '7c 20.3 20.3 5 min. 

The above results indicate that the blade still had 
good creep rupture life and ductility, but the author 
considers the percentage of reduction of area, which is 
an indication of the ductility, rather high in comparison 
with other tests carried out by the same manufacturer 
(22). 

c· 
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[{ecomm r!n dations  
\re:O t i n zh o m e  m ad e the foll o 11 i n z  r e c o mmendations 

" hich " i l l  2oncurrenth· be commen ted o n  b1· the 11 riter : 
l .  Recondition a l l  blades f r o m  s t a zes l .  2 and 3 

to remove the  c orrosion affected laver  a n-d i n terzranular 
,; pikes. The b lades of s ta ge -t c o n tained onlv ti gh t sur 
face c o r r osion 11 hich can b e  removed b v  dass bead clean
i n !!. The w riter azrees th a t  rec o n d i tio�i� z  extends b lade 
! de b,- removin z the c h ro mium deple ted z�o n e  and expos
ing virgin al loy io the atmosphere .  

2 .  Csin g a f u e l  o i l  11· i th a l o w  s u l f u r  con ten t o r .  
p referably,  burning natur al g a s  conti n u al lY .  ;\!so ,  m o re 
:' Lr ingent  con trols must  be placed on t h e  1·anadium con tent 
o f  the fueL I n  connec t ion w i th this recommendat ion.  the 
a u thor  stressed the poin t t o  Westin gh o u s e  that the sulfur 
content  of  the fuel used b v  SADAFE in their  W-191-G 
u nits has a range of Q.-11 to 0.52 '/r_ bv 11·eigh,t of sulfur.  
Table 2 ,  which is in accordan c e  w i th AST\1 specif ications, 
w i th Shell specifications. T able 3, and with West ingh o use 
:' pecifications themseh-es. T able 4- . I t  w as also reiterated 
that  n o  vanadium traces were found i n  t h e  13 fuel samples 
analvzed. 

3 .  If possible. the turbine  blades s h o uld be  inspect
ed every 3000 hours for surface corrosion.  The w riter 
endorses this rec ommen d a ti o n  because i t  is  agreed tha t  
by monitoring t h e  growth o f  the c o r r o s i o n  at tack a n d  
reconditi onin g t h e  blades w h e n  n ecessarv.  blade life c a n  
b e  extended a�n d  t h e  dan ger o f  catastr o phic failure d u e  to 
corrosi on can be minimized. 

Additional remarks 

At the author's req uest, the m a n u facturer  reported 
that the blade deposits were hard and dry scale and tha t  
t h e  degree o f  co rrosi on w as the same i n  t h e  moving and 
nozzle bl ades. 

It is signi fican t to ment ion that  CADAFE does n o t  
t ake fuel samples from every truck tan k  arriving a t  each 
plant.  This may sometimes resu l t  i n  a h i ghly contami
n a ted load o f  gas-oil being burned i n  the turbin e  w ithout  
ever being  det�cted . Q u i�k and economical  fuel analysis 
methods for field use should be deve l o p ed .  The flame 
and atomic absorption spectrophotometric  techn i ques are 
showing some promise t 12 ) i n  this respect .  

In the  Tachira Plan t. where  the gas turbines are  
located next  to a steam pla n t  b u r n i n g  heavy fuel, there 
exists the p ossibil i ty that  by human error, the gas-oil  
tank may h ave been filled w i th residual  fuel  o f  high sulfur 
content ( grea ter than 2';-'c by wei ght) . 

There also exi sts the p ossibil i tv th a t  a n  u pset in the 
oil refinery process i tself m ay occasio n ally alter the fuel 
quality .  

The means and metho ds o f  fuel transpo r tation may 
be ano ther source o f  excessive quant i t ies of corrosive 
elements, par ticularly if a third-party c o n tract  hauler is 
involved. If the gas-oi l  were transpo r ted in a tank truck 
previously used to transpo r t  residual fuel, the former 
could be contaminated up t o  a dangerous level. O nly 
in this w ay can the presence of vanadium found by the 
m anufacturer be  explained because, for example, the  
contamin ation of  a distille d  fuel by 1 7c of  residual fuel 
containing 200 ppm of Yan adium can m ake the former 
exceed the 2 ppm specif icat ion established b y  Westing
house ( 23 ) ,  Table .J.. For this reason stringent controls 

a re n ecessary in f u e l  t r :msport .  h u t  this is o u tside o f  
C\DAFE"s area  o f  r esponsibili tY .  

As p rev i o u s l v  m e n tioned,  another source o f  the prob· 
l e m  lies in the fue l  s t o r a ge svstem o f  the power stat ion,  
i ts instal lation a c c o rdin g to  standards. i ts cleanliness and 
main ten a n c e .  :3everal  instances h ave been investigated,  
a lien to CADAFE. in  11·hich i t  has been determined that 
the c oncen t r a ti o n  a t  the bo ttom o f  the tank can exceed 
I l l· .)0 t i m es the c o n cen tra t ion  found in the main b ody of 
the  tank t 23 ) .  The p r o b abili ty that  these concentrations 
mav reach t h e  suc ti o n  level, and be pumped to  the burn
e rs. can b e  red uced b v  regularlv draining the fuel tank 
bo t tom.  - � - '-

An o ther s o u rce o f  blade deposi t forming elements, 
as poin ted out before ,  is the c on tinuous ingestion of  small 
(j uanti t ies of same in the i ntake air to the gas turbine.  
To avoid this, more effic ient  air  fil ters are required.  But 
in addi t ion ,  i t  is rec ommended th at the rate of  ingesti o n  
he determined b v  isoki n etically samplin g  t h e  air  down
s tream o f  the f i l ters as well as  determining the full 
chemical analysis of this m a terial .  

The c o r r osion damage extent can onlv be  evaluated 
b y  metall o graphic exami�ati ons : however · visual i nspec
tion is adeq u a te t o  determine i f  attack is taking place. 
But visual inspection requires that the turbine be shut 
down for considerable periods of time and much effort 
b e  spen t t o  ra ise the c o ver,  since inspection through the 
combustor  p o r ts is  n o t  adequate to  detect atuack. This 
precludes making frequen t ( 1000 hr . ) inspecti ons and 
t aking c o rrective acti o n  to limit damage Io the turbine. 

Some manufacturers h ave developed alternative 
means which allow frequent  i nspecti on in  order t o  moni
tor corrosion on the hot  turbine parts .  This system, com
monly c alled the C or r osion Monitor o r  D i p  Stick, consists 
of a modified c o mbu s t o r  outlet thermocou ple which con
tains samples of  mater ia l  used w i thin  the critical secti o ns 
o f  the turbi n e .  These m aterials are exposed to the actual  
environmen t  o f  the turbine and m ay help t o  sho w  the 
exten t  of c orrosio n  d eterio ration i n  the turbine.  The 
main advantage of the system is that i t  takes only abo u t  
o n e  h o u r  o f  d o w n time t o  remove t h e  exposed samples 
and replace them wi th n e w  ones. Also , this can be done 
during r o u ti n e  down time.  The specimens can then be 
quickly subj ected to metallographi c  examination to deter· 
mine the effect of the turbine environment on them. 

CONCLUS I O N S  
l. It h as been confi rmed that for sulfidati o n  corro

sion to occur,  the p r esence, firstly o f  an alkali and sec
ondly o f  sulfur, is n ecessary. The corrosion-i nducing 
proportions o f  these components is, however, controver· 
siaL 

2. There  is no undisputed agreemen t on what kind 
of high temperature alloys are more corrosion-resis tan t 
than o thers and / o r  what  key in gredients of these alloys 
perform better under c orrosion conditions and what the 
most suitable p r o p o r tions of these in gredients are.  

3. The benefici a l  effects of  protective layers to 
prevent  o r  retard hot corrosion are still questi o nable. 

4. The p rovisio n  of fuel centrifuging, previo usly 
used onlv w ith r esidu al fuels, appears to be recommen d 
able for distillate fuels as well. 
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.-) . C ri t- rec t  fuel  a n d  air  i i l t r J. t i o n  i s  e:'sen t i a l  t o  the  
r · o r r o s i o n - i r e e  o p e r a t i o n  o f  :.:: ;. E t u r b ines .  

6 .  .\ l e ta l lo f!:ru ph ic  a n a i 1· :" i s  �eems t o  b e  a b e t t e r  
m e t h o d  r; i h o t c o r r o s i o n  e1 · a l u a t ion  t h a n  the  loss  o f  
11· e i f!:h t  method .  

(,J u ick .  accurate  a n d  economica l  fue l  ;: a m p l i n �  
m e th o d "  [r; r i i e l d  u s e  sh o u l d b e  , l e ,· e l o p t' d  t o  p e ri o c l i c a l h  
l e s t  th e f U e l  l o a d s  a r r i 1· i n g  a t  t h e  !J O II e r  p l an ts .  

: l .  fuel  o i l  process in i! a n d  h an d l i n � techn i q u es o u t 
:; i d e  t h e  a rea o f  control  o f  the users.  as wel l  as h u man 
error in h a n d l i n i!  d ifferen t fu els in po w e r  plan ts .  m a \' he  
res po ns i i J ie  for  puzzl ing c o r r o ;:. i o n  p r oblems.  

') . Insta l la t ion  s t andards .  c leanl iness and m a i n te 
nance  o f  fuel  s t o r a!!e s1 ·s tems must  be  i i r s t -c l ass  i f  corro
:o ion  problems are t� be - aYoi d e d .  

1 0 .  Decause n o  a !!reemen t  h as \' e t  been  reached 
as to  th e most  e f fect iYe frequenc1· of  it� s p e c t i o n  t o  d e t e r 
m i n e  c o r ros ion  b u ildup.  t h e  p resen t de1· e l o pmen t u f  c o t- r o 
c; i o n  m o n i t o r i n g  d e v i c e s  � h o u ! d  b e  fu r t h e r e d .  
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