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- CONTROL OF CORRGSION AND DEPOZITS IN STATIONARY
BOILERS BURMIMG RESIDUAL FUEL OIL

INTEDODUCTION

@, " Fire-side corrosion and depoaits aya found in boilers fired with either residual
T fuel oil or co2l This state-of-the-art report is primarily concerned with plants uuing
residual fuel oils, or No. 6 fuel oil, as the source of energy.

The Bureau of Yards and Docks regularly receives reports on stationary boilers
under Navy control. For many of the boilers, the reports indicate that the steam-
raising plant contains modern and well-equipped boilers and that they are operating
with a minimum of difficulty. Operators of other plants, bacause of such factors as
sudden changes in the steam demand, contamination of the fuel supply, boiler design
or installation features, or lack of facilities for measurements, inspection, or chemi-
cal analyses, are not in a good position to provide BuDocks with complete information.

BuDocks is interested in developing information leading to improved perform-
ance and to economies in their stee) water-tube stationary boilers which use residual
fuel oil as the main energy source. BuDock's interest and concerr avises partly from
the fact that in recent years the quality of residual fuel oil has deoteriorated and is con-
inuing to deteriorate. This, and the gradual broadening of the temperature range of
1 - boilers, have tended to intensify problems caused by corrosion and deposits.

BuDocks, through various commercial interesta, is being oflered a wide variety
of corrective treatments for residual fuel oil. The Navy Departmant does not intend to
become bound to a single source of treatment for residual fuel oil. An impartial in-
vestigetion by an unbiased agency is desired tc establish the beat proceduras {or mini-
mizing corrosion and deposits in boilers operated by BuDocks.

The type of boiler selected for a shore station in the Navy will vary according to
the service required. Some powsar plants provide steam for speclal purposes, such ae
electricity generation {steam turbincs) or for a testing facility {s.g., a catapult rig).
Most of the doiler plants provide mainly steam for hot-water heating, hospitals, cafe-
terias, shops, and other buildings, and for supply when needed to shipe in dock. The
load will vary with the time of day, with change in seasont, ~nd with the special activi-
tiez at the particular base. In the selection of an oil-fired boiler, attention must also

i be given to the Navy's alternative fuel requirements in some areas; e.g., pulverized
coal or natural gas may serve as aiternative fuels.

|
{ An eetimate of the range of boilers uuder BuDock's administration, z. aulting
{rom discussions lield in Washingtun, D.C., is as {ollowr:

i _ Description _ Percentage of Intezest
i 15 to 125-psi saturated steam 70
1 125 te 400-psi superheated steam 20 to 25

Small utility ~type boilers 5t 10

OATTELLE MEMORIAL INSTITUTE
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A useful discussion on the manifold types of boilers available and their charac~
teristics is given in a recent book by Shields(185)*, Because boilers vary greatly in
shape, size, and arrangement, any attempt to ciassify particularly troublesome areas
should be based on general Fatterm rather than on spacific designs. Jacklin,
Anderson, and 'I‘hompmn(9 ) indicated that temperature is the most important single
factor affecting fire-side deposits.

Five principal temperature zones may exist in boilers. The gas and tube or
metal temperatures in each are as follows:

Gas Tamperature, ¥ Tuke Temperature, F

Radiant section 3000-2000 680-550
Superheater 2000-1000 1200-600
Convection 1500-560 650-450
Economizer 800-300 600-200
Air preheater 600-300 500-200

In individual boilers, oce or more of these areas may be absent, Also, for eaca ar_a,
the temperature found in a large boiler may be near the upper limit of the range shown,
while for a smaller boiler it may be near the lower limit of the temperature range.
Figure 1 is a schematic drawing showing some of the components often found in a steam
boiler,

Low-temperature corrosion and depasits cceur in the cold end of the boiler.
These are usually caused by the condensaion of an acid liquid filin on the matal sur-
faces when the metal temperature drops helow the acid dewpoint of the flue gases.

This situation may exist in the econcmizer, air preheater, and stack areas. The da~
posits are usually wet and sticky. Many materials are subject to corroaion by agueous
acid solutions.

Similarly, high-temperature problems occur in the hot zones of the boiler. De-
posits on superheaters may be hard and adherent, and corrosion may be gaused by
high~temperature oxidation or sulfidation, sometimes acceleratad by the presence of
molten ash deposits.

During the past 15 years, the problems associated with the burning of residual
fuel oils have beei. greatly intensified. Difficulties assoclated with corrosion and de-
posits {from residual fuel oil coincided approximately with the period of increasing in-
terest in boilers producing steam at 1000 F or higher and alrn in the development of
oil-burning gas turbines. In both of theae applications, metai temperatures at certain
points would be expected to exceed about 1100 F. Heavy fuel oiis had been used for
many yecars at lower temperatures without serious aslagging or corzosion difficulties
according to Schab{l78), Therefore, it seemed apparent that part of the difficulties
were related to the higher operating temperatures. Numeroue atudies and investiga-
tions have been conducted to gain additional information zboat the problem.

The large volume of published literature indicates that the interest j» world wide.
Within the past few ycars, reviews and bibliographies on tha subject hive uppeared in
several countries, covering both low=- and high-temperature aspects of the problsm.
Reference to these reviews are given at this point merely to provide a background on
the activities in the field, but the pertinent information they contain which ralatee to

“Literature references start o page 119.
B ATYTTELLE MEMORLI AL INSTITUTE
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either low- or high-temperature problems will be discussed in the subsequent chapters
of this report.

BIBLIOGRAPHIES AND REVIEWS

In 1959, a comprehensive review of the available information on corrosion and
deposits in coal-fired and oil-fired boilers and in gas turbines was published by the
American Society of Mechanical Engineera(3 L A 10-year biblography by Schab al-
ready has been cited{178). A bibliography, including short abstracts of the references
listed, on corrosion by vanadium pentoxide was prepared by the Mond Nickel Company,
Ltd. (11},  As indicated by the title, most of the references deal specifically with the
corrosion problem. Resicdual oil-ash corrosion was also discussed in 2 review by
Slunder(l91), and a bibliography on the subject (listing articles prior to 1948 and for
each subsequent year through 1958) was prepared by NACE Task Group T-5i-3{10),

In Germany, Gumz published a review covering the effects of fuel comfositiox; ; com-
bustion conditions, and meial temperature on corrosion by flue gases. 77) Cume alao
published a bibliography including abstracts of the most recent and important articles
on corrosion by flue gases.(76) Another compreheasive review, specifically relating
to the high-temperature corrosion caused by vanadium pentoxide, was published in
England by K. Sachs.(175) A review of the literature, also on the vanadiumn pentoxide
problem, was prepared by Fairman, {35} Two reviews of gas-turbine fuels(47,61) in-
cluded discussion of the corrosion and daposition problems associated with reaidual oil.
A very recent survey compiled by Edwards(51), on behalf of the Admiralty Fuels and
fLubricants Comtnittee, includes a comprehensive discussion of fire-side torrotion and
deposits in oil-fired naval and land-based boilers and in gas turbines, and a bibliography
of over 200 references. Several chapters in a recent Russian book(195) are concerned
with the behavior of heat~resistant alloys under vanadium corrosion conditions, and
with preventive measures such as coatings for metals, and additives in the oil. An ab-
stract of an article by Panetti{!43} indicates it is a review of the subject publisned in
Italy. Several useful reviews of low-temperature corrosion alsa have been presented.
Two very useful ones are those by Kear{98) and by Moskovitz(135),

Most recently an international conference was held in England by the Central
Electricity Generating NBoard in May 1963, to review again the vast amount of informa-
tion available today on external corrosion and deposits. In all, 46 papers wera pre-
sented to the 150 corrosion technologists present. Publication is planned of the
proceedings of this conference, but the material is available at the time of writing
only as reprints.

While these bibliographies may show some duplication in references, the topics
emphasized in each of the various reviews varied according to the objectives of the

reviewers,
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CHAPTER |. FLUE-GAS CONDENSATE CORROSION IN
THE LOWTEMPERATURE ZOMES OF THE BOILER

CORROSION IN LOW-TEMPERATURE ZONES

Susceptible Boiler Components

The economizers, air preheatars, and stacks of oil-burning water-tube boilers
are particularly susceptible to corrosive attack, as are fire tubes in some shell-type
boilers, because conditions are often favorable at these aections for the formation of
corrnsive liquid films by condensation of gaseous combusticon products. (212} 1¢ {8 well
established that these boiler components are attacked by flue-gas condensate films at
higher reaction rates than is the case when these items are maintained in the dry state

at temperatures slightly above the dewpoint.

Flue-Gas Compositional Factors

Sulfur Compounds

The major factor in corrosicn observed at the low-terperature end of the boiler
is the acidic sulfur compounds present in the combustion gases. Under some special
conditions, hydrechloric or nitric acids also may form, and their presence in the flue
gas would tend to increase the rate of attack.

Deposits in the low-temperature zones of the boiler are composed largely of iron
sulfates, sulfuric acid, carbon, and ash. Since less ash is formed in oil firing than in
coal firing, thc problems associated with ash deposits usually are less severe in oil-

{ired boilers.

Sulfuric Acid

The major purtion of the sulfur in the {uel is burned and appears as sulfur dioxide
in the flue gas. A small portion of the SO, may be further cxadized to S03. The dew-
point is markedly affected by the total SOy present. Films of sulfuric acid ara formed
on metal surfaces at relatively high temperatures, such as 350 ¥, as 2 result of the
condensation of sulfuric acid vapor formed by the combination of SO3 and water vapor
in the flue gas. Temperatures of 350 F and lover often arise as the {lus gas anrroaches
the exit end of the hoil r. [n most boilura, the much iowes meatal tomperatures ol 100
to 105 F required fur ¢(he deposition of sulfurous acid ard hydrochloric acid are not

reachea.

The dewpoint of the flue gas is markedly increased by small increases in the
sulfur content of the fuel oil, up to about 0. 5% sulfur. At higher sulfur contents in the
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fuel, the increase in SO3 in the flue gas iz much more gradual and follows the relation-
ship illustrated in Figure 2, taken from data published by Rendle and Wilsdon(166).
These authors also summarized results from other investigations{4J, 58,204),

400
300 W—
w °
Ry (M b
c
S 200—4
a §
3 ) ® Corbett and Fnreda;“‘”
o 14 ® Flint, et al.!%®
ool § Toylor and Lewis 204!
All othoy ‘oolnts Rendie and
Wilsdon.!
° 0 | 2 3 L} 8 8

Sulfur Content of Oil, per cent

FIGURE 2. RELATIONSHIP OF DEWPOINT TO SULFUR GONTENT
OF O1L(166)

Data refcr to 25% excess air for combustion.

It can be aeen that in order to lower the dewpoint below about 250 F, it would be
necessary to reduce the sulfur content of the oil well below 0.5%. The control of low-
temperature acid corrosion by removal of the sulfur in the fuel oll is not economically
feasible, according to presently available information.

It is of interest to note that at very low excess air, when the oxygen in the flue
gas is less than about 0.5 per cent, there is a marked decrease in the SOj lavei,
irrespective of the sulfur content of the {uel,

Dewpoint Determinations. Recently, the dewpoint in boilers was measured by
different methods by Alexander and her aasociates. (¢) Thev cancluded that, at icast at
low SOj3 contents, there is no simple relationship betweren the dewpoint and the amount
of S5 ‘n the {lue gas. Their results, reproduced in Figure 3, show that even at low
SOj3 concentration (such as 2 to 10 ppm}, the dewpeint can b2 as high se 300 F. Fig-
ure 3 also includes relerences to other studies made with an operating boiler and with
clean gas in the laboratury. The curve obtained by Alexander lies well above those
presented by other worker2. 1t is suggested that such differences are related to the
effect of dust on the condensation phenomenon.
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Corrosion Variables. Although the dewpoint temperature is a crit'cal corrosion
variable, in that corrosion rates at temperatures above the dewpoint are negligible,
other factors are important in contrelling the corrosion rate under cond tions of con-
densation. Studies to date show that the more important variables contr »lling rates of
corrosion are these:

(1) Rate of acid condensation
{2) Concentration of condensed acid.

As would be expected, the rate of acid condensation is directly re ited to the SO3
content of the flue gas. Thus, the greater the partial pressure of SO3 ir the flue gas,
the more rapidly will the metal structure be corroded.

The second corrosivity variable (concentration »f condenred acid) is not
dependent(135,212) on the amount of SO3 present but is more directly r- lated to metal-
surface temperature and to the percentage of water vapor in the combus'ion gases.

Thus, ihe over-all corrosion rate is dependent on a complex combination of
variables.

Acid Strength Versus Condensation Temperature. Figure 4 show: data obtained
experimentally by Taylor{2U3) on the relation of the strength of the initially condensed
acid to the temperature at which it condenses. The gases used containad acid corre-
sponding to a dewpoint at 395 F and about 8% of moisture. The curve shows that the
acid (which condenses out at temperatures slightly below the dewpoint) will be highly
concentrated. In the range of 200 to 250 F, the acid will have a strength of 70 to 80%.
As the temperature decreases, the strength of the acid condensed also will decresse.
Thus, it is apparent that combustion gases from an oil-burning boiler can deposit
sulfuric acid {ilms, over a wide range of concentrations, onto metal and other surfaces.

Research has shown that the rate of corrosion of steel by sulfuric acid decreasesn
to rates low enough to be tolerable only in the regions of extremely low and high acid
concentrations. Room-temperature data presented by Fontana{60) are summarized in
Table 1. It can be seen that at this temperature a corrosion rate of almost 2500 mils
per year could be articipated in 10% acid, and a rate of only about 10 mils per year at
90% concentration. It should be pointed out that, since these rates are for room tem-
perature, the rates at the temperatures indicated in Figure 4 would Ye much greater.
In addition, dilute acids would not be deposited at the surface tarperatures encountered
in many air preheaters and economizers during the operating cycle. However, during
damp periods, the concentrated sulfuric acid on boilere not then in operation would be
expected to be diluted by moisture absorbed from the air.

Designers usually provide that the normal temperatures of boiler heat-sxchanger

surfaces usually are rnaintained above tha regions where the highly corrosive acid
strengths of less than 60 per cent are fcemed.
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TABLE |. CORROSION OF STEEL BY SGLFURIC ACID(60)

Ccrrosion Rate,

Corrosion Rate,

Concentration, mils per year Concentration, mile per year
per cent at 75 F per cent at 15 F
0. 005 8 50. 0() 1600
0.05 15 60 50
i 0.5 120 70 15
; 1.0 200 80 20
' 3.0 875 90 10
5, 1200 100 5
10. of2) 2300

e ecsmed

AREE R 3=

{2) Between 10 and 30% acid, the ocrioslon tates for 1'cel ate eauemely high.
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The ASME(3) publication on corrosion and deposits reviewed the corrosion of
steel as well as other metals from information published up to 1958. Since that time,
Haneef(80) has measured corrosion rates of different materiala in flue gases from an
oil-fired water-cooled furnace. He confirmed the conclusion, reached earlier by Kear
and others, that the maximum corrosion occurs in the region about 50 F below the
dewpoint.

When a metal reacts with an acid, one of the proaucts is gaseous hydrogen. A
novel method for estimating the corrosion by flue-gas condensate is based on measuring
the amount of hydrogen in the flue gas and correlating this information with the rate of
metal consumed by the acid. According to Alexander(l), the method is being used in

Belgium.

Suifurcus Acid

Laboratory and plant experiences have shown that the relationship between metal-
surface temperature and corrosion rate is in the form of a curve with two maxima, as
illustrated in Figure 5 adapted from W‘hittingham(“z). As was meationsd in the previ-
ous section, the increase in corrosion occurring about 50 F balow the acid dswpeint is
caused by sulfuric acid. The other sharp increase in corrosion, which occurs just be-
low the water dewpoint, is caused by sulfurous acid attack resulting from the combina-
tion of SOz and water. The temperature range where this occurs is near 100 F.

It should be mentioned that Rylands and Jenkinson{174) have shown that both cast
iron and steel were attacked 25 times faster by H;SOj than by H;504, both in 5%
strength, in tests lasting 24 hours at 60 F. Thus, it can be seen that the potential for
corrosion would be very great if boilers were operated so that exit-gas temperatures
reach the water dewpoint. Since there always is mueh more 50; than SO4 present in
the flue gas, the flue-gas condensate forming at the water dewpoint is bound to be
corrosive to iron.

Shanks and his associates{183) recently studied low-temperature corrosion in
oil-fired cast-iron sectional boilers and found an acid dewpoint near 250 F. The maxi-
mum corrosive attack occurred at 160 F. They recommend operation of the boiler at
3 water temperature sufficiently high to stay beyond the accelerated-corrosion range.
It i3 interesting that they reported an overnight cyclic shutdown of the burner had a
negligible effcct on the corrosion rate, whereas many investigators feel that shutdown
periods can be very detrimental.

Hydrochloric Acid

Residual fuel o1ls normally do not cortain chlorides, but when contamination with
sca water or other saline water has occurred, ap;reciable quantities may be present.
Since hydrogen chlor.4e can be formed when auch contaminated oils are burned,; some
con-ideration must Le given to tlie corrosion effects. Firat, it should be mentioned
that hydrochloriz acid is an extremely corrosive material, in many respecte much
mere so than sulfuric acad. It is fortunate that liquid filme containing hydrochloric
acid usually are not present in boiler plants unless the exit-gae temperature has
reachad the water dewpoint; otherwise, even more-severe corrosion could be antici-
pated than is presently found. The corrosivity of flue gases containing hydrochloric
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acid has been demonstrated in the laboratory by several investigators. For example,

Kear{l00) ghowed that at 115 F the corrosion of a mild-steel probe was about 40%
greater with ths addition of 0.C15% HCI along with 0. 1% SO, than with the same amount
of SO; alone. Other work by Rylands and Jenkinson{173) showed that the concentration
»f HCl in the condensate rase rapidly at temperatures below the water dewpoint when
HCl was added to combustion gases. Studies by Piper and VanVliet(i51) in a power
station burning coul containing 0.66% Cl showed that HCl was depozited when the gases
reached 140 F. It is quite significani that it was found that below 190 F the amount of
HCl deposited was greater than that of H;50,4. Thus, the nsceasity for maintaining the
exit-gas temperature above the water dewpcint is well documented.

in addition, the iraportance of removing sea water from fuel oil 18 emphasized
since it 15 possible that in some cases corrosion ordinarily attributed to sulfuric acid
may be partially caused by HCI, even at temperaturas above the water dewpoint.

Flue-gas composition, as reported in the literature, usually does not include the
HCl content. It would be interesting to establish for a boiler, using a residual fuel oil
containing a known amount of sea water, the relationship between the chloride content

and HCL! in the resultant {lue gas.
Another facior not generally recognized is the quantity of salt in the air nsar the
seacoast, particularly during and after stormy weathe:r. In view of the large volume

of air going to the boiler this can provide an appreciable source of chlorine to induce
corrosion, even though the fusl may be free of salt water contamination.

CONTROL OF CORROSION

In England, the Central Electricity Generating Board has encountered a wida
variely of corrosion problems in convertinrg certain of its boiler plam. to oil firing.
Dadswell and Thompson(%0) reviewed the procedures taken to minimise corrosion of

air preheaters. The prucedures reviewed were:
(1} Design of the air preheater so that the meial temparaiure at the cold
end is never bLelew the acid dewpaint
{2} Use of the most-currosion-resistant metlals or protective coatingas,
to preve-t attack
{3} Reduction of the 503 content of the lue gas by operating the hurner
with miimum exoess air
{4) The use of additives to neutrat.ze the SOy cr = inhibit the pickling

action of the 1150,

Design Consideralions

CEGHB has considered the foil-uwing modificaticas in air-preheater design:

pu
z

{1} Hot-air recirculatien and air b,;nassing. The plants are operated
with an air-preheater exal-gas temperature of around 350 F when

bypassing 18 used. With hot-air recircalation, the air-inlst tem-

perature 1s 150 to 206 ¥.
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(2) Rearrangement from counter{low to parallel flow,
(3) Introduction of oil burners in cold-air inlets.
{4) Use of a closed hot-water heat exchanger to warm the air.
(5} Use of a high-ternperatuare booster air preheater.

{6} Use of bled-steam air preheaters.

COMBUSTIOM CONTROL

The method of reducing corrosion by limiting the excess 2ir to the point vhere
theve is control of the amount of SOy formed is being demonstrated with favorable ra-
sults in England and in Germany. For example, Lees!113) reported = decrease in
dewpoint from 345 to 280 F, corresponding to an increase in the CQO; content of the
flue gas from 10% to 13.5%. Actiual measurements of air-preheater tube wastage, by
Lees, proved very graphically that a reduction from a corrosion ratz of 50 mila per
1000 hours tu about 5 mils per 10300 hours could Le effected by this lowered dewpoint,
which is a measure of the reduced SOj content. Figure 6 illustrates the decrease in
corrosion rates for twn rows of tubes in the air preheater at the Bankaide Station,
which is compared with the easily measured increase in carbon dioxide. The Annual
Report of BCURA{20) presented results showing that the SOj content in the flue gas
rose {rom 5 to 80 ppm as the excess oxygen increased from 0.5% to 3.0%. The corre-
sponding corresion-rate curve was found to be parallel to the 803 curve.

Yariation in SO3 Content

An extensive laboratury study of lc -temperature corrotion under carefully con-
trolled conditions is being conducted by Ward, et al., at the Central Electricity
Rescarch Laboratories in Leatherhead, England(210). In a study of the formation and
deposition of SOj3, it was shown that the pilot boiler rezponds to changes in the propor-
tion of excess air i much the same way as in large-asized boilers, with the added
advantage that very low excess air can be used. Continuous recordings of SO3 and
oxygen ovar a period ef 2700 hours, where the amount of cxygen in the {lue gas was
varied, indicated a direct correlation between SQ3 and oxygen. Figure 7 showe that
the SOj3 varies from about 2 ppm at 0. 2% oxygen to about 35 ppm near 2% oxygen.

In 1959, Crossley(‘” summarized the results from full-scale investigstiona with
saveral power stations in England. At Marchwood, where the SOy content was abgat
20 ppin s the dewpoint was rear 300 F, a reduction in excese oxygen from 37 to zbout
0.5% caused a reduction in SO to about 3 ppmy and a dewpoirt near 250 F.  Sitailar re-
syite weve given for threc other utation, as shown in Talls 2,
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TABLE 2. EFFEGT OF EXCESS OXYGEN ON
503 CONTENT AND DEWPOINT(43)

Excess O3, 503, Dewpoint,

% ppin F
Marchwood 3 20 270~320
Marchwood 0.5 2-7 240-255
Poole <0.6 5 180
Poole 4 45 320
S. Denes V.7 -- 260
Ince 4.5 18 -
Ince 1.0 i -

Glaubitz has presented two fairly complete paper8(68’69), in Germany, describ-
ing the benefits derived from careful control of combustion air in oil-fired boiiers. By
means of special equipment and burner design, he was able to reduce the oxygen con-
tent to about 0.2%. 1t is stated that after 12,000 operating hours, the boiler had never
been cleaned. Highly efficient rates of heat transfer were maintained throughout the
experiment. Figure 8 [taken from Giaubiz(68)] shows that the acid dewpoint tends to
approach the water dewpoint as the oxygen is reduced to 0.2% in the flue gas.

In addition, it shouid be noted that the dewpoint with controlled excess air i{s
essentially independent of the sulfur content of the oil.

More recently, Rosborough(”z) summarized (in Figure 9) the irend resulting
from this technique of combustion control: The data suggest that there may bo a maxi-
mum in the SQO3 conversion curve and that both high and low values of exceas air tend
to reduce the reaction. 1t is surmised that large amounts of ¢xcess air act by causing
dilution and by lowering the flame tamperatuce.

Alexander(2) and associates indicate a tenfold increase in SO, over the range 1.5
to 4. 5% oxygen in the flue gas. In a Aiscussion on this paper, Grant brought out the
point that in his opinion a reduction in excess air could accomplish the same rasults
as are achieved by additives. Amnoiher polat was that air-preheatar corzosion is low-
ered if the tubes ur platez ars cleaned oftan so that doposeits are not allowed to
accumaulate.

Very receqtly, Mannyil21) has reported that the Cantial Electricity Generating
Board, in England, ban applied low-excess-air combustion to all ite oil-fired stations
{about 12}. In addition, thn TEGB is designing four very large oil-lired steam gen-
seators which will use low-excess-air combustion and will incorporate 32 specially
designed basners

Carter, in his dircussicn of the paprr by Alexander, et al. (2); suggeate that the

thermai 105t be acneptad, and that {lue-gas tcuperature b» mainisined above the acld
dewpoint ta be sure no acid amut is evolved.
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Very recently, MacFarlane(120) yged the established equilibrium data for the
reaction

SO, +1/20, % 504

to calculate values for the percentage conversion of SO, to SO3 at various conditions of
excess air and temperature in a boiler burning fuel oil. His results (summarized in
Figure 10) show graphically the decided decrease in SO3 formation effected by re-
ductions in excess air.

Although the residence time in an actual boiler may be too short to permit equi-
librium conditions indicated in Figure 10 to be entirely valid, it should be pointed out
that the data are useful for showing the importance of excess air in the problem under
discussion in this report.

Boiler Efficiency

From the efficiency standpoint, it ie advantageous to operats the boiler in the
proper range of excess air. Table 3, presented by Latham(112); ghows the relation-
ship between excess air, boiler efficiency, and percentage of oxygen in the flue gas.
The data obtained during operation of Navy boilers were recalculated for a constant
stack temperature of 500 F.

TABLE 3. EFFECT OF EXCESS AIR ON BOILFR EFFICIENCY
AND CO, CONTENT(!12)

Boiler Efficiency €O, in
Excess Air, at Full Power, Flue Gas,

% % %

15 79.0 14.0

2 78.2 13.3

30 77.0 12.5

50 74.0 10.5

109 69.5 8.0

200 64.5 5.2

It can be seen that it is most economical to operate at the minimum amount of
excess air. [t is most furtunate that this condition is also favorable for producing the
minimum amount of SO3 in the flue gas, and censequently the lowest corrosion ralew.
Thus, the need is further emphasized 97 operating uuder ~>mbuation conditions result-
ing in 13 to 14% of CO . in the flue gas.
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CONSTRUCTION MATERIALS AND PROTECTIVE COATINGS

Metals and Alloys

An extensive study of materials for low-temperature areas of boilers was con-
ducted about ten years ago by Barkley(8) and associates. They evaluated forty uncoated
metals and several coatings by subjecting panels to the flue gas in a regenerative-type
air preheater in a coal-fired steam generator. Because the observed corrosion was

due largely to sulfuric acid, the resulis are of pertinent interest in a discussion of oil-
fired units.

Barkley assigned a rating of 100 to Corten, which is a low~alloy steel. Other
low-alloy steels, Mayari-R and Croloy, were similar in durability. Metala more re-
sistant than Corten were Hastelloy B, Hastelloy C, L-605, Inconel, ard Carpenter 20.
High-alloy steels were less resistant than Corten.

Corrosion studies conducted at extremely low metal temperatures, where HCI as
well as H;SO4 were formed, were reported by Piper and VanVliet(151) for an operating
station. Low-alloy steels wure found to have a higher corrosion resistance than stain-
less steels, hot-rolled steel, and aluminum.

Haneef(80) recently conducted corrosion tests on metals exposed in a pilot-scale
furnace burning oil containing 2.9% sulfur. In general, he confirmed the results of the
rating arrived at by Barkley, ct al., at the Bureau oi Mines(8). Assuming that the cor-

rosion index of Corten was 100, he derived indexes for other materiala as shown in
Table 4.

TABLE 4. CORROSION INDEXES OF METALS EXPOSED IN
PILOT-SCALE FURNACE BURNING OIL
CONTAINING 2.9% SULFUR({80)

ek

Corrosion Index

Specimen Surface Stainless Carbon Cast Iron
Temperature, F Corten Steel Steel Normalized Annealed
356 100 25 113 148 162
284 100 59 126 146 158
230 100 135 148 166 183

It will be noted that the stainless steel was more resistant than Corten at 356 F and at
284 F, wh~reas at 230 F the reverse was true.

One of the most recent studies corcerning construction materials for low-
temperature areas ir. boilera was reported in 1962 by Wiedersum and associates{221),
Their results were obtained in an economirter in a pulverised-coal-fired unit, but are
alzo useful 10 oil-fired cquipment. The results summarized in Figure 11 are taken

from their papcer. [t can be seen that the Types 304 and 316 stainlesa steels were more
durable than the other materials.
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A rating based on both corrosion and economics, howaver, placed the materials
in the following order in relative annual cost:

Cast iron 1 (leaat expensive)
Mild stecel 2
Corten 2
Stainless steels
Type 304 4-1/2
Type 316 5
Type 410 18

It should be pointed out that studies of Barkley and associates(8) and earlier etud-
ies of Piper and VanVliet(151) indicated that low-alloy steels were actually more re-
sistant than stainless stecls under similar conditions. Thus, the question of construc-
tion materials appears to be unresolved.

Miacellaneous Materials

Teflon, Hanley brick tile, and Olean white tile showed no loss by corrosion(8).

In 1955, Huge and Piotter(89) reported results for over fifty organic and inorganic
coatings. The phenol-formaldehvde type of coatings showad gocd resistance but were
limited by temperature detericoration. Porcelain-enamel coatings also showed good
promise.

Glass Tubing

It is interesting that QVF Limited“(’-"), of Fenton, England, and McKay(wa)
have reported that an air preheater rotubed with glags ahowed good resulta after an
18-month trial. Minor amgounts of deposits were found on the tube surfaces. Hoat
transfer was salisfactory.

Protective Coa ting_{

Protective coatings have also been recenily studied as 2 means of resisting the
corrosion. WiedersumiZ21) reported some encouraging results for a phenolic-type
coating. A preliminary estimate indicates that the cost of the eccnomiser units would
be increased by about une-third.
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Vitreous Enamels

Encouraging results were rcoorted for vitreous enamels. Recent field trials,
reported by Grames and Huffcut(70s, concerning enameled coatings in oparating sta-
tions, indicate that porcelain enameling is a practical application of a corrosion-
resistant coating for heat exchangers.

Wingert, in discussion of that paper, suggests that the solution of the corrosior
and deposit problems is in sight through the use of porcelain enamels in the air-

preheater sections.
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CRAPTER 2. CHEMISTRY OF BURNING RESICUAL FUEL
OIL AND OIL-ASH DEPOSTS

CHARACTERISTICS OF RESIDUAL FUEL OIL

The residual fuel oil known as No, 6, or Bunker C, comprices the residue or
bottoms from distillation of crude oils, To meet specifications, it may be blended with
other oils, such as a higher grade diatillate or used lubricating oils, The quality of the
residual fuel oil partly depends on the fractions that have becn removed as distillates
(gasoline, kerosene, and the lighter fuel oils) and partly on the source of the original
crude oil. In some cases, only 10% of the crude may end up ac residual oil, while in
other cases, it may he as much as 50%. Competition has encouraged refiners to use
procesgsses which result in higher yields of gasoline and distillates from the crude, In
general, higher yields of light fractions are accompanied by poorer quality resi: ual
oils,

Specificationsa

Commercial No, 6 oil must meet three ASTM specifications: (1) a viscosity
range of 45 to 300 seconds SSF (122 F), (2) a minimum flash point of 150 F, and (3)
a maximum water and sediment content of 2, 0%, The specifications for U.S, Navy
Heavy Grade oil, designed for use in shore-based power plants, are much more strin-
gent, requiring that ten conditions be satisfied az shown in Tzble 8, The maximum
ash content of 0.12% is the item considered of moest importance to this discussion,

TABLE 5, SPECIFICATIONS FOR U.3. NAVY RESIDUAL
OlL, HEAVY GRADE{142)

Gravity, *APL Min 10,0

Viscos.ly, d8F, 22 ¥ Max 150
Flash Point, P-M,k F Min {50
Fire Point, OC, F Min 200
Pour Point (Upper), F Max 50
Ash, % Max 0,12
Sediment by Extraction, % Max 0,15
Water, by Distillation, % Max 0,5
Thermal Stability (NBTL) Paeg {(No. 2 tube or better)
Explosivencss, & Max 50
!
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Qil Ash

The ash-forming constituents in the original crude oil go through the refining
process practically unchanged and are concentrated in the so-called bottome. Residual
fuel oil usually has an ash content of about 0, 1%, although in some exceptional cases it
has been found as high as |1 to 2%, Nevertheless, this small amount of ash can be the
causge of serious deposit and corrosion problems in boilers, .

Ash-forming constituents in the crude oil are introduced (a) by the znimal and
vegetable matier from whica the oil was formed, (b) from contact of the oil with under-
ground rock structures and brines, and (¢} during production, storage, and handling,
Four classes of contaminanta can be distinguished:

(1) Oil-goluble coinpounds formed with the crude oil,

{2) Water-soluble cornpounds dissolved in water and emulsified in
the crude oil, This would include connate brine and sea water,

(3) Reaction products of the acidic compounds of the oil with metal
surfaces such as pipes, tanks, and vroce ssing equipmant,

{4) Solid cuntaminants such as sand, rust, and scale which are picked
up during production and handling,

During the refining process, the emulsions {ltem 2) are broken and the water is driven
off, leaving the inorganic salts suspended in the residual oil,

Chemical Composition

The principal ash-forming clements found in crude eil, as given by Bowden
et al. “3), are listed in Table &. Both inexganic and organometallic, oil-soluble forms
have been observed for several of the elemsnte. No matter which form these slements
are in, the important point is that they are retained esaentially intact during the refining
process and are {vund concentrated in the residual oil, Trace amounts of as many as 25
eloments have been detected by Thomas in getroleum by epectrographic mlyaic( 03,

Cherniczi znalyses of the ash fvom crude oils obtained from verious sections of
the United States and also {rom Iran are presented in Tabie H205) ¢ ia obvious from
these data that the percentage of cach constituent varies widely in olls from different
{ields, These variat:ons in corniosition tend to affect the propertiea af the correspond-
ing residual oils, Ty’(?saz.: differences in the impsrtant properties of residunl cile are
illustrated in Table 8{8%.107,176) o particular interest to thie discussion are the wide
ranges showrn for the amuunt of ash and the conteni of sulfur, vanadium, and rodiur:,
The main deposit and corrosion probleme (hat vccur in boilors result from axides of
vanadium anrd sodium ia *he ash combining »ith oxidee of sulfur in the gasecus com-
bustion uvrudy-is,
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TABLE 6. PRINGIPAL ASH~-FORMING ELEMENTS IN CRUDE o1L{!8)

Sclubility
Element Type in Oil Probable Chemical Ferm
Aluminum Inorganic Insoluble Complex alumino«silicates in suspension
Calcium Organic Soluble Not identified
Inorganic Inaoluble Calcium minerals in suspension; calcium
salts in suspension or dissolved in
emulsified water
Iron Organic Soluble Possible iron porphyrin complexes
Inorganic Insoluble Finely eized iron o:ides in suspension
Magnesium  Organic Scluble Not identified
Inorganic Insoluble Magnesium salts dissolved in emulsified
water or in suapension in microcrystalline
state
Nickel Organic Soluble Probable porphyrin complexes
- Silicon Inocganic Insoluble Complex silicates and sanu in suspension
Sodium Inurganic Insoluble Largely sodium chloride dissolved in
cmulsified water oy in suspension in
microcrystalline state
Vanadium Organic Soluble Vanadium porphyrin complexes
Zine Organic Soluble Not identified

TABLE 7. ANALYSES OF ASH FROM CRUDE 01Ls(203)

Per Cent by Weight

Mid-
Califernia Contine:i Texas Pennsylvania Kansas Iran# 1 Iran 2
' $i0; 38.8 31,7 1.6 0.8 10.0 s2.8  12.1
Fe Gy
, A0, | 173 31.8 3.9 97.5 19.1 13,1 18.1
Ti0; f
CaO 3.7 12,6 5.3 0.7 4.8 6.1 12,7
MgO 1.8 4.2 2.5 0.2 1.3 9.1 0.2
An0O 0.3 0.4 0.3 6.2 Tre Tr Tr
V;0s5 5.1 Tr 1.4 - 0.4 14,0 38,5
NiO 4.4 0.5 1.5 -~ 0.6 1.4 10.7
Na,0 9.5 6.9 10.8 0.1 23.6 - -
K0 - - 1.9 - .5 - -
SOy 15,0 ie.8 €2, ! 0.9 6.4 ) 7.0
Chivs e - - 4.9 e G 1 - -
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TABLE 8, VARIATION IN PROPERTIES OF NO, 6 RESIDUAL FUEL OILS

Canadian U, 5. U. s, )

Property Refineries(176) Refineries i{107) Refineries 12{85
Specific Gravity, 60 F 0.945 = 1,046 0,959 « 0.990 0.92~-1.02
Flash Point, F 175 « 300 150 - 285 160 -~ 410
Viscosity, centistokes, 122 F 105 « 420 140 ~ 400 85 « 650
Pour Point, F +10 « +65 0=~ +50 +15 - +85
Water and Sediment, per cent .- 0,02 =0,50 0.05-2,0
Water, by Distillation, per cent 0-0,2 Tre«0,2 -
Carbon Residue, per cent 5,86 « 14,3 7.27 - 13,7 5w13
Ash, per cent 0.01~0.12 0.004 ~ 0,086 0.01 - 0,50
Sulfur, per cent 0.67 - 3,00 0,75 = 3,61 0.7-3,0
Heat of Combustion, Gross, - 18,200 ~ 18,740 1§, 329 - 18,993

Btu per 1b

Vanadium, ppm in oil 0 - 146 2 =144 -
Vanadium, per cent ash - 0.8~62,8 -
Sodium, ppm in oil 1,6 - 290 L) .
Ash Fusion Tempevrature, F - 1085 - 1330 -

TROUBLESOME ELLEMENTS IN OIL.ASH

Vanadium

There is considerable interest in the source of the vanadium in crude oil, It ig
believed that some marine animals are capable of concentrating in their bod.ss the

vanadium present in sea water and in ocean~bottom muds,

Crude oila containing ape-

preciable amounts of vanadium are associated in their origin with the sediments of

prehistoric oceans(205),

Occurrence in Petrolenmn

As noted in Table 6, the vanadium occurs in petroleum as an oil~soluble porphyrin
complex, These complexes are inscluble in water and are stable to heat traatmaent in
the presence of water. They undergo decomposition at about 840 F, Absorption spactra
of these vanadium complexes indicate that their structure iz similar to that of the
vanadium derivative of mesoporphyrin IX dimethyl cateri188)  Tha structurs of the
latter is shown in Figure 12. Undoubtedly, the complexes oxisting in the crude uil
undergo struciural changes during the refining process, and whon they are coacentrated
in the residual fraction they are often present as high-molecularewaight products,

pro%ably polymeric .n nature(€6),

The vanadium ir associated with the asphaltic portions of the crude oil. The
asphaltic-base crudes (rom areas such as Vensruela, the Middle East, and California
contain relatively high concentrations of vanadium, Paraffin-base crudes, =uch as those
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from Pennsylvania and Mid-Continent Fields contain only trace amounts of vanadivm,
Congequently, the vanadium cuntent of a residual ¢il can vary from a negligible amount
to several hundred parts per million,

CaHy il CH3

/
H=-C V=0 C~H
\ SN/
N
H3C- \ \ / CH,
. i

CH, H CH,

n
CH,COOCH, CH,COOCH,

FIGURE 12. VANADIUM COMPLEX OF MESOPORPHYRIN IX
DIMETHY ESTER(188)

Cumbusiion Reactions

During combuatinn, the vanadium complexes in a droplet of tuel oil are decome=
posed. The vanadium is oxidized in steps: first to the stable and nonvolatile VzC3 and
V204 and finaity, after all the carbon in the oil has been consumed, the vanadium ia
oxidizz2d to Vz-'.)g(zoo), The vapor pressure of V05 was originall, measured by
Poliakov{}52) and later was corrected by Lloyd and Probert{l18), Thaese laiter ine
vestigators found values ranging from about 0.1 mm of mercury at 1800 F to | mm {n
the vicinity of 2500 ¥F. They calculated the amount of V;0O5 that would b= vaporized, in
relation to the vanadium content of oils ard found that volatilization of 2 subgtantial
portion ¢{ ive V05 would be expected at the ilame temrcraturs,

Altheugh the V,Cgq is shightly volaliie, very litile of it ia carried thyough the
boiler as auch, becauste it reacls with other inetal oxides, The rodium, calcium,
mickel, and ivon pre nent in the oil have been shown to be capable of reacting with the
V205 to forin a va- ety of vanadates which are less volatile than the VgOs“s). The
shemicel formulas and melting points of pussible vanadate compositions which might
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form during combustion are shown in Table 9, Most of the vanadium which is found in
boiler deposits is present as one or othey ol the sodium vanadate compositions listed,

Sodium

As with other elements, the amount of sodium present in crude cils varies widely,
depend.ng on (a) the source and (b) the method of transport to the refinery, Sea watsar
is a common contaminant in crudes delivered by oil tunkers, Itis a general refinery
practice to desalt the crude oil, This procedure removes about 90% of the sodium,
most of which is present as svdium chloride, The remaining sodium ends up in the
residual-oil fraction, the concentration depending on the proportion of distillates rew
movad from the crude, The residual nil, if transported by ship, is further contaminaied
by sea water. As delivered to the consumer, a residual oil sometiines contains a few
hundred parts per millivn of sodium,

Combustion Reactions

Sodium chloride haa sufficiently high vapor prcesure (about 10 mam of mercury
at 1800 F) to be volatilized during the combustion process, However, thexa is a
chemical reactiou as well, Brinsmead and Kear{19) conducted cxperiments in which
pellets o carbon containing a known amount of sodium chloride wers busned in a tubular
furnace, Temperature and time were varied independently, and the loss of sodium and
chlcrine was determined, Their results can be summarized as follows:

{1} Over the range of temperature studied, 1290 to 1832 F, the
proportion of chlorine released, always as HCl, was sub~
stantially greater than thut of sodium,

(2) Humidification of the combustion air slightly decreased the
amount of sodium released and increased the loss of chlovine,

(3) The release of sodium, but not that of chlorine, was greatly
reduced by the addition of kaolin* (essentially a hydrated
aluminum silicate),

These results indicate that water vapor plays a significant role ir the combustion
reaction, A molecudar reaction between NaCl and H,Q vapors is very unlikely, be-
cause {or the postulated reaction '

2 NaCl + HyO ——3> 2 HC1 + Na,0,

the {ree-cnergy change would be +80 kilocalories at 1800 F, which meens that the ve
verse reaction is atrongly favored, On the other hand, dizsociation of water vapor at
thig ternperature would provide enough hydrogen atems to promote a chaln reaction in
which Ka®ll ¢ Huwe—3 Na + HC1, and iu the presenca of oxygen the zodium would form
NupQ. The reduced losy of sodium in the presence of kaolin pointe to the foymation of
silicates of low volatility under thase cunditione,

TAdditives are dhcuyed (r Chagry 4.
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. TABLE 9, POSSIBLE VANADAT E COMPOSITIONS
n . FORMED DURING COMBUSTION OF
R P : RESIDUAL O1L(3)
4
Ey -
o ;‘:E Compound Melting Point, F
% - V205 1274
N - 3NazO. V205 1562
B
3‘? 2Na 20 V205 1184
N S 10Na;0: 7V,05 1065
AN B Naz0. V;05 1166
W
¢ 2Na,0-3V,0, 1049
s "
b Na0-2V,05 1137
: 5; ' SNazo' V204' 11VZOS 995
4
N Na,0 3V,0q 1150
428 .
En Na,0-V,0,.5V,0, 1157
o Na,C- 6V,04 1215
*1
: 2NiO. V05 >1652
ﬁ ” 3NiO. V,04 >1652
3 Fe203-V205 1580
£ Fe,04- 2V,05 1571
3
A MgO V04 1240
\ :
Y : 3MgO0- V,04 2175
27 2Ca0- V,0q 1432
2 3Calr V,0q 1860
7 d {3) Complied [rom & auniacr of svuces.
X
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Fletcher and Gibson(57) have shown that NaCl will react with both SO 3-~ and
SOz~oxygen mixcures to form Na,S04, Their data are shown in Figure 13, which in~
cludes reacticns catalyzed by Fe,04. In the absence of Fe,03, more of the sodium
sulfate was formed from SO3 than from SO between 570 and 1100 F, Above 1100 F the
rate of sulfate formation irom SO; increased rapidly with temperature, while the rate
of sulfate formation from SO3 remained almost constant, The catalytic effect of Fe 03
wa8 much greater for the reaction with SC,, In this case the reaction

2 NaCl + SOz + 1/2 O + H20—> NaSO4 + 2 HCl

is thermodynamically favorable, the free energy change being ~10 kilocalories at
1500 F. The reaction of SO3,

2 NaCl + 8O3 + HO—> Na S04 + 2 HC],

is slightly less favorable, -4, 5 kilocaiories at 1500 F, Hence the large diffcrence in
the yield of sulfate at this temperature must be an effect of reaction kinetics, The im-
portant part played by sulfates in the corrosion and deposit problems of boiler systems
requires that consideration be given to the presence of sulfur in the residual oil,

Sulfur

The presence of sulfur in crude oil creates problems in connection with the
handling and processing of the crude as well as in the use of refinery products, For
heavy fuel oils, sulfur is a significant factor in boiler problems involving:

(1) The formation, in combination with metallic constituents of the ash,
of deposits and corrosive slags in high-temperature sections of the
boiler

(2} Corrosion of metal components in low-temperature sections of the

system,

Form of Sulfur in Oil

In recent years about 40 per cent of the crude oil produced in the United States
has contained more than 0, 5 weight % of sulfur, The crude oils imported irom South
America and the Middle East contain significantly larger amounts of sulfur, usually
1.5 to 2. 5%. Although some elemental sulfur is found in petroleum, the bulk of the
sulfur is contained in hydrocarbon molecules, Table 10 summarices the principal

: Y types of sulfur compounds identified in crude oils, distillates, and cracked prod-
. ucts(182), A variety of molecular types are represented, and as many as 50 =nocific
' “:' sulfur-containing comprunds have been ‘dontified in a typlcal petroleum sample.

Although some cf the sulfur compounds are converted to hydrogen sulfide during
the refining of the crude and are removed along with the lighter iractions of the pe-
troleum, much of the sulfur is concentrated in the residual oil. This Increase of sulfur
content is illustrated in Table 11, which shows that the residual oll from a Middle East
crude containe a substantially higher percentage of sulfur than did the original crude
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FIGURE 13. FORMATION OF SODIUM SULFATE FROM SQDIUM

CHLORIDE, SULFUR DIOXIDE, AND SULFUR
TRIOXIDE(ST)
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TABLE 10. TYPES OF SULFUR COMPOUNDS Li CRUDE OLL AND DISTILLATES(a)

4

: Ia in Straight-Run In
b Type Formula Crude Oil? Products ? Cracked Products?
' ' Elemental sulfur S Yes Yes Yes
il
. Hydrogen sulfide H,S Yes Yes Yes
.
. :3 Mercaptans
- Aliphatic RSH Yes Yes Yes
oy Aromatic RSH Yes Yes Yes
‘: Naphthenic RSH No No No
e Sulfid:s
: Aliphatic R-§~-R Yeea Yes Yes
Aromatic R-S=-R Nu No No
Cyclic Yes Yes Possibl
Y S N Y
(CH,)n = CHj
Disulfides
Aliphatic Re«eS«S~H Yes Yes No
Aromatic R-S-S8S-H ? No Yes
Thiophene and /S\ Yes Yes Yes
homologues " "
HC «--CH
Polysuifides R-§ -8R ? Yes Yes

(2) Reference (182) revised to include Lo studies,

TABLE 11, SULFUR CONTENT IN FRACTIONS OF
KUWAIT CRUDE O1L{87)

M
Distillation Range, Totel S'dfur,
C weight %
Crude ¢il -- 2.55
Ga soline 51-123 0,05
laght saphtha 1254149 0.05
Heavy naphtha 153-197 0.1
Kernaene 207-238 0.45
Lignt gae oil 247269 0.85
Heavy gae oil 281-306 1.15

Renidual oil 309-498 370
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0il{87)_ A typical average s“&‘&f contont of No, 6 residual oil produced in U, S, and
Canadian refireries is 1, 5%. ! However, the values contributing to this average
ranged between the extremes of 0, 3% at an eastern refinery to 5. 3% at two western
refinevies,

Sulfur Dioxide

During combustion most of the sulfur in the fuel oil appears as sulfur dioxide in
the flue gases, Thus, in a typical situation, 92% of the sulfur content of a residual fuel
o1l appeared in the flue gases at the air preheater as SO,, and 2% as SO3, 10

In the process of combustion of a sulfur compound in the oil, the reactions go
through a number of fairly specific steps, As the compound approaches the flame zone,
heat radiating from the flame zone causes some pyrolysis and some preliminary, cool-
flame oxidation reactions to occur. In the flame zone, temperatures are high, and the
oxidation of the sulfur compounds proceeds primarily to SO,. As the products leave
the immediate neighborhood of the flame zone, temperatures full rapid'y, and some
workers believe that SO may be oxidized to SOj,

The bulk of aulfur as SO may pass through the entire boiler system as such, and
normally does no harm, The amall amount of SO, which is converted to SO, or which
reacts with metal compounds to form sulfates can cause serious corrosion and deposit
problems, The case in which the SO, reacts with NaCl and oxygen from the excess air
to form Na,S80, has been discussed in the section on sodium, In the analysis of {lue gas
at tl.. air preheater (already cited), in addition to SO2 and §O3, 1% of the sulfur in the
oil was detected as Na;804. Besides NaCl, other metal chlorides (such as CaCl; or
MgCl;) are present in the fuel oil, They can also react to form sulfates, However,
calcium and magne sium compounds are seldom present to the same extent as those of
sodium. The remaining metals, which are found in residual cils, exist mostly as
organic complexes, They probably are {irst converted to oxides and then react with
SO3 to form sulfates,

Julfur Trioxide

The most important reaction which 50, undergoee in the flue gas is the con-
version to 5Q3, Only a relatively srmall amount of the £D; is furthsr oxidized to S04,
The results of 3 study by Matty and Dieh1{124) 3y given in Table 12, Thess data in-
dicate that } tc 3% of the SO, present was converted to SOy, It is also of interest to
note *hat the 50, content of the gas stream decreased betwoen the auperheater and the
air preheater®, whereasthe SO3 content increascd slightly i iraversing the same
distance, This observation shows that conversion of SOz to 503 continued as the flue
gases progreased through the boiler system, The same order or magnitude for SO
concentration in a power-station boiler was reported by Crumley and Fletcher(“”, who
fourd SOy values in the range 0.002 to 0, 007 volume % of the total {lue gases.

There have be:n two schoole of thought regardirg the mechanism by which the
50, .- ox'duzed to 593, Whittingham and his associates have done considerable work
to support the theory that the reaction iy a hemogeneous oxidztion cccurring in the
flarme. Harlow has promected the view that the reaction is heterogeneous, being de-
pendent on catalytic surfaces,

*Probadiy because of it leakage through the furmnace caalng.
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TABLE 12. SULFUR OXIDES FOUND IN THE FLUE GASES
OF AN OlL-FIRED BOILER(124)

Percantage of Constituent at
Indicated Location and Temperatuve

Super- Alr Preheater
heater Inlet Outlat
Constituent 1800 F 700 F 300 F

Sampling Station A

SO; by voiume {dry basis) 0.148 0.124 0.114
0,152 0.129 0,128
0.133 0,123
SO3 by volume (dry basis) 0.0034 0.003% 0,0033
0.0039 0,0038 0.0023
0.0043 0.0032
Total sulfur gases by volume (average) 0. 154 0.133 0.124
Theoretical total sulfur gases by volume(a) 0.149 0.139 0,126
Diiference 0.005 0.9006 0.002

Sampling Station B

SO; by volume {dry basis) 0,220 0, 201 0,193
0.215 0,205 0,189
$O3 by volume (dry basis) 0.0022 0.0032 J,0020
0.0025 0.0010 0.0019
Total sulfur gases by volume (average) 0.218 0. 206 0.193
Theoretical total sulfur gases by volume(a) 0.217 0.199 0.190
Difference 0.9001 0, 607 0.003

Sampling Station C

50, by volume {diy basis) 0.100 0,087 0.087
0.096 0,096 0.089
0,089
803 by volume (dry basis) 0,0028 0,003} 0.0020
0.0029 6.0033 0.0014
0.0017
Total sulfur gases by volume (average) 0.100 0.090 0,050
Theoratical total suliur gases by volumel3) 0.091 0, ng5 0.086
Dilference 0,009 ¢. 005 0.004

(a) Crlcultated fromm fued acaiyds sod combustion daia.
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Oxidation in the Flame, The oxidation of SO. in town gas {(coal gas) flames was
studied by Dooley and Whittingham, (49) They showed that the amount of SO3 formed is
dependent on SO, concentration, the nature of the gas burned, the position in the flame,
and the presence of materiale that trap atomic oxygen, The decrease in SO, oxidation
with increased concentration of SO which they observed is shown in Table 13, It is
known that SO, functions as a chain-breaker in the sequence of reactions in which
sulfur vapor is oxidized, and it is possible that a similar inhibitive mechanism occurs
in this case, The profile of SO3 formation as a function of distance in the flame zone
is presented in Figure 14, The profile was obtained on an aerated flame containing
0.05% SO,. The imporiant feature of the data is that the maximum rate of SO3 for-
mation occurs in the cooler regions of the flame, This result is consistent with the
thermodynamics of the SO2-S0O3 system, as illvstrated in Figure 15(52), where the
equilibrium conversion of 50O, to 803 is shown as a function of ternperature, At
equilibrium below 940 F, over 90 mole % of the sulfur oxide mixture is SO3, Above
1600 ¥, less than 15% of the oxidized sulfur is SO3, With increase in temperature in
this range, the SO3 concentration decreases rapidly, Consequently, this production of
SO3 in flames must be the result of atomic oxygen combining with SO,, The work of
Gay donl65) on flame spectra also demonsirated that the extent of oxidation of 5Q;, could
be related to the concentration of atcmic oxygen in the flames,

The oxidation of SO, in diffusion flames of methane, hydrogen, and carbon
monoxide was also examined by Whittingham, (49,213, 214) Relatively large amounts of
SO3, up to 0,008 volume %, were formed, depending on the nature of the flame and the
amount of added SO3, The percentage of oxidation of SO; in these three flames is
shown in Figure 16{49), The lowest degrce of oxidation occurred in the luminous
methane flame and the highest in the carbon monoxide flame, Both the carbon monoxide
and the hydrogen flame are sources of atomic oxygen via the reactions :

CO+OZ ‘—“)COZ.'{‘O
H+ 0, ——> OH™al + o,

Hence, one might expect the oxidation of the SO; to be enhanced in these flames,

The effect of water vapor on the degree of oxidation of SO, in carbon monoxide
' flames was just the opposite, Apparently, hydrogen {rom the water competes success»
fully with SO for available oxygen a{nms, A mechaniam of this type should result in
the formation ot mure UH radicals:

H, + o—> o ¥ u
oD
H+ 503‘—‘3502*?0” .

However, this buildup of OH was not observed, so additional mechanisms should be in-
vestigated to explair. the apparent contradiction,

Another study by Whittmgham“”) en the decoraposition of sulfuric acid injacted
inty yaa ‘lames shawed that the reducticr of SO3 cccurred in the inner cone of the flame,
probably by reactivn of SO3 with hydrogen atoms as shown above, In the lower tempera-
ture of the upper cone, dissociation of SO3 was significantly reduced,

&,
3 l.uf P

(a) OM° = free 1adicaly,

+ Ja
oy seul £ om—_ t—— -
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TABLE 13, THE OXIDATION OF SO; IN TOWN-GAS FLAMES(49)

SO, in Exit Gases, %

Oxidation to SO3, %

0.02
0.04
0.11
0.15
0.50

1,60

10,0
8,2
4.5
3.8
1.8
1,0

Oxidation of SO, , %

90
8.0
7.0
6.0
5.0
40
3.0

20

00
0 2 4 6

;‘-Outer cone

il } |

g 0 E 1
A- 44806

Disicnce From Burner Rim, cm

FIGURE 14, THE OXIDATION OF SO; IN A TOWN~GAS

EATTYTELLE

FLAMEL49)

Initial 50, concentration = 0, 05%,
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Temperature, F
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FIGURE 15. EFFECT OF TEMPERATURE ON THE EQUILIBRIUM CONVERSION
OF SO, TO 504(52}
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FIGURE 16, OXIDATION OF SO, IN VARIOUS FLAMES¢?)

Hence, it appears to be fairly vwrll established that 303 can be farmed from SO;
in the cnoler regions of the flame, What remains to be determined is the relative
amount of SO3 produced by this means, as compared to that which may be formed on
downstream catalytic surfaces in the boiler., Levy and Merryman(“‘“ have presentsd
an analysis of probable conversion of SO, to 503 with and without catalysts in the flame
zone. They concluded that the SOy ..* the {lue gases passing through a hot zone in the
boiler, containing iron oxide as a catalyst, would be a minimum at 2000 F and reach a
maximum at 1100 F. {Also -ee A, B. He ey "Sulfur Trioxide in Combustion Gases”,
Fuel Society Journal, Univ. of Shefficdd 1), 45-54 {1962).}

Oxidatien on Catalytic Su. aces, The . _inciple of catalytic oxidation of 30 to
503 has been Lnown fer many years ar ' -z8 been the baeig for the tontact proceses {or
sulfurie acid manuiacture,

Corroded Steel. Harlow(Bl} was the first jo attribute 50y formation in boller
syste:ns to vatalytic ovidation of 50 on heating surfaces at high temparatures, 11 his
experiments, flue | s were passed through a mild-steel duct comaining sample speci-
. #na of boiler tube, . The du<t, through -vhich the grses were passed, was divided so
that half the gases pa<zed over the boller-tuts samrples snd the other half could be used
as a controel, The whole apparatus wae heated in 3 manner that gave a tempersture
pattern like that in a voiler, [t was found that when the gaces weire paszed over rusty
steel scrap or oxidiz ~d superhester-tube sections at 1000 ¥, a rise in the sulfuric acid
dewpoint, in:cative »f increased 5Oy concentration, resulted. The gaseo from this
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half contained more SO3 than the control section, In Figure 17, the data for sulfuric

acid production over the rusty steel eurfaces are shown as a function of temperature,

The amount of SO3 formed began tc increase rapidly at 800 F and reached a maximum
at 1100 F,

Later, Harlow(82) demonstrated that surface reactions on superheater-tube
sections raised temperatures still further, and that if the muasimum surface tempera-
ture was kept low enough, very little sulfuric acid was formed, In ancther study(83),
he found that heating flue gases to 1000 F resulted in a downstream maximum of 801 mg
of HSO4, whereas those heated to only 640 F yielded at most 133 mg of H;SO4. Other
inveatigators have also repo:.:d catalytic activity of steel aurfaces in oxidizing SO to
503, (88, 206)

Oxide Deposits. A number of oxides are also known to be catalysts for the oxie
dation of SO, and each of them has a characteristic temperature range in which the
conversion is most efiective, The per cent converaion of SO to $O3 as a function of
temperature is shown in Figure 18 for several oxides, {16} At low temperatures platinum
ig the only 2fficient catalyst, However, above 900 F, significant conversion of SO to
SQ3 can be brought about by several oxides which are encountered on boiler suifaces
or in deposits, namely V05, G203, and Fep03,

Oil-Ash Deposits. Similar studies by Wickert{215,216) who passed air con-
taining 5% SO, over fuel-oil ash components and possible additives, demonstrated the
high catalytic activity of Vz0g5 and Fe 303, although the maximum conversion obtained
was not quite s0 high in his apparatus as those shown in Figure 17, His results are
shown in Figure 19, which also includes the effects of some boller deposit mate rials
and synthetic combinations, One such mixture containing 60% V205 with Na»S04 showed
greaters activity than pure V3035, indicating the potential danger of 503 formation over
deposits containing these compounds, On the other hand, it was noted that Si0; brings
about a maximum SO, to SO3 conversion of only 10% at 1600 F and that Al;03 affects
a conversion of 4%, at most, at tempe ratures above 1800 F,

In another invest-gation, Wickert{217) ngted that CaQ also catalysed SO; oxi-
dation, starting at 400 F and reaching a maximum at 1100 §F, Mixtures ot V205 with
Sioz or Ca0 gave signilicanr conversions of 537 to 303 in the vizinity of 1030 te 1250 F.

The use of ¥V ,05 as a catalyat for 5O oxidation dates back to 190, and zeveral
patents nave been issued for such an application, [€1, 57, 208} "“h( {nterest in thie re-
action arose in the course of the development of the contact process for the manuiaciure
ef sulfuric acid. Post mikov and sasociatest!>3! found thar the temperatare interval for
intensive contact catalysts was 825 te 1225 F. Al ail 8O3 concentrations an increase in
gas velecily required a rise in temperature to maintain opliraum cenvereion of 503 to
SO3y. At the present t.me, tor the manufaclture of Luifurlc acid, SO, le passel aver
V,0¢ at 800 to 1190 F. The centact ime i 2 to 4 scconds, snd the conversion of SOy
1o 30 18 %0 to 8T A typical eil-firea avilsr has the coriespending temperature
range needod to promole this reacticn  but taytunately theve Le lews catalyer, lessair,
and a shorter contact teme Yhan 1= reguired for ideal reaction conditiona, Nevertheless,
the coniribution of ¥V,0g and vanadates t¢ SOy production in 3 boiler carnot be
discounted,
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FIGURE 17, SULFURIC ACID PRODUCED FRCM SO; IN
FLUE GASES AS A FUNCTION OF TEM-
PERATURE OF METAL SURFACE(81)
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FIGURE 18. CONVERSION OF SO; TO sog IN THE PRESENCE
OF SEVERAL CATALYSTS{10)
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Apparently the V,05 must be present as a deposit over which the SO, passee in
order to effect significant catalytic action, because Taylor and Lewis ¢04) found ne
additional SO4 when 0, 045 wt % of V205 was added to oil in the form of 2 soluble
naphthenate, Inthese laboratory experiments, very light V305 deposits were formed
on the ductwork, but the lack ~f 8O3 formation can be attributed to the small surface-to-
volume ratio of the system and the fact that metal temperatures were lower than com-
monly found in boilers, Similarly, Rendle and Wilsdon(166) found no effect on sulfuric
acid dewpoint in an experimental furnace burning oils with significant vanadium content,
However, their combustion chamber was operated at 1830 F, where conversion of SOZ
tc SO3 by V3Cs is very low, and their system alsc had a smazll surface-to~volume
ratio. Hence these observations are not valid objections to catalytic effects of the
vanadium in oil.

An effort to closely approximate boiler conditions was made by Burnside,
Marskell, and Miller(2%), who used a pilot-scale unit. It consisted of a horizontal
combustion chamber, a swirl chamber for mixing, and a vertical flue on which was
placed a bank of superheater tubes. The unit was fired with coal gas to which SO; was
added in controlied amcunts. The rate of firing was such as to maintain a gas temper=-
ature below the tube bank of approximately 1500 F. The surface temperature of the
superheaters was varied as desired between 850 and 1250 F by passing air through the
tubes. The SO; and SO3 levels we:e determined by chemical analysis ~f samples of
gas withdrawn below and above the tube bank. In addition, the dewpoint was measured
at both points. The results of a series of tests are presented in Figure 20, showing
S03 concentration above and below the tube bank as a function of tube-metal tempera-
ture. The data are somewhat scattered, but show clearly that 03 concentration in-
creased above the tube bank as the metal temperature rause, It is significant that the
SO3 level below the tube bank, about 50 ppm, was great encugh to cause boiler prob-
lems. This amount of 503 probably resulted from oxidaiion of SO; in the flame xzone.

80, ,
; / ‘%/
§ — = 12
B °x/ af
g W//)r@ £
9] i
8 2 . 4
n 0,__ . _};{ {
2 Mol !
‘ N Concentrotion above tube bonk)
x G  Concentrofion beiow fube bo¥
680~ 1000~ 100-
000G HOO 200 4 ass08

Tube -Muta Tenperohse, F

FIGURE 20. CONVERSION OF 50, TO 503 ACROSS TUBE BANK(29)

Test conditions: Flue-gas temperatura, 1300 to 1400 F,
Chz, 7 to 8%; excess air, 60%; SO; concentration,
9.11 t0 0. 146%.
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Experiments were pericrmed with an cil-fired residential heating boiler ty
Auderson and Manlik(0) to examine SO3 formation in difierent parts of the system.
50; was injected successivoly at four points in the boiler: with the combustion ai», in
the furnace, in the flues. and in the stack. From the corrosion resulting on steel
specimens mounted in the stack, it was estimated that the amoun{ of acid formed in
each of the four zones was approximately equal, with slightly less forming in the stack.

With CS; added to distillate fuel oil to give 1% sulfur, the effect of individual ash
constituents on the oxidation of S0, was studied. The ash constituents (sodium,
vanadium, nickel, and iron) wers added separately as oil-soluble compcurds at a con-
centration of 200 ppm. The following conclusioans were reached:

(1} 8o long as the ash was suspended in the flue gases, it inhibited cor-
rosion due o $Oz. When fired in a clean boiler, the additions rosultad
in lowered corrosion, up to 37% for the vanadium.

(2) Ash deporits form catalytic surfaces. The conversion of 50, to 5C3,
as indicated by corrosion on ths steel sample, was increased by the
accumulaiion of the deposits, except in the case of sodium. Under
the test conditions, the iron gave the greatest increase, 15%.

{3} Ash deposits formed from sodium ana vanadium mixtures (I to 1 and
1 to 3) catalyzed SO3 formation to a greater extent than did the indi-
vidual constituents. The l-to~3 mixture resulted in a 42% fucrease
in corrosion, while the 1-to~1 mixture gave a 23% increase.

These experiments demonstrated that suspsnded oil ash, formed in buraing
residual fuel oil, can scavenge SO3 from the gas strzam. Howsver, as soon as the ash
has accumulated on boiler surfaces, the catalytic effect of the ash deposit overshadows
the inhivitive effect in the gas stream, whether it be reactien or adsorption, and the
net result is increased SO in the gas stream. The enhanced catalytic activity indicated
for the sodium vanadate deposit is pavticularly noteworthy because both these elemeants
are commonly encountered in residual oils. This study is the most complete one se-
ported to dats that has been periormed under actual boiler conditions. It constitutes an
imaporiani contribution because it has verified many of the ideas suggested »v results of
earlier research. Extrapolation of the Jata to a large boiler weoald be more raliable,

perhaps, 1f 503 had actually been measurad in the gas stream rather than esthinated
from corrosion damage.

The iemperature dependenca of thess ~atalvtic effacts has heen brought out in
full-scale boilsr operat.cn alas. Cowardidl) reported that in the initial operation of
Ripple Power Station in England the surface tempsrature nf the superheates tubes was
1100 F, with » steam tempe>ature of 850 F' at the superheater cuilet. This temperatura
is the ovtiraum for Fea03 catalysis of SO, oxidation, and the excessive amount of SO3
in the flue gases was made evilent by parforation u{ one a1r proheater suriace Jiier only
8 weeks of operation. Leduction of the temperature of the ruperheater surface to 900 F
was psought about by reducing gas velocity through the superheatas and regulating air
controls to produve a highsr heat release in the furnace. As a result of these modifi-
crticng ard consequent temperature lowering, al» preheater blockage and coarrosisn
were reduced to the peint whers it bc _me posaible tc operate from ore annual inspec-
tion to the next without stoppage.
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From the mass of data which has been accumulated regarding SO; formation in
boilers, it appears that both oxidation of SO, in the flame zone and the catalytic oxida-
tion contribute to the total SO3 in the flue gases. Widell(219) showed by thermodynamic
and kinetic considerations that both types of reactions probably do occur in practice.
The relative contributions depend on the specific conditions which exist in a given boiler
system. Some additional facts which have Leen reported regarding the effects of the
various factore in boiler operation on the production of SO3 are given in the next
section.

Other Factors in 503 Formation. Data published by Rendle and Wi) ydon(166) on
the relation of the 5O3 content of the combustion gases and of the dewpoint of thc gases
to the sulfur content of fuel oils are presented in Figure 21. Results of severai other
investigations also have been plottzd. Consequently, the type of oil, ash conteat, and
combustion conditions differ for the various sets of points. Al‘hough the plot of SO3
content shows considerable scatter, it is apparent that with more than 0.5 per cent
sulfur in the oil, the SO3 content of the gases does not increase in direct proportion to
the increase in sulfur,

The dewpoint plot brings out two impotrtant points: (1) There is a rapid initial
rise in dewpoint with the first increment of sulfur in the fuel. For aa estimated dew-
point of 100 F with no sulfur (the water dewpoint), an increase to 260 F (H3S04 dew-
point) is fouand with 1% sulf{ur. (2) There is a relatively small rise in dewpoin: as the
sulfur in the fuel oil incrcases beyond 1 to 6%. KEven if an econoraical method of re-
moving sulfur from cil were available, a reduction from 6 to 1% would lower the dew-
point only from 300 F to 260 F. It would be necessary to achieve almost comylete
removal of the sulfur tc obtain a significant drop in dewpoint.

The =ffect of flame temperature on SO3 formation was reported by Crumley and
Fletcher{44) for a laboratory furnace burning two different fuels. Their rssults,
shown in Figure 22, indicated a tenfold increase in SOj concentration in the flue gases
with an increase of flame temperature from 2800 F to 3100 F, after which the 50,
content leveled off. In this instance it is likely that catalysis of SO, at the refractory
wall as a result of the higher temperature was responsible for the increase in 50;.

Crumley and Fletcher also noted that at the same combustion temperature, an
increase of excess air from 9 to 70% approximately doubled the percentage of 50; that
was oxidized to $03. Leesill3) sbrained data on a large boiler at the Bankside station
by variation of the flow of primary air while operating at constant load. An incrrease
in exceas air as represented by a decrease of the flue-gae CQ. ¢ ‘ntent from 13 to 10%
resulted in a rise in dewpoint from 300 to 345 F. Glaubitz(68,69) carried this approach
to the practical limit by operating refinery boilers at Emsland with a mere 1% of ex-
cess air. He reported that SO3 formation was negligible, as evidenced by the lack of
problems with depogits and corresion.

Large changes ir the water-vapor content of flue gases cause only slight changes
in acid dewpoint. The variation of dewpzint with suliuric acid content of gases having
differe.t wntar-vapor concentrations is showr in Figure 23, where the range from 0.5

to 15% water vapor changes the dewpoint only 30 to 40 F for the medium to high acid
contents indicated.
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HIGH-TEMPERATURE OIL-ASH DEPOSITS

Effect of Flue-Gas Temperatures

Fire-side depoaits in boilers have been the source of considerable difficulty be-
cause they (1) reduce the rate of heat transfer through the boiler and steam tubing and
(2) increase the draft pressure needed to conduct the combustion gases through the
boiler. The higher tube-metal temperatures are often found to lead to increased cor-
rosion of the heat-receiving surfaces for several reasons. First, the formation of
deposits appears to be closely related to the temperature of the metal surfaces, and
secondly, at higher temperatures deposits react more rapidly with the metal.

The maximum temperature in the boiler system occurs in the active combustion
zone, where the gases range from 2700 to 3100 F. As heat is extracted {rcm the com-
bustion gases by the furnace-wall tubes, the gas-temperature drops, so1t is 1500 F to
2200 F as the gases leave the radiant section. These gases then pass through the
superheater secticn where they are further cooled to between 900 F and 1400 F. Fol-
lowing this, the gases usually pass through an economizer and an air preheater,
further cooling them until they are discharged to the stack at a tempera‘ure generally
lower than 325 F.

Effect of Metal Temperatures

The heat-receiving surfaces, however, are not at the same temperatures as the
combustion gases. The exposed surface of the steam-gensrating tubes in the furnace
and boiler sections may be at temperatures between 400 F and 800 F, while the temper-
ature of the superheater elements may range from 900 F to 1300 F, depending on the
final steam temperature. The economizer and air-preheater metal surfaces may be at
temperatures anywhere from 500 to 600 F down to about 200 F. The discussion in this
nection is concerned with the external deposits which form in the high-temperature
areas: the radiant, convection, and superheater sections of the boiler.

Formation of Depoaits

The oxidation of metal surfaces is esaentially a corrosion reaction that results
in the formation of a scale on the metal. The oxide film, or scale, i{s not & coating
deposited irom the surrounding environment but is the result of a reaction between the
meta}l and the gaseous components of the environment. In the absence of other effects,
oxidation ~an, in extreme cases, be severe encigh to seriously affact the perfrrmarnce
of the metallic componants in the bailer.

mormally, oxidation is not a major brohlem. The external, or fire-side, de-
posits that are formed from the solid and gaseous combustion products are of far
greatler con~ern in boiler operation. These deposits cause difficulties due to loss in
heat transfer to the water or to the steam, and under certain conditions the gas pass-
ages may plug completely. At high termperatures the deposits react with the oxide and
metal surfaces, causing pitling and other types of corrosion.
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Composition and Distribution

It already has been explained that the main harmful constituents of the oil ash are

ﬁ sulfur, vanadium, and sodium. However, most of the other elements that occur in
". residual fuels also will be found in the deposit. The proportion of thase constituents
varies a great deal from one section of the furnace to another. A number of faciors in-
K fluence the composition of the deposits in the various sections of the boiler, with the
L, analysis of the original fuel and the gas and metal temperature probably being the most
L important variables. The distribution of deposits has been reported by Jacklin,

N Anderson, and Thompson(91), as shown in Figure 24, and by Kirsch and Pruss{105),

- shown in Figure 25. Both figures indicate essentially the same distribution of ash
components, although it should be noted that the actual percentages differ somewhat in
the two illustrations. The vanadium content rises to its maximum value in the supor-

) heater zone, while the iron and sulfur are highest in the air preheater. Figure 25 also

4 shows the flue gas, and metal or wall temperatures existing in the various zones.

4 Crancher(42) pointed out that the superheater-tube temperature is a functioa of gas

1,:. temperature, gas velocity, and steam velocity, as well as steam temperature. Thus,
‘ ;fg'. there is no specific relationship between tubz temperature and stzam tempezrature, but
‘pﬂ:: in conventional plants, 100 F' temperature difference between the outside of the

I superheatei-tube wall and the outlet steam is a practical minimum. The influence of

e steam velocity is shown in Figure 26. The relatinnship between gas iemperature and

- metal temperature has been discussed by Phillips and Wagoner{149) in conrection

? with corrosion studies on superheater alloys. They reported that while increasing

metal temperature will cause more corrosion, a higher gas temperature for a given
metal temperature will have a similar effect.
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Two main types of depesits occur in oil-fired units. (3) They may be classified
as sulfate and vanadate deposits, signifying their basic components. Clarke(37), and
Collins and Knox(39) have distinguished these two distinct types of deposits by their
color, physical characteristics, and water solubility. A granular to powdery deposit,
varying in color from greenish white to green, is usually found on the coolest gen-
erating tubes. These deposits are high in both sodium and sulfur, and they are water
soluble. On passing inward towards the hotter tubes, the character of the deposit
changes, becoming less granular, with lower sulfate content. Approaching the rear
of the furnace, the deposits are fused black slags, higher in vanadiura content and
having low water solubility. Some superheater deposits are iayered, with the high-
vanadium-type slag adjacent to the tube, overlaid with the granular, sulfate-type
deposit. The latter type has sometimes caused complete blocking in the superheater
sections. Clarke indicated that other deposition patterns also have been observed.
Wigan(222) considers that sulfur is the prime culprit in fouling and corrosion. He re-
ports that tests indicate that maximum sulfate buildup occurs at a metal temperature
of a little over 1000 ¥. This is within the optimum range for the catalytic oxidation of
S0z to 503 on Fe203 surfaces. A surface scale can form that is sa’d to provide an
ideal surface for continued buildup of deposits. Vanadium's contribution is also be-
lieved to lie in its role as a catalyst for SO, to 503. In making the above statements
Wigan ic obviously referring only to relatively low-temperature boilers. In other
discussion he acknowledges the fact that vanadium is a corrosion factor in high-
temperature operation.

Whittingham(zu) discussed deposit formation, and possible mechanisms involved,
in oil-fired boilers. He classifies high-temperature deposits as those occurring at
metal temperatures above about 750 F and suggests that SOj in the flue gas may be in-
volved in the reactions. Deposits are the end products of a complicated sequence of
reactions in burning droplets of oil, in hot gases, and on heating surfaces. The deposit
may form from a combination of stack solids associated with coked residues of oil
droplets, volatilized compounds, and soft or molten particles. Whether deposits form
as loose dusts or in a bonded form is determined by the extent to which a liquid or
plastic phase is produced in the primary layer. If the metal temperature is above the
softening or sintering temperature of the depositing particles, the initial film will
adlere to the metal or oxide surface.

Sulzer(196) distinguished between three possible kinds of reactions to account for
the final ash product. Primary reactions, after all the carbon has been burned, occur
between ash censtituents wiihin the oil droplet at high temperatures. Secondary re-
actinns occur in the gas stream between the flame zone and the place of deposition.
Chances of reaction between vapor-phase ash constituents and 50z or 803 are consid-
ered to be good. However, because of high {low velocities, caemical equilibrium
probably is not attained. One such reaction is that between vaporized NaCl and SO;,
according to the following equation:

2 NaCl +30; + 1/2 0; + HpO = NaS04 + 2HCL 4 51 kilocal/mole .

| Sulzer considered that the heat generated by the above reaction might be enough to
causc the Na;504 to be deposited in a nlastic or semimolten state. Howewver, it ahould
Le remembered that if sufficient V05 is present, several other low-melting compounds

g could form that would melt at superheater temperatures. Fletcher and Gibaon{57)
demonstrated the progress of this reaction over a range of temperature, showing the
3mount of Na,504 formed from e:ther 50; ot SO3 alone and in the presence of Fep0y
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(Figure 13). The tertiary reactions ars those occurring at the deposition surface, be-
tween the ash and the metal surface, or between the deposits and SO2 or S03.

Whittingham(212) also recognized the possibility of deposition of very small solid
particles by molecular diffusion or by migration through a thermal gradient. Prelim-
inary calculations indicated that the rate of deposition possible by thermal diffusion was
of the same order as that observed in practice. Very little work has been done along
this line, but the sukject wae discussed in Chapter 3 of the ASME publication(3)}, wtere
suggestions for experimental programa are given.

Melting Characteristics of Deposits

Concern over the melting behavior of ash compounds has prompted a number of
investigators to try various experimental techniques in an effort te obtain reliable data
on actual or synthetic ash mixtures. In addition to the interest in explaining bonding of
deposits, as discussed above, the problem is of importance in studying high-
temperature corrosion and means for overcoming it.

Whittingham(2}2) investigated the wsintering and flow characteristics of laboratory
ashes over a range of vanadium to sodium ratics. Compressed pellets of the laboratory
ashes were heated in a2 furnace, and the temperatures for initial deformation, partial
melting, and complete melting were observed. Figure 27 is a graph of the ratio of
vanadium te scdium in the ash versus the temperature at which the thres end points
sccurred in an oxidizing stmosphere. The initial deformation temperature denotes the
onset of sintering of the ash, and the minirmmum apparently is at a 1-to-1 ratio of
vanadium to sodium. This coincides approximately with the formation of NaVQy3 {melt-

ing point, 1166 F) according to the reactien
N32504 + VZOS - 2 N3V03 + 503 .

In Figure 28, the importance of the furnace atmosphere is indicated. The temparature
for initial deformation is affected considerably by a change in the oxidizing potuntial of
the gaseous atmosphere, and it fluctuates over a2 wide range with changes in the
vanadivm/sodimm ratio. Whittingham neted, however, that these wide variationa
occurred undes controlled laboratory -onditions, whereas gzlective deposition of com«
ponents could cucur in a boiler. Alse, the presence of sulfur oxides in flue gases
might result in the formation of compounds with lower sinteriug temparaturse. Ad-
hesion of agh to the metal will be more likely in the primary iryer if the ash particles
are plastic or molten as they strike the metal or oxidized aurfiace. Whittingham alse
noted that even an initially solid layer could be converted to a plastic form by reaciion
with 803 that might be present near the metal surface.

Wickertf216) yged a Leitz heating micy >scope to study the meliing beravior of
V;0c+N2,;504 muxtures by observing the sinter point, ihe nartly molten point, and the
flow point. These sesulls were correlated with the adhesion of the mixtures a¢ these
varti, uf femperatu~es to a platinum gheel surface. The melting behavior was plotted
a: a function of the mole ratios of the components as shewn in Figure 2%. Theee
curves are similar, aithough nct exactly the same a» tpose shown by Whiitingham 1n
Figure 27. A very slight indication of adherion of the degosit began at about the &in-
tering temperature. With further increases in lemperature, the mixtures epresd ever
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the platinum surface and adhered more strongly as the fully moiten condition was
approached.
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FIGURE 29. MELTING BEHAVIOR OF V;05-NaySO4 MIXTURES(216)

The procedure was used to determine the s{fect of several additives on the melt-
ing behavior (see also the section on additives in Chapter 4). It was shown that SiO;
raised the melting point of a ¥V,Q05~Nap504-5i0p mixture at 1-to-1/2-to~1/2 mole ratio
to over 1800 F. In a uaturai oil ash containing 73% V305, 8.45% Na O, and 0. 45%
KO, silica additions also raised the partly molten point and {low point to over 1800 F,
but the {irst effect was to lower the sinter point to about 1002 F. Therefors, somae
deposition can be expected on boiler tubes where the meial temperature is in the 1000 ¥
range, Similar results werc obtained with kaolin. This test did not { :dicate any bene-
ficial effect for MgO addiiions up to a 1-to~1-to-1 mole-ratio mixture of ¥,04-Na 504~
MgO. Partial melting occurred at about 1100 F', and cxhe dapoait becr 1o strongly
bonded on cooling.
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Niles and Sandera(138) used the Leitz heating microscope to determine the melt-
ing characteristics of a few compounds as {ollows:

Initial Final
Sinter Melting Melting
Sodium/Vanadium Point, Point, Point,

Compound Mole Ratio F F F
NaVvO;3 1/1 964 1095 1150
Na0+3V,04 1/3 1030 1150 1235
Na;0:6V,04 1/6 1095 1215 1295
2MgO'V,05 -- 1300 1535 1965
3MgO-V,0g == 1790 2175 270

These figures are used in discussing the mechanism of oil-ash corrosion to be men-
tioned later.

Phillips and Wagoner{!50) and Johnson(94) have used differential thermal analysis
to study melting and freezing points of a number of compounds and mixtures possibly
involved in oil-ash corrosion. This procedure is used to datect whether reactions such
as fusion, freezing or decomposition occur in the sample while being heated or cvoled.
Phillips and Wagoner noted that freezing temperatures were significantly lower than
melting temperatures. The following tabulation shows the differences gbsarved.

Liquidus Temperature, F

Compound Heating Cooling
V205 1220 1165
Na,0-V,0,45V,04 1185 1060
Na,0-3V,0q 1040 1020
vaVOy 1040 1022
Na ;504 1625 1625

This is an important ebservation in view of the passible connection between corrosion
and molten ash compournds. Corrosion could occur at temperatures balow those indi-

. cated by melting-point data. This is significant becauss boiler depoeits occur as a

| result of solidification of liquid ash on metal rurfaces. Evidence was found of n cutec-

' tic, between NaVOj3 and Na,0: 3V,0,, having a solidsticaion temyperature o1 8935 F.
The melting point of this euteciic determined by other means had been reported to be

\ 101i &, “Yariations of this order of magnitude have also beaan reported for other
vanadium compounds. The explanation tor these differences may bs in the inherent
accuracy cf the various methods of measurement, or perhapa in the method of sample

i preparation. In Johnson's paper, the emphania was on compound formation and the
determination of the effect of porsible additive metal oxides on the melting point of

‘ sodium-vanadium mixtures.
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Sulfate Depasits

Form of Deposits

The analyses of deposits formed in oil-fired boilers show that the major con-
stituents of the oil ash predominate in the deposits. However, the proportions of these
constituents tend to vary a great deal from one section of the furnace to another and
seldom agree with the distribution in the ash. Deposits in the high-temperature sec-
tion of a boiler generally exhibit a transition in properties and appearance from the
burner end to the rear of the furnace. Clarke(37) and Collins(38,39) both have found
that the light-colored granular deposits that uccur at the burner end are high in both
sodium and sulfate. They are hygroscopic to such an extent that free sulfuric acid has
been observed by Slater and Parr(190) during shutdown of marine boilers having this
type of deposit. The sulfate deposits are soluble in water up to 90%, and the resulting
solution is extremely acic. There is a gradual transition in the composition of the de-
posits as the rear tubes are approached, with less sulfate and lower acidity.

An exireme case of sulfate separation was reported by McCey{126), who found
13.2% Na0 and 30. 2% SO3 in deposits from the radiant section of a boiler but none of
either in the superheater deposits.

The rear tubes usually have layered deposits, vanadium being concentrated in
the first layer and sodium sulfate predominating in the outer layer. The existence of
sodium sulfate as such in the deposits has been verified by X-ray diffraction studies of
the fire-side deposits from some U. S. Navy vessels,\7Y 9) Minor amounts of the
sulfates of other metals are undoubtedly formed in the deposits also. Part of the
calcium and magnesium present in the fuel oil and nickel and iron from the boilar ma-
terials are found in the deposits. It is believed they occur as sulfates. However, it
is generally agreed that chiefly sodium sulfate is involved in the fouling of oil-fired
boilers.

Table 14 shows data from Clarke(37) on the composition of typical bilayered de-
posits where sulfates predominate in the outer layer, while vanadium is concentrated
in the layer next to the tube.

TAPLE 14, COWPUBIIICN OF BILAYERFD DEPOSIT IN OIL-FIRED BOILERS(ST)

—

Primary Black White Overlay
Destroyee Statiosary Destroyer Jctlonary
Protuble Coastituen Supetheater Botler Suparheater Boller
NaS04 35.9% 23.99 2,49 45.18
Nahsay .- 8.92 . 24.36
Ca804 | .- 8,88 879
MESOq 1,81 - 10,12 4¢3
Nio Tisce 1.01 5,19 2.63
Vg 49,34 511 18,72 8,18
Fo Oy .26 2.386 3.20 2,95
S 0,87 (U1 0.4 1.4}
B 3.44 0,87 6.5 0,69
Ca -- .- -- 0.12
MEQ - - - 1,23

RiSQ¢ .. .- .- 3. 14
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Although it is the combination of sodium and sulfur oxides from combustion of the
oil that is chiefly responsible for the formation of sulfate deposits, there is normally
more than enough sulfur in the oil to combine witk all of the sodium present. Conse-
quently, the sodium content is commonly used as an index of the tendency of an oil to
form sulfate deposits.

A typical distribution of materials as determined by analyses of 75 fire-side de~
posits in the different sections of an oil-fired boiler, as reported by Jacklin and
associztes{91), was shown in Figure 24, In this case, large variations in deposit com-
position with position in the boiler are found for sulfur, iron, and vanadium. The
Fe03 and total SO3 content of deposits became greater as the boiler was traversed,
while the other metal oxide concentrations decreased, indicating that ferric sulfate
was the chief deposit material beyond the superheater. The V05 concentration was
greatest in the bighest metal temperature region, the superheater, where the melting
point of the vanadates is most likely to be reached and cause daposits to adhere.

Sulfur Trioxide Content. An SO3 concentration gradient through the deposit has
been noted also. Harlow(82} found 25% 503 in the portion of the deposit adhering to the
superheater tubes and only 3% at the surface of the deposit. Weintraub and his associ-
ates(211) confirmed this finding, observing a gradient from 19.5% SOy to 6.7%. These
results point to sulfate formation by reaction of SO3 formed catalytically at the surface
of the tubes.

Initiation of Deposits. The initiation of deposits by alkali metals in combination
with oxides of sulfur is the most-widely-accented theory for the formation of these
deposits. Analytical data showing selective deposition of sodium and potagsium sul-
fates have been publisled in recent years by Carlile{34), Marskell and Miller{122),
and Jackson and Ward(92). In an effort to establish the relative importance of various
metals in forming deposits in gas turbines, oil-soluble organometallic compounds
were added to dist;llate fuel in a study by Bowden, Draper, and Rowling{18), The re-
sults, shown in Figure 30, indicate that sodium is by far the worst in ¢ausing both
rapid and continued deposit formation. The same effect was observed by Pasman(144)
when synthetic sea water containirg 2.5% sodium chloride was added {0. 4% by volume)
to a distillate fuel burned in a small open-cycle gas turbine. Deposite, which were
primarily sodium suifate, were suificicntly heavy after 64 hours of operation to cause
a 27% decline 12 power output.

Bonding of Deposits. Some have speculated as to whether the initial bonding of a

deposzit requires cantact with the pure metal beneath the oxide film that is present on

metallic surfaces. If that is the case, a purely physical phenomenon may alsc be im-

portant. Elactron photomicrographs of the oxidized avrface of steel by Plefferzorn( 146}
I have shown a grassiike structure of Fe; 0y, indicating that particles larger thux 5
microns would not r-ach the purc metal surface of the botiesy tube. Howevar, =ubli-
mation products 0.7 micron in diametzr could penetrate the interlaced needles of
oxide, and it 1» peesible that sublimed sodium and potasejun compounds do reach the
true surface. A few written reports(3, 120) and a good deal of hearsay evidence indi-
cate thal newiy commissioned boilers and thoze cleaned to bare metal by water wash-
ing experience pericds of immunity to depoeit. These observaticns suggest there is an
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induction time in deposit buildup during which (a) diffusion through the oxide layer may
occur or (b) a material having a structure close to that of the oxide may be formed.
After the initial reaction, a more rapid accumulation of deposit would be expected.

Mechanism of Formation. The work of Anderson and Diehl(5) pointed out the
most likely mechanism for sulfate deposit formation:

{1) The alkalis in the ash daposited on the clean tubes are converted to
sulfates by reaction with SO, and SO3 from the gas stream.

(2) Iron oxide and aluminum oxide react with the alkali sulfates and addi-
tional 8O3 to form alkali iron sulfates and alkali aluminum sulfates.
These complex sulfutes have low melting pointa, 1000 F to 1500 F,
which is the range of surface temparatures of the tubes. Thus, a
tightly adherent bond to the metal is formed.

(3) The inner layer increases in thickness, and fly ash from the flue
gases adheres to the sticky surface.

(4) Finally, as the thickness increases and the temperature of ‘he outer
surface rises, alkali silicates are formed, and the outer layers are
fused into a strong glassy deposit.

It was further demonstrated in the study by Anderson and Diehl that it is possible
to form sodium iron sulfate, NajFe (SO4)3, at 1000 F and potassium iron sulfate,
K3Fe {504)3, in the range 1000 to 1200 F in an atmosphers containing only SO; and
no SO3. This reaction is attributed to the catalytic effect of Fe,03 at these tempera-
tures. These data substantiate the findings of Fletcher and Gibson(57), who studied
the reaction of SO, and SO3 with NaCl, using radioactive sulfur, and showed that
sodium sulfate can be formed {rom SO;, particularly in the presence of Fe;03, as
discussed previously.

This same viewpoint has been advanced by Sulzer(196, 197}, in his etudies of
residual-oil combustion in gas turbines. He suggests that the following reaction playe
a large part in sulfate furmation:

ZNaul + 50, + 1/2 Op + H20 = Na 504 + 2HCI + 51 kcal.

It is his contention that the heat evolved in this reaction may hring the particle tem-~
perature sufficiently above the ambient temperature to melt the fine particles of
Na,S50, formed. Dense, partly molten deposits, consisting of over 95% Na,50,, have
been observed on turbine blades even al temperatures of about 1200 F, although the
melting point of Na,;504 is 1630 F. {198} such an explanation for turbine systems may
be questioned, however, on the basis of observations by Widell and Juhau(po‘, who
found that the softening temperatures ol mixtures of Na,504 and V,05 were 1950 to
1100 F. This was t 'ue even when the mixtures contained as littla as 10% V,05, which
is us.allv present also. So, it is possibis that a low-melting eutectic composition may
have been formed instead of a highly exothermic reaction occurring.

A list of sulfate compositions which may be encountered in boiler systeme, with
their respective melting points, is presented in Table 15. Several of these materials
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have sufficiently low melting points to be fuszd onto superheater tubes. Five polymor-
phous forms of Na;SO4 have been identified by Lambertson(l111) in superheater deposits
from a naval boiler, and Simons, et al. “87), found CaSO4 as well.

TABLE 15. MELTING POINTS OF SULFATE COMPOSITIONS(2)

e e e e e e e e e ————
Melting Point,

System F Remarks
NazS04 1623
K,50, 1969
N32504'75%, K2504-25% 1530
K804(s)-803(g) 635
3K,5C,-Na;504(8)-S03(g) 535
K3Fe({SO4)3 750
Fe,(504)3 896 Decomposes to Fe,03 and SO3
Al{SO4)3 1418 Forms Al;03 and SO;3
CaSO4 2642
CaS504-42%, K3504-31%, N2 504-27% 1400
Na 504, K2804, Fep(S04)3 1036
Na;504, K;504, Al(SO4)3 1030
MgSO4 2055 Forms MgO and SO,
NiSO4 1544 Forms NiO and SO3
NaHSQ4 482 Forms Na,;S,0,
Na, 5307 752
ZnS04 1364 Forms 2n0 and SOj3
Na 5504~ CaSOy4 cutectic 1675 Mixtures melt from 1620 F
to 1740 F

(4) Comnpiled from various wutces.

Sulzer{199) has offercd CaS04 formation as an explanation for heavy deposit
formation when calcium compounds are used as additives (o residual oils. He pro-
poscs a mechanism as follows: CaQ forms during combustion and collects on metal
surfaces, where it rcects exothermally with the 5Oy in the gae stream to form (aSOy4.
Suliyr dioxide in ithe gases may be oxidized catalytically to SO3 by V,0g formed fram
the combustion of the oil. -

Although CaSQO4 has a reported melting point of 2640 F, Sulzer believes that the
heat of formation may raise the temperatutre sufficiently to cause a sticky surface.
It should be pointed out, however, that the dissociation of CaSO4 begins at about
185C F, which is significantly below this melting point. Simoné& noted that mixtures
of Na S0, snd CaSOy4 melt in the range 1600 to 1750 F, depending on their comj. ai-
tion, and 1t is likely that one of theae mixtures is involved whenever calcium is found
in bonded deposits. The phase diagram for the Na;S804-K;504-CGa504 ternary
systemi12?) shows a eutectic at 1400 F, so :ihat other relstively low-melting mixtures
are posmble as well, to account for mixed deposits.

Magnesium sulfate seemas to play little pact in deposit formstien, although
Lewis{115) found it to be present in deposits from residual-oil ash when magnesium
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2 i,‘g compounds were used as additives to combat vanadium corrosion. However, experi-
g ence at the Gas Turbine Division of the Westinghouae Electric Corporation has shown
%3’ that no MgSQOy4 is found in deposits, although there is more magnesium present in the
. ::: additive than would be required to react with all of the vanadium present(162).
th
Y
5:: Vanadate Deposits
D
g
'.g-‘ Form of Deposit
) ‘3 The relatively large amount of vanadium which occurs in many residual oils
iy accounts for a sizable portion of the deposits in oil-fired systems. Vanadiun was
. found by Clarke(37) in the compact, black, crystalline deposits on the high-temperature

- rear tubes of a marine boiler, in a form which he believed to be one of the lower oxides
) of vanadium. As shown in Table 14, whenever a two-layered deposit occurs, the
vanadium-rich, black layer is found adjacent to the tube. In the form V,0g, the
vanadium has been reported in deposita on the final stage of a gas turbine, as shown

by X-ray analysis(148). However, it is more common to find the vanadium in combi-
nation with sodium, as a vanadate. Sodium vanadyl vanadates (Na;0-V,04: 5V,0g and
Na,0:V,04' 11V;,0g) have been observed in deposits on marinc-boi'er tubes and in the
high-temperature regions of gas turbines. The vanadate deposits are characterized

by low water aolubility, as compared with the sulfate deposits, one analysis showing
10% of a soluble portion ts be V305, as compared with 72% of the insoluble portion. (169)

Selectivity in the deposition of vanadium compounds was noted also by Lloyd and
Probert(118), as a typical analysis of a gas-turbine deposit showed 33% V205 0na
stator blade as compared with 45.2% on a rotor blade, from an oil ash containing 62%
V20s.

There is evidence from the study of Zoachak and Bryen(zz&) that vanadium-
containing deposits are initiated by condensation of V305 on tube surfaces and are built
up by subsequent reaction with otiier ash components and with §O3 in the flue gases.
Occasionally, V305 as such has been observed in X-ray dilfraction studies of deposits,
and this type of deposit undoubtedly forms by condensation of V,0g from the gasaous
phase. However, scdium and sulfur are invariably present in the oil-ash also, and
interactions of vanadium with these cleinents results in more complex deposits.

Vanadium and Sodium. The effect of the ratic of varzdium ts sodium has been
studied by Evans and associatea(34) who found that both deposits and corrosion were
‘ decreased when the vanadium-to-sedium ratio was reduced. At the same time the
deposits became increasingly water soluble and easily removed. Table 16 showa the
analyses of the fuels and the improvement obtained by lowering the vanadium-to-sodium
ratio of the fuel from li:l to L:1.
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TABLE 16. EFFECT OF THE VANADIUM-SODIUM RATIO ON DEPOSITION
AND CORROSION BY RESIDUAL O1Ls(54)

Fuel Venezuelan Middle East
Analzses
Total Ash, wt % 00 060 0. 045
Vanadium, wt % 0. 022 0.009
Sodium, wt % 0.002 0.009

10-Hour Turbine-Test Results

Gas Temperature, F 1305 1267

Average Stator Blade Deposit, g 0. 165 0.043

Deposit Type Strongly bonded, ceramic- Largely water soluble
like, hard to remove

Corrosion Wt Loss, g 0.154 0. 068

These results indicate that there are some combinations of sodium and vanadium
oxides which adhere more readily to the heated metal surfaces, probabiy because they
are lower melting. A detailed study of the phase equilibria in systems involving Na,0,
503, and V05 was conducted by Foster and associates(62). They demonstrated that
Na,504 and V,0g are not compatible with each other either in the crystalline or in the
molten state. These two compounds react upon heating, with evolution of SO3, to form
NaVOj3 and complex vanadates. Foster concluded:

(1) Na,S504 exists only in mixtures containing lesa than 56% V,0g.

(2) 503 is liberated {rom all mixtures, partially up to 56% V;Og and
completely beyand 56% V,0s.

(3) The 56% V,0g mixture consists entirely of Na0-V,0g,
(4) The 80% V,0; mixture consists entirely of Na,0-3V,0s.

(5} The 88% V,0; mixture ccnsists entirely of the complex
NazO V50, SVzos.

(6) Free V,0g exists only in mixtures containing in excees of 88.8%
V,0¢.
2vs

The data of Niles and Sandera{!28) yore similar, ekowing the existence of com-
pounds having Na,0-t0-V Qg ratios of 1 to | and | to 3 and almost 1 to & (N2 0 V0,
5V,0g). It was observed that the 1-to-6 ratio was maintained in the molten salt, but
oxygen was evolved or coeoling, resulting in the oxygen-deficisnt structure.

Anotaer iniermediate cemposition, SNa0- V204 11V204, was inveastigated by
Phillips and Wagoner({1530) by using differential therme! analysis. They found evidence

for a eutectic having a sclidification temperature of 900 F. A material melting at a
temperature this low could act as a bonding sgent for depoaita in boilers operating at
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moderate steam temperatures. Another study by these investigators(149), in which
metallic contaminants were added to a gas flame, showed that increasing the sodium-
to-vanadium ratio resulted in soft, bulky, loosely bonded deposits. This result con-
firmed the previously cited work of Evans and associates, which was carried out on a
gas turbine.

Additional oxygen-deficient sodium vanadate compositions have been reported by
Canneri(32), who claimed to have prepared

Nap0 ’V204' 4V205
2Na0-V,04°4V205
3Na0:V,04 5V205.

Systems similar to the first two are reported with potassium veplacing the
sodium. It is possible that complex vanadates of this nature occur in boiler and turbir
deposits and account for the inability of investigators to identify all the deposit com-
ponentc by X-ray diffraction. There have been several reports of ' inidentified lines'
in X-ray patterns which do not conforin to any compounds listed in r:andard tables.

‘The formation of vanadyl sulfate, (VO,);504, by the interacticn of V05 and SO:
at temperatures above 650 F was claimed by Wickert 218), Maximuv formation of thi
compound occurred at 850 F and dissociation began at 930 F. Vanacyl sulfate proved
to be very insoluble in water and perhaps may account for the insoli:le portion of man
boiler deposits containing vanadium.

In an effort to come closer to actual conditions than is achieved by using mixture
of NazSO4 and V,05, Wickert(218) examined the combination of Na,0 and V205 in an
SO;-oxygen atmosphere. Under these conditions he found that SO3 would react with
Na, 0 6V,0g to produce the combination V305" 2803. This compound is probably bette
formulated as vanadyl pyrosulfate, (VO;),5209. In addition he found evidence for the
existence of 2V,0g- 503, which most likely is 2 combination of vanadyl sulfate and
V205, as (VO;),;504-V,0s5.

Melting-point diagrams for the sodium vanadate and potassium vanadate systeme
have been rep-rted by Canneril32). A thermal-arrest diagram for the NazS804-V05
system has been prepared by Cunningham and Brasunas(45), and the phase diagram fo:
the calcium vanadate system is given by Morosov{134). The thermnl-arrest diageam
for Fez0_+V,05 mixtures has been reported by Monkman anld Grant{133). ALl of these
diagrama are characterized by the presence of low-melting components which would
contribute t« deposit problems in steam-generating systemas.

The nature of vanadate deposits in boilers and the mechanism of their formation
is obvicusly complex. The conditione in each bciler syetem vary sufficieniy thai no
single explanatior. can be offered that will cover moet cives. However, irom the mass

of data which have been accumulalen, 3t appears that vanadate depoeition is a polential
| problem in l.oilers operating with tube temperatures anywhere above 650 F. The likel
hood of difficulty incrcasee with tube temperature, as observed by Sulzeril98) while
% experimenting with deposition rates of thres fuels at varioua temperaturce. His result
are shown in Figure 31. The nigh-sodium high-sulfur fuel had the highest deposition
rate at all temperatures, but the vanadiuvm-containing fuel showed the greatest
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FIGURE 31. EFFECT OF COMPOSITION ANL TEMPERATURE
ON THE DEFPOCSITION RATE OF SOME RESIDUAL
o1Ls(196}
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temperature dependence. The rates became very nearly equal at 1300 F, which is the
maximum itube temperature encountered in present-day practice. In the absence of
sodium and vanadium, deposits were negligible.

Low-Vanadium Fuels. Noteworthy is the fact that thers are some residual fuels
sufiiciently low in vanadium and sodium that they do not cause deposit or corrosion
problems. An example of this situation has been reported(190) in work on Canadian
residual oils. Only negligible amounts of deposits and corrosion were observed in
1000-hour tests when using residual oils from crudes of the Leduc oil fields in Alberta.
The fuels contained from 0.7 to 13.5 ppm of vanadium and from 3.8 to 54.7 ppm of
sodium. The highest rate of ash deposition was only 5 mg/sq cm in 1000 hours at
1300 F gas temperature. However, as yet no one has reported the maximum allowable
concentrations of vanadiun and sodium that will be compatible with deposit- and
corrosion-free operation of a steam-generating system.
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CHAPTER ) HIiGH-TEMPERATURE CORROSION REAOTINAS

This chapter reviews the rsactions that cause deterioration of the metal components
at high-temperature areas in the boiler as a rasult of burning residual fuel oil, Mate-
rials of construction are expoered to uxidation and other reactions by corrosive fiue gases
and attack by molten deposits of the oil-ash mixtures,

OXIDATION OF METALS

There has been a vast amount of research conducted on various aspects of the oxi-
dation of metals at high temperatures, A cumplete survey of this work is bayand the
scope of this report. However, a brief review of the mechanism of filin formaticn and of
the laws gouverning its growth is presented here as an introduction to the discuesion of the
behavior of metals in boilers.

Mechanism of Oxide-Film Formation

Practically all metals and alloys have a tandancy to react with a surrounding
gasecous environment, Because the rate of chemical reactions increases conaiderably
with increasing temperature, the problem of oxidation of a metal becomes particularly
important at higher temperatutes, Generally, the first result of a motal~gas reaction is
the formation of a solid {iim on the metal surface, If the surrounding gas iz air or oxy-
gen, the film could be an oxide of the metal, This film, in 2 aens®, separates the meotal
trom the gas environment, but does not necessarily stop continued axidation, Diffuslon,
or some other mechanism, permits the passage of oxygen ions through the film {0 react
at the metal-oxide interface. Wagner(Z09) has listed four factors that influence the prog-
reas of oxidation: (1) thicknz2ss of the layer, {2} concentration or pa.tizl pressure of the
oxidizing gas. {3) temperaturc, and {¢} ~cmposition of the alley. A complete review of
the fundamental conzileraiions involved in the mechanism and kinetics of oxidation of
metals is givem in the book by Kubaschewski and Hopkina{108),

Kinetics of the Reaction

Oxidation may preceed at varying ratee, a~d aevera) different relationshipe have
heen discovered empirically beiween weight increase per uni! srea caused by oxidation
{Ain) and time of exponace (i),

Four of these rejatim hips are:

KLQ

"

(i} &m

(2} 3m = kps
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3
{(3) &m? = kot
(4) Am = kg (log at + tg),

representing the {1} linear, (2} parabelic, (3} cubic, and {4) logarithmic relationships,

A schematic plot of Am versus t, shown in Figure 32, helps to visualize the progress of
oxidation with timne. When the corrosion rr~Zuct i3 volatile or when the scale ia porous
and nonprotective, the linear law will determine the progreas of oxidation. In this case,
oxidation {s proportional to ti:ne with no noticeable stifling, or slowing down, Figure 32
showa that in the other three cases oxidation rates are high at first but tend to slow dewa
as the film formed on the metal interferes with the passage of ions and electrone, The
parabolic rate law is a cornmon oue, describing the situation where the oxidation reaction
is controlled by diffusion of the reacting materials through the film. It should be noted
that 2 metal may start to oxidize according to one law, and then continue according to
another law. Also, a change in temperature may result in a different kinetic relationship,

Metal Sulfide and Sulfate Formation

While the above comments refer to oxidation air or oxygen atmospheres, metals
and alloys will also react to form films with other gasas, such 28 carbon dioxide, sulfur
dioxide, or hydrogen sulfide. This is of interest because these gases may be prezzat in
the combustion products of fuel oil. The mechanisms of film formation and the rate-of-
growth laws are fundamentally similar to thuse applicabls in air atmospheres,
Kubaschewski and Yon Goldbeck(109) discussed the mechaniem of sulfidation is gasecus
sulfur compounds. Metal sulfides are formed which may have different properties than
the oxides, If oxygen is also present, sulfates and perhaps other sulfer-oxygen metal
compounds may form to complicate the situation. The relatively low melting points of
some sulfides and metal-sulfide eutectics are responsible for some of the deletericus
effects that have been observed, If the temperature is high eaough to melt the cumpound
preaent in the film, the liquid sulfide tends to penstrate *>e metal or alloy along its grain
boundaries. Thia type of intergranular attack has been asserved in high-nickel alloys
expossd to sulfur-containing gases under reducing conditions,

Oxidarinn of Mctuls by Hot Combustion Gases

Combdustion-Gas Formation

The gaseous portion of the combustion products of a fuel oil, under conditiors of
compiete combustion with the stoichiometric quantity of air, should consiat of €Oy, Hp0,
SO;. and N>, Thie siteation is not likely to exist in actual boller operation, Ia practice,
the gas mivture may also contain some O3, Hy, CO, and SG;. The quantity of 2~-h com-
ponent in the gas strear: wiil depend on the coiginal compus,.ioa @f the fuel and 2+ the
comhustion conditions.

Metal-Gas Reactions

When the gas mixture, resulting from fuel-oil combustion, sweepe over the hot
mets! surfaces in the boiler, there will be a tendency for reactinne to lake place between
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FIGURE 32. THE OXIDATION - TIME RELATIONSHIPS(108)
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the metal surface and some of the components of the gas mixture, If the mixture is oxi-
dizing, oxide films will form on the metal surfaces and continue to grow according to one
or more of the rate laws, (See discussion of Figure 32, under "Kinetics of the
Reaction", At low temperatures and steady operating conditions, the rate of oxidation
may deccrease to a relatively low value, Under more scvere conditions, thicker films
will be formed, These often develop into heavy scales that may crack or spall, Also, in
sorne cases, oxides or sulfides may penetrate the metal along its grain boundaries, If
this surface and subsurface attack continues, the result will be a reduction in the effec-
tive metal thickneas and strength of the boiler tubes and other boiler components,

The behavior of metal surfaces in contact with hot combustion gases is of interest,
not only because oxidation and sulfidation are themselves harmful corrosion reactions,
but also because oxide films have been suspected of being involved with the buildup of
thick undesirable deposits in the hot zones of a boiler, For exampie, in the operation of
a new hoiler, or a clean boiler, it is reported that a period of immunity ayainst deposit
formation often exists, during which time an oxide film is being formed on the metal sur-
faces, As discussed on page 106 of the ASME report(3), several explanations for the
buildup of deposits have been offered, Thw exact nature of the starting surface required
for the imtiation of bonded deposits has nc heen established,

Factors in Oxidation and Scaliﬂ

In addition to the gareous components of the combustion products »f fuel oil, men-
tioned above, other factors such as temperature, time of exposure, gas velocity, and
composition of the metal will affect the extent of oxidation and the properties of the oxide
or sulfide film, Many investigations have been conducted to obtain empirical data on the
effect of single gases, and some gas mixtures, on the oxidation of carbeon and alloy
steels,

In some early work, Marso. and Cobb{}23) showed that one of the requirements for
heating without scaling is the absence nf oxygen, Hcwever, the cormnbustion producta of
completely burned fuel also contain CO3, H20, and N, Nitrogen is neutr:l to mild
steel, but COz and H,O are capable of oxidizing steel, Angus and Cobb(7) discussed the
reaction

H, + CO; J——"H,0 +CO,

which proceeds vigorously above 1100 F, They also considcred the possibilities of elim-
inating oxidation caused by CO; or H;0 by the addition of CO or Hj, respectively, From
a practical standpoint, the amounts of Hy or CO that would be reguired to reduce scaling
to a negligible value would be so large that much of the combustible portion of the fuel
would remain unburned,

Preece, et al, \!539) reviewed the previous literature, and their summary indicates
that =elow about 1300 F, scale formation is rather slow in CO;, oxygen or steam, and
largely independent of the scaling medium, Scaling in SO; beromes very rapid above
1500 F, and this is associated with the formation of a ferrouws sulfide-{ferrous oxide
eutectic at the metal-oxide Interface.

The report by Preece, et al, (159) also included a summary of their experimental
work on the scaling of asteels at about 1800 F in synthetic gas mixtures, based on a
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"neutral' composition of 80% Nz ~ 10% CO2 - 10% H20 to which CO, Hj, and 50 were
added, The addition of CO up to 4% had little effect, whereas scaling rapidly increased
with additions of Op up to 1% to the neutral mixture, Additions of fractional percentage
of 507 led to a rapid increase in scaling in the neutral or reducing atmospheres, 50;
also increased scaling in the atmospheres containing O3, becoming less harmful at
higher Oy concentrations, With 4% O3 in the mixture, sven 0, 30% SO had no further
effect, It will be noted that these tests were conducted at temperatures somewhat above
those generally expected in beilers, The data may be of interest however, in helping to
explain reactions that may occur unexpectedly at hot spots,

Bonrggraff(17) conducted an extensive series of tests in various gas mixtures ove
a wide range of temperature. He found that scale formation was not very great below
1100 F. He classified the gases into the following categories,

Oxidizing: Oz, SOz, and those fractions of
CO3 and H20 not in equilibrium with
CO and Hz

Reducing: The fractions of CO and Hj not in
equilibrium with CO; and H70

Neutral:  N;, and the mixture of CO, CO;, Hj, and
H20 in equilibrium over the metal surface
at the existing temperature,

Preece, et al. {159) also reported on some tests conducted at 1200 F, 2 temperaty
of interest in boilers, At this relatively low tempsrature, most of the steele tested
ecaled at about the same rate in atmospheres free froin sulfur dioxide, Up to about 0,5
addition of oxygen to the neutral mixture rapidly increasad the rate of scaling, but furth
additions had little effect. The effect of SO was similar to that observed at higher tem
peratures, but with one important difference, At the lower temperature, the oxide-
sulfide eutectic was distributed as small particles in the scale, rather than being prase
at the scale-metal interface.

The few references that have noted the effect of gas velocity on oxidation indicate
thai the effect i8 minor, providing that a certain minimum value is oxceeded, However,
this minimum is different for each gas component, and it is difficult to apply to a flue-
gas mixture the reporicd results for individual gases,

CORROSION BY OIL ASH

Nature of the Attack

The corresion of metals at high temperature that is attributed to residual oil ash {
particularly severe and proceeds at such a rapid rate thut it has been termed "acceler-
ated" or "catastrophic" oxidation. The scale is bulky and not protective, sometimes
showing evidence of exfoliation, The oxidation procesds at a rate even fastar than that
indicated by the linear rate law described under "Kinetics of the Reaction'. Under these
conditions, metal is consumed very rapidly, For example, Lloyd and Probert{118) have
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reported that the presence of vanadiurn-containing ash caused a tenfold increase in metal
loss,

Temperature Limits

The lower temperature limit for the onset of high-temperature corrosion is not
definitely established, The early investigators were conceraed with the severe attack of
metals in gas turbines and of superheater tubes and supports in boilers producing 1050-
1100 F steam, Therefore, metal-surface temperatures above about 1200 F were con-
sidered neceseary for this type of corrosion to occur., For example, in 1949, Schlapfer,
Amgwerd, and Preis(181) studied the corrosion of heat-resisting steel by vanadium-
containing oil askes in the 1200-1380 F temperature range, One of their conclusions was
that rate of scaling was markedly accelerated when the test temperature was above the
nielting point of the ash, Many subsequent workers have confirmed that ash mixtures in
tha molten state promoted this type of attack, but the reported melting points of possible
ash constituents indicates that accelerated corrosion could occur even below 900 F,

Schlapfer made some general observations that have been confirmed by later
workers in more refined experiments. Intensity of corrosion was said to increase with
time and temperature of exposure and with the quantity of the ash, An estimate of these
factors, especially the metal temperature, in specific applications, should give some
idea of whether oil-zsh corrosion would become a serious problem, For example,
Edwards(51), in a review concerned mainly with naval steam-raising installations, con-
cluded that within the scope of the boiler systems surveyed, corrosion was at present a
lesser problem than deposits, Similarly, McGlimont{127) felt that there has been a ten-
dency to place too much emphasis on the vanadium-corrosion problem in merchant ships,
He indicated that the maximum superheater tube temperatures to be expected in such
inrtallations would not exceed 950 F, and therefore corrosion would be a problem only on
uncooled superheater supports. Whittingham(212) also reported that corrosion of super-
heater tubes is not a problem in present steam power plants because operating tempera-
tures are below the softening point of ash deposits, In many of these cases, however,
uncooled parts or assemblies (such as brackets, hangers, or supports) will still be sus-
ceptible to attack because they attain temperatures above the ash's melting point,

Mechanisms of Attack

Harmful Ash Compnsitions

It was established quite early that the presence of molten compounda on the metal
surface was necessary to promote accelerated oxidation, but the mechanism of astack
was not clear. By anaiysis of ash deposits and the residual oil, it war aoon det~rmined
that the principal elements causing cafustrophic oxidation werz vanadium, sadium, and
sulfnr, The manner 1o which these elements were combined was not known, and many of
the ru-ly empirical studies were made with simplified synthetic mixtures of V505 and
Nap504. Results of corrosion tests began to point to a mixiure containing approximately
12% Na 504 and 88% V05 as being the most corrosive, The relationship between the
character of the mixtures and the mechanism of corrosion and deposit formation was only
partly clarified by these investigations,
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More-advanced studies were undertaken, involving the establishment of phase and
equilibrium diagrams for pertinent systems, Foster, Leipold, and Shevlin(ﬁzf suggested
that the ash be considered in terms of the ternary system Nap0-S03-V205. Through the
use of coinpatibility diagrams, they were able to indicate the compounds that should be
formed from varying proportions of Na;S0O4 and V3O05. The phases that they proposed as
possible corrosive agents were NaSO4, V205, 503, NavO3, Naz0-3V20s5, and
Najy0:V,04°5V,05. Oxygen may also contribute to the attack by these corrosive agents,
Oxygen may come from the equilibrium mixture of 503-50,-0; at the temperature under
consideration, or from the reaction

Nazo' 6V205 NazO' V204‘ SVZOS +1/2 Oz.

Hale and Starnes(78), by studies of the physical properties of the ash, arrived at
the same conclusion, that Na0-V304°5V;05 was one compound that could be responsible
for corrosion, Niles and Sanders(138) conducted experiments that verified tha formation
of the three sodium-vanadium complexes suggested by Foster when the corrcsponding
molar ratios of Nay504 and V05 were reacted, They also showed that nonstoichiometric
proportions of the reactants resulted in mixtures of NaVO3 and Na;0- 3V205 being formed
when the ratio of V,Og to NaySO4 was greater than 1 but less than 3, and of Nay0-3V,05
plus Naz0: 6V ,O5 when the ratio was greater than 3 but less than 6, This approach to the
problem has led to a clarification of the chemical reactions occurring bas‘ween certain
ash constituents at elevated temperatures, The correlation between this information and
corrosion will be discussed in a following section,

Qil-Ash Phase Diagrams

Other workers have extended the study of phase diagrams to include compounds
that conceivably would be formed from corrosion of alloys by the ash, Also, the tech-
nique has been used to study the phases formed in mixtures of ash components and inor-
ganic compounds that are possible additives to inhibit the high-temperature corrosion, or
modify the character of the deposits, *

Cirilli, et al, (27,28, 35, 36) have tricd to correlate phase diagrams and corrosive
attack of V205 with components of stainless steels and with minor additions of alloying
metals, such as aluminum, silicon, manganese, molybdenum, beryllium, rirconium, and
copper, The variety of vanadatcs formed are discussed with some comments about the
relation to corrosion, Manganese, molybdenum, and copper are not suitable additions
because they tend to torm cgmplex low-melting or volatile vanadates, Beryllium and sir-
conium have favorable corrosion effects, but any vanadates that ave formed decompose to
the oxide. Aluminum forms an orthovanadate melting at 1280 F and has no favorable
effect, Silicon did not form compounds with V205, The authors concluded that knowledge
of phase diagrams of V05 and metallic oxides can aid in the selection of more resistant
materials by a consideration of their ability to develop stable protective filims on their
surface and also to form vanadates with high mel*ing pointa, These are rather ge. eral
statements that have been substantiated only by limited expecimental results,

Tte reacarch by Johnson(94) provided information on the eutectic composition and
temperature for a la-ge number of binary and ternary systems composed of NV 3 + MO,
or NV¢ + MO and NV3 + MO + Fe203 or NV(, + MO + Fe203. These compouud denigna-
tions have appeared in several publications and are abbreviations for the vanadium com-
plexes as follows:

*See Chapter 1 for a discussion of additives.
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N = Nazo
MO = metal oxide,

It is interesting to note that all of the mixtures investigated had a eutectic melting below
about 1170 F, ranging from 960 to 1166 F, The conclusions drawn from these studies by
Johnson are:

(1} The oxides of iron and magnesium form definite compounds with NV
and NV and may therefore have definite value as additives,

(2) The oxides of silicon and chromium do not form compounds with NV 4
and NV but for:n only mechanical mixtures and are believed to have
no possible ure as additives,

{3} Results with aluminum and calcium left uncertainties, Mixtures con-
taining CaO bonded to anything they touched. Al;03 showad evidence
of forming a high-temperature compound with NV 3, which is unstable
at lower temperatures,

Equilibrium diagrams were also used by Brubaker, Foster, and Shevlin{22) to
determine possible corrosion pioducts which would be found in equilibrium with vanadium
ash components, These results are shown as equilibrium diagrams of the systems
N230-Fe;03-V,05, Na0-Cr;03-V,05, and Na;0-NiO-V,05. The effects SO3-S03-air
mixtures on the corrosion process were also studied,

The identification of deposits taken from oil-fired naval boilers given in the recent
report by Pollard(153) is of interest. On screen tubes, a chalky white, water-soluble
coating, sometimes hidden by carbon, was found, This is either sodium sulfate or a
mixture of sodium sulfate with sodium vanadate, Purple-black layers on screeu tubes
and superheater tubes are invariably Najy0°V,04'5V;05, sometimes mixed with
Nay0° 2V,05 or sodium sulfate, These layers are difficult to remove because they are
only slightly water-soluble, They also are excellent solvents, when molten, for mate-
rials of construction of boilers,

Generating-tube doposits are similar to superheater deposita but show fewer signs
of high-temperature etffecis. Next to the metal surface, however, there usually is a
small amount of white ferrous sulfate present which turns yellow on being exposed to air,
Massive deposits on top of water drums are composed of a wates-soluble portion that is
usually high in sodium and iron sulfates, and the purple-black layer near the tubes is
mostly Na0'V,04° 5V 05, This classification verifies the presence of the compounds,
agsociated with corrosion, in boilers,

Other chemical compounds, isolated and identified [ror. denosits tak~n from vari-
ous locativns in boilers, reported by Pollarg{153), were:

(1) £-2iap0° V304 5V,0g (approximatcly)
{2) y-Naz0°2Vv,03

(3) Naz504
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(4) CaSOy4
(5) Fe304
(6) CaCOj
(7) Fez(SO4)3, carbon, sulfuric acid, and a-Si0,.

The phase diagrams from Illarionov(90), shown in Figure 33 and 34, were used in the
study of the oil-ash deposits, Pollard emphasized the need for more information about a
knowledge of compounds formed between vanadium compounds found in oil ash and oxides
of potential additives, Relatively little work has been reported so far on this subject, In
the appendix to his report, Pollard has given a compilation of scurces of data for a num-
ber of vanadium oxide-metal oxide systems, Part 2 of the report contains X-ray powder
diffraction pattern data for crystalline components of oil ash, This investigation is con-
tinuing and should provide additional valuable information pertinent to the problem,

The Role =»f Oxygen

Cunningham and Brasunas(45) reviewed previous investigations »nd theories that
have been proposed to explain accelerated corrosion, The explanation that the molten
material at the metal-ozide interface destroys the provective layer by a iluxing action
did not appear adequate, and Cunningham conducted the necessary experiments to pre-
pare a thermal-arrest diagram for the Nap504'V,0y system, He noted the oxygen
absorption and evolution ascribed to the reversible reaction:

m Nazo' HVZOS —__——$'m Nazc' (n—p)VZOS' vaO4+llzoz

Oxygen evolution has been known to cause the '"'spitting" which occurs when molten
vanadates solidify and are converted to the vanadyl vanadate, However, the cxygen-
absorption reaction was also thought to have some bearing on the corrosion problem, and
some experiments were conducted to investigate this point, Temperature-pressure
determinations were made in closed systems containing oxygen and mixtures of either
Nay0 and V05 or NapSO4 and V305, Typical pressure~temperature curves are shown
in Figure 35. The significant features shown by the curves is the decrease in preasure
(Curve C) caused by abscrption of oxygen into the melt, above the melting point of the
mixture Na;0+V 05, Curve D, for the Na504+V;05, shows an initial pressure drop,
just as in Curve C, followed by a reversal and a pressure increase which was attributed
to evolution of sulfur trioxide from a reaction of the type

NazSO4 + VZOS ZNaV03+SO3.

It was obaerved that the most severe corrosion reported by othar invertigators occurred
within the cornposition range showing maximum abeorption of oxvgen., T' .2 irncars to be
good evidence for suggesting that oxygen, continually being absosbed from the surround-
ings, passea through the molten {ilm and sustains the rapid oxidation of the metal under-
nezth, The oxide farmed in the presence =f these contamirants {s very porous and does
not interfere with the passage of oxygen through it, Research by Johnson(95! supported
the conclusion by Cunningham and Brasunas, that the molten layer appears to act as an
oxyger carrier and destroyer of protective films, Johneon heated and cooled a 1-to-6
mole railo of NapO-V305 between room temperature and 1525 F for a number of cycles,
The initlal melting rel~ased 7,9 cc of oxygen per gram of original salt mixture, On
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cooling below the freezing point (1193 I') an additional 1.3 cc of gas per gram of salt
mixture was released, This quantity was subsequently reabsorbed and reieased each
time the mixture was heated beyund the melting point and cooled o the solidification
point, Tests run in air, oxygen, argon, and nitrogen showed that oxygen waa the only
gas that would be reabaorbed, Corrosion experlmenta were designed to compare the be-
havior of Type 302 stainless stecl specimena under a l-inch laysr of molten #alt, ia the
presence or abscnce of an oxygen atmosphere, The test specimen heated in aalt in the
absence of oxygen lost | to 2% in weight, while those heated in salt in the presence of
oxygen lost 65% in weight, Any oxygen that reached the metal su. face had to pase
through 1 inch of molten salt,

Phillips and Wagoner(150) verified Cunningham and Brasunas' observation of the
releasc of oxygen during solidification, Wher the melt wae observed under the Leitsn
heating mirroscope, gas bubbles were observeu eacaping during solidification, The tom-
peraturc difference between melting and treezing was also fovad to be related to thae
oxygen-absorption capacity of the compcind, as ehown in Figure 36, The greatest
oxygen-abrorption cadacity, most severe cu..osion, and greatest difference between
melting and {reezing temperature all occur at approximately the sarme ash mixture, that
is, at the Ni 0 V504 5V,08 composition, It would be helpful to ba able to predict the
type of deposit to expect from a given fuei, While Nilas and Sanders(138) have proposed
that this can be done, the experiments of Phillips indicate that {t ie not slways possible.
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FIGURE 36. CORRELATION OF TEMPERATURE DIFFERENCE (MELTING-FREEZING)
AND OXYGEN ABSORPTION WITH ASH COMPOSITION(150)

Figure 37 shows that the Na/V ratio of the deposit can be up to 1our times that in the fuel,
Gas temperature at the point of deposition appears to have something to do with this
effect, Gas temperature has been shown to have an appreciable effect on corrosion at
constant metal temperature, This is illustrated in Figure 38,

The Role of Sulfur Trioxide

The possible effect of SOj in the corrosion mechanism was mentioned by Foster{62),
The liberation of SO3 in the reaction between NapSOg4 and V20 may have an important
effect on corrosion, A ireliminary experinient in a prefused NaS04-V 05 mixture com-
pared with the same mixture which had not been prefused demonetrated the aticng corro-
kive effect of the SOy evolved in the reaction. Any tendency for 503 to break down into
50, and O; according to cquilibrium requiremente would make additianal oxygen avail-
able for oxidation at the metal surfaces. This oxygen would probably be present in a
nascent, highly reactive form.

Nickel and iron Vanadates

Tie majority of the investigations reviewed deal orly with the sodium, sulfur, and
vanadium components of the fuel-oil ash., Niles and Sanders(!28) poinied out that when
apprecianle araounts of other components are picdent, some of tic other metain will
react with vanadium, resulting in a higher Na/V ratio in the remaining mixture, and
alter the compound that will form. An example was given in which the compound
Na0* }V:0r5 would be expected to form, Houwever, the nicke!l and {ron in the fuel oil
reactrd with vanadium to form nickel and iron vanadates and left less vanadium to com-
bine with the sodium,
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'%:l_ Resistance of Metals to Ash Attack
AN

From a practical standpoint, a primary interest of users of residual fuels was to
find materials of construction that would withstand the corrosive environment, There-
fore, in many of the early investigations, the objective was to evaluate the high-
teniperature corrosion resistance of a variety of heat-resistant alloys, with the hope of
either finding a useful material or some promising indication that would lead to the
development of a more resistant material, This became a formidable undertaking
because of the many factors that had to be taken into consideration. The quantity of aah,
meial surface temperature, gas temperature, time, velocity of combustion gases, and
thermal cycling are among the variables which could influence the corrosion results,

Kind(104) has indicated that it is impossible to reproduce in the laboratory all of
the conditions prevailing in practice, The ash-forming constituents can occur in the
gaseous, liquid, or solid state, and the different phases cannot be detc rminad because
the chemical and physical equilibria are changing continually, For this reason, simple
laboratory tesis have been condemned as being unrealistic; however, Frederick and
Eden(64), among othera, have found them to be almost indispensable guides to determine
the course of more e¢laborate experiments,

One simple test that has been used consists merely of placing a small quantity of
ash, or ash component, on an alloy specimen and heating in air, In another procedure,
=pecimens are wholly or partially immersed in ash mixtures contained in a crucible and
heated to various temperatures for selected periods of time,

Schiipfer, Amgwerd, and Preis(181); Evans(53); Buckland, Gardiner, and
Sanders(25); and Skinner and Kozlik(189) were among the early investigators who used
these tests in exploratory work for screening of alloys and observing the effect of some
variables, Their results cannot be compared quantitatively because of other differences
in test procedures, and some contradictory results were noted, Some of their general
conclusions are in agreement, however, and have been verified by later work, For
example, Skinner and Kozlik{189) reported that nickel-base alloya were resistant to
vanadium pentoxide but were severely corroded in ash mixtures containing large percent-
agee of sodium sulfate. Similarly, molybdenum-containing alloys were geverely attacked
in vanadium environments at high temperature. On the other hand, the chromium-iron
alloys containing abaut 26% chranium (such as AISI 446) performed better than other

| |
LAl el Tak ¥
s

Ay
P

.;,.{:. alloys under a variety of conditions, These comparisons are relative, and both Evana(33)
L4 “ .

A and Bucklaad et al. (25) concluded that no alloy or class of materials which had been

2 tested up to the time of their experiments could be connidered t2 have a satisfactory

(R service life for boilere and gas turbines burning residual fuels,

k. - Nevertheless, the search for a useful material has continued, and 2 number of

additional papers have appeared describing the results of new work, Many of these
merely corroborated carlier resulte and provided corrosion data on adgitional 2''oys
expesed (o vanadium-containing fuel asues,

Otiver and Har-iafl41), and Harrie, CXild, and Kerr{®4) yged a testing procedure
which invelved applying vanadium pentoxide on metal surfaces by painting them with a
suspeneion uf V205 in benzene and drying. This was followed by exposure to preheated
arr for 24 or 70 hours. Corrosion was evaluated by weight loss after descaling. Four
and sixtcen 70-hour cycles vere uscd, A varietly of gae-turbine alloys were tested, and
it wax ghown that & rapid increase in the rate of oxidation occurred at about 1400 F, The
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general effects of contamination ~ith V,05 was to lower markedly the useful sarvice
temperature of the alloys, Some alloys were comparatively better than others. G39 (a
65Ni-20Cr alloy containing tungsten, molybdanum, niobium, and tantalum) proved to be
the most resistant in this teat, being corroded a* a rate of slightly less than 10 mg/sq
cm/24 hr at 1750 F,

Fitzer and Schwab{56) used a teating procedure in which specimens were acaled at
about 1700 F for 15-minute periods :n a stream of oxygen, followed by brief immersions
in molten V305 at 1650 F, This cyclic treatment could be continued as long as desired.
The use of pure oxygen and 100% V,05 was not thought to affect the mechanism of the
corrosive reaction other than to accelerate it greatly, The beneficial effect of ailicon as
an alioying component was shown by this procedure in an experiment which extended over
a relatively short period of 2-1/2 hours, Silicon was present in all of the best alloys,
The most resistant material was Sicromal 12, a 23% chromium steel containing aluminun
and about 3% silicon, Fitzer and Schwab attributed this to the good resistance of Si0O; to
attack by molten V,05. In contrast, the chromium-containing scale layers formed on ths
austenitic chromium steels are said to be destroyed by V305,

Betteridge, Sachs, and Lewis(9) were concerned with the effect of ash attack on the
high-teniperature mechanical properties of materials of construction, Stress-rupture
test bars were painted with water pastes of mixturea of V305 and Na-504 and then tested
at about 1400 F, It was {found that contamination with the mixtures shortened the lifetime
under stress of all materials. The decrease in stress-rupture lifetime of iron-base
alloys was caused by a reduction in the cross section of the test bar by uniform and
progressive scaling. In nickel-base alloys, intergranular penetration led to scattered
stress-rupture results, These observations indicate that the effective metai thickness
determines the strength of the construction materials and that subsurface attack (which {:
noi so readily detected) may result in serious weakening of the structural parts,

The corrosion behavior of selected heat-resistant alloys suspended in an operating
steam boiler was described by McDowell, Raudebaugh, and Somera({128), The investiga-
tion was conducted at the Marion Generating Station of the Public Service Gas and Elec-
tri: Company, Test racks were suspended from the high-temperature superheaier tubes
and presumably attained the gas temperature at that location., This varied from 1050 to
1560 F, depending on the boiler load. The boiler was fired with Bunker C fael oil,
Exposure periods of three test racks varied from about 500 to 700 houre. The alloya
were rated comparatively from Leat ta worst, and Type 406 {12Cr~ 32Al iron-base alioy)
showed the Jeast corrasieon penetration, a fairly uniform metzl loes of about 0, 1 inch per
year. [t v-as thaought that Al;04 fermed from the alemainum in this alioy provided some
protective effect, Corrosion of Inconel was also at a2 rate of about 0, 1 inch per year;
but, in this case, sulfidation and intergranular axide penetration wae observed. AISI 446
Incoloy, and AIS] 309 were next begt in that order, For comparison, AISI 302 corroded
at a rate of about 0.4 inch per year, The 2uthors concluded that none of the alloys
showed outstanding oxidation resistance, and many of the alloys certainly would be
unsatisfactory for application in the high-temreratare superheater sectionn of Loilera,

A more recent papar by McDowell and Mihalisin!129 reported on some laboratory
vrusiSle tests, comparing the resastance »f 60Cr-4ONi cast alloy with several other
ajloys., At both 17ud and 1700 F, in a mizture of 15% Na2SO4 and 95% V205, the 60Cr-
40N .llev shows considerably lese weight Inss than the olther alloys in 100-hour teste,
Intone! "X'" 18 3n exception that appears 1o be somewhat more resistant tha  the 6 r-
4ON1 alloy, iHowever, the authore poiat out that Inconel "X™ {s susceptible 10 suifsdation
attack, and there is no evideaze that the 80Cr-40Ni alloy is similarly susceptible, A
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recent notef{186) reports that trial castings of this alloy, exposed for 7000 hours in an air-
craft carrier where Bunker C oil was burned, showed very little attack., Also, bracelet
hangers made from the new alloy show no sign of corrosion after 6450 hcurs of exposure
at a power-plant installation,

A comprehensive report was published recently by Greenert(72) describing work
conductad for the U, S, Navy, A large number of alloys and coatings were evaluated for
resistance to three different laboratory slags. The slags were selected to simulate the
type of corroaion obaerved in service, as a result of burning fuel oils of varying compo-
sition. The test specimens were precontaminated by immereion in the slag at 1600 F for
2 hours, They were then exposed to an oxygen environment in a gantight combustion
furnace, The amount of oxygen consumed by the oxidation reaction a. various ternpera-
tures and time periods was a measure of the extent of corrosion, The results were tabu-
lated in several ways, so that the behavior of specific materials, or classes of materials,
could be compared, One such tabulation is shown in Table 17, Grsenert summarized Lis
results, with the comments that the high-chromium nickel alloys, and the alioys in the
Cr-Al-Fe series, consistently exhibited the best resistance to both vanadium and non-
vanadium slags. He indicated that, from a corrcsion standpoint, these alloys should
show satisfactory performance. However, their use might be limited by poor engineering
=nd physical properties, The Cr-Al-Fe series is also discussed in a report by
Srowley{192), Ductility of the alloys has been improved by vacuum mel* ng and protection
tzy argon during pouring.

Protective Ceatings

Relatively little information was found on the application and value of protective
coatings against fuel-oil ash. Evans{33}! tested a number of coatings on carbon and s*ain-
less steel specimens by partial :mmersion for 168 hours in a high-vanasium oil ash at
1350 F. Silicon impregnation by a proprietary process provided the most protection for
carbon steel, limiting the »xidation weight gain to that obtained by heating the steel in air.
It was reported that the coating would not adhere o heat-resisting steels, Chromizing of
carhon steel and AIS] 430 was the next mest promising treacment., Other coatings such
as aluminizing, calorizing, and galvanizing were partially protective, Srawley 193)
tested aluminized AISE 310 steel by contaminating the surface with a milxture of equal
parts of V05 and Na:504 and hrating in & muffle furnace at 1700 F, In this test, alumi-
nizing did not reduce corrosion to any significant extent, bdut it waa indicated that a more
extensive investigation should be made before making final conclurions, Frederick and
Eden{bd) examined the effect of V208 pius 10% NapSidy at 1240 ¥ ~n nickel and chromium
clectrodeposits. Nicke!l offered itt!s reaistance fo attace. It started (o disintegrate
after 200 hours of exposure. On the other hand, the ¢ hramiwm electrodeposit was found
to be r ‘stant in tself, but 1 failed by cracking because of the difference in tharmal
expansion hetween the cdaling and the baais metal,

Lewip, in discusring Frederick and Eden’s resclta{t© | ceported that » ide =ange
of costing materialr hud been tested at th: Thornton Hesearch Center {n England, In
their ~xner.menis aleg, the coatings disintey. at2d eit™er as a result of oxidation throegh
pores in the coatings or as & reauli of diffesential expanslion between the coating and tte
basis metri. Lewia thought that chromized layere would duffuse inwards upen prolonged
Therefore, he suggceted better resulic might be
obtaine-t hy : Sraenizing allo- s having some inherent oxidation resistance,

exposure to clevated lemperature,
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TABLE 17, RELATIVE RESISTANCE OF SEVERAL ALLOYS AND COATINGS TO CORROS{OM BY 5LAGS(13®
Basis: Oxygen Consumed in 23 Hours of Test

Sulfated- Nonsulfated- Sulfated-
Milliliter Vanadium $lag, Vanadium Slag, Chloride S1ag,
of Oxygen 70% V205 + 9% VoOp 90% NagSO4 4
Grouping Consumed 30% NagSOy4 21% NavVO3 10% NaCl
Hastelloy D Silchrome 100Cr
Durichlor Hastelloy D 80 Cr-30 Ni-40 Co
25 Gr-5 Al-Fe(®) Haynes-Stellite 31 60 Cr-40 Ni
60 Cr-40 Ni Duziron 14 Cr-14 Mn+~Fe
Exceslent 0-50 Berylliumised 26 Cr-6 21-Fe(D)
Type 310 8§ 26 Cr-9 Al-Fe
CDhMCu
Cr3Cg cermet
Durisen 25 Cr-5 Al-Fe(b) 26 Cr-8 Al-Fe
52 Cr-30 Nt Enduro A Hastslloy D
100 Cr Durichlor 60 Cr-50 N
Inconel "X~ Inconel “X* Type 304 §S
Inconel 1060 C» Typ* 3C4 patous
Excelient o100 80 Cr-60 Ni compsact
Berylltumized
Type 810 88
Beryiliumiged HS-31
Betyltivmized
Incanel
25 Crv5 Al-Fe(D) 25 Cr-3 Al-Fe Haynes-Stollite 21
Crylg cemmnet 30 Cr-30 Ni{-40 Co
25 Cr-8 Al-Fe 60 Cr-40 11
30 Ci-30 N{~4C Co Inconsl
Aunco 525 Typr 304, porows
Good 100200 Heynes-Steltire 31 COmpact
14 Ce-14 Mn-Fe Cr3Ce cennat
(CAL aliuy)
Stichrome
Serylliumised
inzonel
Eaduto A 25 Gr-9 Al-Pe Beryllumized HS-3)
28 Ce-2 Al-Fe 14 Cr- 14 MnwFe GMR 235
Type 202 58 GMR 23~ Eaduro A
Ammco 524 Hadfleld st2al Cesametalix
Falr 2030300 Type 304 85 Amnco 54
GMR 223 T7re 34055
H-1385
Semewhat betier than Arnco $1¥ Amiro 528 1 begrnenal
Type 3iu 88 300 - Hadficld stonl tiestimaloy X T ype 207 88
tra, foged Amico b1 Tyre Y4785
N-1&y Amio LD
Sacrre what better than Hantelloy X Hadiicid steel
Type JIVSS &00-%0 Beryllivmizad HY -3} Type 201 &8
Type 202 88
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TABLE 17, (Contnued)

Sulfated- Nonsulfated - Sulfated-
MilHliter Vanad{um Slag, Vanadium Slag, Chloride Slag,
of Oxygen T0% V205 + 70% V205 ¢+ 90% N22SO4 +
Grouping Consumed 30% N10SO4 21% NavO3 10% NaCl
No improvement over Armco 519 Type 201 §S Haitelloy X
Type 310 88 500-600 Type 201 8§ 12% Cr steel
Type 304 porous Berylliumized
compact Type 310 S§
N-155
No improvement over 600-700 12% Cr stes! Inconel "X *
“Type 310SS CD4aMCu Duriron
No Improvement over '100-1000 Type 347 8S Inconal
Tyre 41088 Themmenol Berylllunized
Cerametalix Inecnel
12% Cr steel Nimonic 80
Tyna 310 §3 Silchroxne
Ch4MCu Dur:chlc (&9
Ne improvement over 1000% lro, ingot Annco §ib
Type 310 58 Type 347 §8 Amee 519
Type 202 8$ Annco £24
~ Cerametalix Atmco 85
Iron, ingot

Note: §S = p2ainlcss steel

(&) Cast preduct,
(b) Wrougly product,
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Several coated, heat-resistant casting alloys were included in the tests reported by
McDowell{128), The coatings were of the ceramic type, consisting of a mixture of oxides
applied to the spacimens and fired at a high temperature. After exposure of about 700
hours in the superheater zone of an oil-fired boiler, the coatings had chipped and cracked
but had not been penetrated completely, Photomicrograph revealed a layer at the metal-
coating interface which appeared to have resisted corrosive attack, This type of coating
also was shown to be protective in one of the case histories included in the NACE Techni-
cal Committee report 137),

Application of protective coatings by metal spraying ‘was considered as a meana of
preventing the corrosion occurring in mercury boilers, {79) Sprayed layers of 26%Cr-Fe
alloys were found to have good inherent resistance to oil-ash corrosion, This ig in
agreement with the good corrosion resistance of AISI 446 reported earlier, Jt wag indi-
cated, however, that the value of such coatings would depend on proper treatme..: of the
su-face to be sprayed, and possibly treatment after spraying, to provide -n impervious
coating and a metallurgical bond at the metal-coating interface,

Thus, it appears that some relatively ash-resistant materials exist, but the prob-
lem of applying them to metal surfaces economically and in a useful form has not been
solved, Further work on the development of protective surface coatings may be justified
on the assumption that higher concentrations of beneficial elemente can be tolerated in
surface layers, rather than as alloying ingredients, without excessive harm to the physi-
cal properties of the alloy.

Foster(61) summarized the situation with regard to materials and protective coat-
ings witn the statement: ''No single alloy, protective coating, or ceramic material has
been found that by itself will be completely immune to attack by all residual-oil ashes
under conditions of gas-turbine operation''. However, for something less than complete
immunity, the comparative results discussed above show that some metals and coatings
are relatively more ash resistant than others. Their application in practice will depand

on the service conditions encountered during operation of a boiler and on economic con-
siderations,

BAYTELLE MEWMORIIAL INSTIYUTYE




——

89

CHAPTER & CONTROL OF BOILER DEPOSITS
AND CORROSION

Methods of operating the boiler for the control of deposits and corrosion have been
dealt with in the previous three chapters. This chapter deals mainly with special proce-
dures for the control of deposits and corrosion, especially by additives,

METHODS OF CONTROL BY ADDITIVES

Since the removal of the harmful constituents from reaidual fuel oi' at the refinery
is not considered a practical or economical solution to the problem by the pstroleum
refiners, investigators have given their attention to other methods of corrosion control.
Considerablie study has been devoted tec compounds that can be added to the fuel oil or to
the furnace to minimize deposits or change their nhysical characteristice, and prevent
or reduce the corrosion of metallic surfaces.

Control of Flue-GCas Condensate

There are several passibilities for the control of corrosion by flue-gas condensate
at the wet end of the boiler. Additives have been studied for the control of corrosion re-
sulting from sulfur compounds in the flue gas. In most cases the objective has been to
reduce the amount of SO3 formed or to deal with the resultant sulfuric acid-besaring con-
densate. Additions have been made directly to the fuel oil prior to ignition, t- the com-
bustion air ahead of the burner, to the gases in the furnace just beyond the burner, and
at various points within the boiler up tu the air preheater section.

It is generally agreed that the additives for the control of corrosion by sulfur com-
pounds act by one or more of the following mechaniame:

{1) Retardation of 504 formation
(<) Physical absorption of SOj
{3) Neutralization of SO3 by chemical reaction

{4) Ccrrosion inhibition of metal surfaces by passive filmes.

Oxid. t ~n Inhibitars (Retardation uf SO, Furmation)

—

At the present Lime, agreement has not been reached as to the mechanism of the
oxidation of 5Q; to 80y in boilers. There is evidence from several sources that both of
the two major mechanismsa proposed {i.e., catalytic action and gae-phase oxidation) are
effective to some extent. If the action is by catalytic activity from metal oxides or

-
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*::: deposits on surfaces, the inhibition can be effected by coating the surfaces with an inert
' material. In this connection, Harlow(83) has studied the use of sprays of aluminum cthyl
a0 silicate.
05
"‘ 1f the oxidation takes place through a rapid reaction of an active species in the
a8 flame, the theory would predict inhibition by the addition to the burner of finely dispersed
g:i, solids, since the solid surface area would be increased and the reaction

¥

. 250, + Solid —+ 250, + O, + Solid

would be favored. As has been pointed out by Whittingham(212), carbon and zinc smokes
¢ are particularly effective in reducing SO3 contents,

Thysical Absorption of SOj3

Some relatively inert materials have been found to be effective in reducing the 503
content of the flue gas when they are added in a finely divided state. Typical examples
are silica smoke, clays, and pulverized-coal ash, It apgears that their effectiveness is
due to the physical absorption of the SO4 by the particles,

Neutralization of 503 by Chemical Reaction

The use of additives to neutralize the SO3 has been given a broad technical study.
Two achemes have been examined: (1) the use of finely divided alkaline particles and
(2) the introduction of gaseous ammunia. The finely divided solids include magnesium
or calcium compounds, either singly or as dolomite, zinc smoke, or zinc metal. In
many cases, the action 18 probably a combination of absorption combined with chemical
reaction or neutralization,

Ammonia, Since the eflectiveness of inhibitors is greatly dependent on even dis-
tribution and intimate contact between SOy and the neutralizing chemical, it is readily
apparent that gases afford some advantages over finely dispersed solide. Ammonia will
combine readily with 503, and it is economicsally available as a gas. It has bieen and is
still being seriously conridered, both Lere and abroad, as a means of controlling low-
temperature corrosion.

For example, in 1956, Rendle and Wilsdont1€6) conducted & stady with & variety of
inhibitors and concluded that ammonia injection was the most efficient and sconomical
methed of lowering the acid dewpoint and reducing corrosion. They injected ammonia at
a concentration of 0. 06% by weight of the fuel into the combustion gases at a temperature
slightly below 600 F. By a proper choice of temperature it is posasible to reach condi-
tions where the ammonia reacts only with SOy and n.t with the more prevaleat 50;.
E:ther ammmonium bieuifaic, NH4HSO4, or normal sulfate, (NH412504, is formed, de-
pcndi.n;i 2= the concentrations of amrnionia. Further tests were described by Rendle,
et al., 67) in 1959 aieolving full-scale trialz in oil-fired bollers, The reeulte in sev-
eral installations were very encouraging. Figure 39, taken from their papsr, shows that
the corrosien was reduced to a very low level by the addition of 0. 05% by weight of am-
monia. The gas was added between the economizer and rotary air preheater.
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FIGURE 39. EFFECT OF AMMONIA ON THE CORROSION
OF MILD-STEEL ROTARY AIR PREHEATERS(167)

Sxposure perices were for 6 houre,
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Another boiler operated for 8 months using ammonia injection to tubular air pre-
heaters, with biweekly air lancing, showed no evidence of corrosion.

An ammonia-injection installation was also evaluated in a boiler which had re-
quired tube replacements every 2 years, It was concluded that the life of the tubes would
be increased to about 18 years by the use of ammonia and water washing, and to about
7 years by the use of water washing alone.

Other studies to date have shown that ammonia will effectively reduce the dewpoint
but that additions must be made with great care to avoid excessive blockage of the air-
heater channels(223), Wiederaum and associatea(221) recently concluded that ammonia
treatment of the flue gas entering the Eddystone pulverized-coal-f{ired low-level econo-
mizers could not be justified because the corrosion was not significantly reduced and be-
cause objectional deposits were formed.

Upmalis(207), in Scandinavia, rejected ammonia because of the very adherent de-
posits which formed on the heat-exchanger surfaces. Jarvis(93), in 1958, described
results from four stations, including one in France. In most instances, rapid blockage
of the air heaisrs was experienced, but sufficient interesc was noted that tests were

continued,

It should bs mentioned that the injection of ammonia into the flue gas from a
pulverized-coal-fired boiler at 420 F virtually eliminated corrosion at metal tempera-
tures Letween 150-420 F, as reported by Kato(96) in 1960. No buildup of deposits was
noted after 60 hours.

In laboratory experiments, ammonia was found to reduce V305 at 1230 F to form
the high-melting V3 J3. This reaction also occurred when the ammonia was mixed with
air, in amounts up to 95% by volume of air, and has been attributed to the lowsar energy
requirement for production of atomic oxygen from V3205 than from oxygen in the air.
Ammor ‘2 partially reduces alkaline earth sulfates, particularly if they are mixed with
V,05. The injection of ammonia into a high-pressure combustion rig resulted in lowsred
deposition, with an analysis about 20% less in V305 and SO3. Sulzer(197) falt that the
coat of the materials added was out of propottion to the effect obtained. Injection of
heavy fuel oil into flue gases at 1290 F in the combustion rig caused ahout the same re-
duction in deposits as ammonis. This effcct was attzributed to the reducing atmosphere
produced by unburned Cardbon wnd the CO surrounding it. Asgh constituente concenirate
in the residual carb-»n, but at the expense of combustion efficiency.

At the present time, 3t ig concluded that ammonia treatment. may be moset effec-
tive when:

{1) The S()3 content in the fluz gas is relatively low
(2) The location and the method of intection can Le taretally controlled
{37 Penedic water washing can Le empluyed,

Thus, the process may be of mast value to scavenge the residual SO present when a
boiler 15 uperating at the minimum of excess air.
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Dispersed Solids. Extensive studies have been made with the use of finely divided
solids to neutralize the SO in the flue gas,

A comparative survey of many additives waa sponsored by the Central Electricity
Generating Board when air heater corrosion problems developed as boilers were con-
verted from coal to oil firing, and results were presented in 1959 by Wilkinaon and
Clarke(223), They reported that an addition of dolomite (20 microns) at the rate of
4 1b/ton of fuel oil reduced the corrosion and deposit formation and caused a drop in S0,
from 15 to 5 ppm. They also found in another experiment that a proprietary additive
(MgCO3, Zn, CuO, C), of 200-mesh size, added at the rate of 2 1b/ton of fuel oil re-
duced the corrosion and depositas by 50% and lowered the SO3 from 40 to 18 ppm. Mag-
nesium oxide was found to be unsatisfactory because of the difficulties in adding it to the
boiler and because adherent deposits were formed.

Black and associates{13) measured dewpoints in flue gas with two additives, A
reduction in dewpoint of 10 degrees was observad when magnesium hydroxide was added
to fuel oil. On the other hand, additions of dolomite to the combustion chamber were
not effective in lowering the dewpoint.

One of the more-recent extensive evaluations of additives for the control of acid
deposition was conducted in England in two boilers, as reported by Alexander and assc~
ciates(2). Both stations used residual fuel oil containing between 2.9 and 4. 6% sulfur.

The effectiveness of the additives was measured as {sliows:

{1) By analyzing the flue gas with

{a) Dewpoint meters
{3} Deposition probes
(c) Corrosion probes

(2) By necting changes in boiler cperalions

{3) By examining the voiler surfaces foilowing each irisl of 2-waek duration,
The addilives evaluated werae:

(1) Magnesium <arbonate, 200 1nesh

{2) Proprietary additive, approximately equal proportion of magnesium car-
bonate and deiomite to which 3% zinc oxide wa2 added

{3) Metallic zinc, 6 to 8 microns

{4) Puiverized-coal ash

{5) Dual burning of «i! and pulvericed coal in the ratio v i. The dual-firing
experimant vas wncluded to provide more information an the effects of
th: combrustian of solid-fuel paruicivg in an oil flame, combined witl, the

action {rom chemically inert ash particles.

The additivey were injected into the combustion chambey by meane of compressed
air with the {ollowing resylts:
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It was found that the amount of sulfuric acid in the flue gas at tha air preheater
inlet and outlet was greatly r. :.ed by the addition of magnesium carbonate, by the pro-
prietary additive, and by the zinc dust. Since the proprietary additive caused the great-
est fouling of the air preheater, and since zinc dust fouled the burner-air ports, the
magnesium carbonate was considered the optimum material. Severa fouiing, combined
with deposition of sulfuric acid, resulted from dual firing and from injection of
pulverized-coal ash.

Following the atudy, it was recommended that:

(1) All oil-fired boilers should be operated with the minimum practicable
amount of excess air,

(¢} Further trials with magnesium carbonate and zinc are warranted.
{3) Improvements on methode for adding powdered additives to the boiler

are needed. ¥

Other Methods for Control

inhibition of Metal Surfaces by Passive Films. The stesl~finiahing industry uses
special {ilm-forming inhibitors in the acid to contrel the attack on the steel while re-
moving mill scale and rust by pickling, This method has recentiy besn applied to the
corroaivn problem in air preheaters, in econcmizers, and in other such relatively cool
areas as the metal stacks.

in 1954, Kear(99) reported a reduction in corrosicn rate at temperatures helow
240 F when certain cpal-tar basea were spraysd into the flue-gas siream at areas neay
500 F. In 1958, Jarvis(93), in large-scale trials in a boiler, indicated soma success
wheii using a cammercial coal-tar base sold under the iradenams "Teramin'. This
malerial is a2 mixture of hetsrocyclic (gitiary amines which vaporizes and subsaquently
condenges with the suisuric acid at the cooler zones. Two years later, Davies and
Alexander{48) summarized results showing how this additive was used on a labaratory
gcale and in a variety of large boilars, including marine installstions. They reported a
reduction ia corrosian by 3z much as 80% when 0.03% of the amine {by weight of the fuel)
was addad to the five gax., The amine treatment also appesrs to facilitate the ramoval of
carben and deposits fram the metal surfaces when they are wator washed,

Disadvantages of the ‘reatments, in sddition t¢ the main one of cost, are the diifi-
cullies ia oblaining vniform injection and distribulien to the areas to he protected. Alse
reported are objectionzble odors o leaks are present in the boiler ar if too much of the
asnine if exhausted in the stack,

Less-encouraging tcsulls for these materiales were presented by Wilkinson and
Sigel, 143D ; s - 3 3 Srat . - 3
Clark: V9< 71 from trials at the Marchwoca Generating Station in England. Thay agreed
that the nhibitiag 2ot reduced corrosion somewhat, but found objectionadle amaounzs
uf depomits on much of the low-temperature surfaces.

*Recemaly the Central Plecticiiy Genersiing Soaxd b3s beea adding cmall atmounte of metailic tagretiom contizzonity 18 o foile
3 Maprchvond Isaton In Eegland Not enough caperiesce 2a1 been geined b yet to determine tu effectivezen ba ety i3
it ppear nromisdng.
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It would appear thai, ai the present time, the use of pickling inhibitora to reduce
air preheater sorrosion holds some promise, but further developments are required to
justify widespread adoption,

Use of Insulated Chimney to Prevent Condensate Attack. Steel stacks or clumneys
for boiler exhaust are maide self-supporting and also are stayed with guy wire« so allow
lighter-weight construction. Wind velocity, height of the stack, and the difference be-
tween the flue gas and ambient temperature all affect the natucal dzaft. For larger boil-~
ers, forced draft is commonly used.

Tle introduction of residual fuel oil for the firing of boilers has resuited in ¢ m-
plaints in some areas. Acid smuts emitted from tas chimney have resulted in dam e to
property, clothing, and materials in the neighborhood of the power plants. Even w. h
good burner control, smuts are emitied when condensation takes place in a steel 8. .ck.
The smuts are found to be spongy flakes of iron sulfate plus carbonaceocus matter

It is believed that acid agglumerates ace formed on steel in contact witt iue gae,
Condensed sulfuric acid attacks the stecl, and the iron sulfate flakez are v+-anirained
in the gas. Experiments have shown that maintaining the flue gas in tha r.ck above the
acid dev point will eliminate the pioblem. Blum and co-authors{15) huve triad installing
an aluminum heat shield arouad the stack, allowing a 0. 25-inch air spacs. 7This sffec-
tively maintains the interior metal wall of the stack above the condenrsation temperature
of the flue gas during the firing period of the boiler. It practically eliminated the prob-
lem of smut emission under the conditions of their experiment.

The boiler used by Blum, etal. is fired on a cyclic basis. During the part of the
cyecle when the burner is full on the inlet flue-gas temperature was 650 ¥ and the exit
temperature was 540 F. During the off period, for the burner the inlet temperaturs was
320 F 2nJ the exit temperature was 290 F, Since the original experimant, a number of
stacks have been jusulated. It is reported that the method i widely applicable. In
Britain, for example, one can purchase a prefabricated stick with an alusninum heat
shieid, or one can contract to have an existing stack inaulated by aluminuem.

O1-Ash Corroeion

In most ca=es, the correction ol a problem in one section of the boiler will affect
the remasnder of the system. A study ol the eatire sysiem must be made. For ex-
ampie, Sulze (197} indicated that formation of ash depusits and corrcsion caused by oil
ash are inseparably cornected: that i3, if the [ormatinn of deposite can ha prevented,
corrosien 1s also obviated. However, this view is nol unanimouely accepted, since cther
difficulties have arisen in some beilers. The major effort in ths development of an oil-
additive procedure has been concerned with {i) raising the melting point of the ash to
elimanate sticky caryosive particles or (2) changing the characteristica of the deposit so
that 1t could Le easily removed if it deposited on's 1he matal surfaces. For many ycaras,
there has bern a tre mendous amgunt of effert sxpeded on there two approaches to the

pe shiem.

The invesiigations reported in the literature fall into several categories:

-
A
o

Fundamental papesr rtudies and experimente deszigned to provide informa-
tion on meiting properties of oil-ash sdditive raixtures, and deveclopment
of phase or equilibrium dizgramse of the eysiems
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(2) Empirical evaluations of proposed additives in laboratory crucible tests,
or in experimental rigs simulating boiler and turbine conditiuns

(2) Tests of additives in full-scale operating boiler plants,

The use of additives to prevent high-temperature deposition is based on the theory
that raising the melting point of the oil ash will avoid formation of sticky adherent par-
ticles. Consequently, additive materials are selected to form compounds with the oil-
ash components having melting points higher than those of the unireated oil ash, For
example, magnesium vanadate melts at 1535 F', which is 300 to 400 F higher than that of
the various sodium vanadates that can form in the boiler. In this report, reference has
already been made to much of the work that has been done on melting characteristics of
mixtures and on phase diagrams. (See Chapter 3, '"Oil-Ash Phase Diagrams'.)

The fuel-oil additives fall into two classes, depending on whether or not they are
soluble in the residual oil. The insoluble materials are usually solids which are either
introduced into the oil or blown into the boiler at some point. Those put in the oil may
be used as water solutions emulsified in the fuel, or they may be solids slurried into the
cil, The oil-soluble materials are usually in liquid for:n to facilitate ease of mixing
with the residual fuel oil,

Qil-Insoluble Additives

Principles fnvolved. A great deal of the experimental work in the additive field
has been done with solids. Evans(53) was among the first to suggest an additive whose
function would be to react chemically with the harmful ash components, forming com-
pounds tnac¢ would be solid at the operating temperature of the boiler components, Cal-
cium oxide was shown to accomplish this in a crucible test when added in sufficient con-
centration to form 3Ca0: V05, Evans pointed out, however, that a low-melting-point
eutectic could form at a lower concentration of CaQ, which would make the ash more
barmful by lowering, rather than raising, the melting point.

Monkman and Grant(133) diluted synthetic azh with oxides of aeveral metals and
determined approximate melting points. They reported that MgO, CaO, and NiC in«
creased the melting point considerably, whereas Al303, Si0;, and ZnO had no effect
whatsoever. Lucas, Weddle, and Preece{l19) used a Seger cone technique to determine
the liquidus temperature of a number of vanadium pentoxide -metal oxide systems. MgQ
and Ni®) mixes gave the most rapid increases in melting point, while Al;03 caused no
increase until about 50% by weight had been added, These eariy studies were quite em-
pirical, and Pfeil(}47) suggested that the approach to these problems should be to get
basic information on chemical equilibria which can be set up between the constituents of
the ash and the products of oxidation of ths alloy, with particular reference to melting
rangee,

Magnesium and Calcium Compounds. Magnesium and calcium compounds have
been £:lected as suitable additives by an vverwhelming majcrity of the workers on the
problem of high-temperature corrosion. The results in the laboratory and {n practice
appareatly justify the selection. It is pointed out by Niles and Sanders{138), however,

that there is still much to be learned. Factors that need further astudy are (1) the effect
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of 8C; and SO; on deposits and or complexes former wi.n additives and (2) the influence
of the minor metallic elements that ave presert in fuel oil.

Niles and Sanders prepared pure compounds from V,0g and MgO and obtained
some information about the affact of SQ3 in *he combustion system. Maygnesium ortho-
vanadate, 3MgO-* V205, was formed {rom MgO and V;0g, and it was shown that this was
formed regardless of the mole ratic of Mg te V,05. However, when the ratio was less
than 3 to 1, the reaction product included V205, and when it was greater than 3to !, an
excess of MgC was present. Similarly, mixturee of MgSOy4 and V305 were reacted. In
this case the equilibrium mixture is the pyrovanadate:

ZMgSO4 + V205 — 2MgO-V,0g + 2504 .

Whether MgO or MgSOy is the reactant in a commercial system will depenid on the par-
tial pressuse of SOj in the comnbustion gases, Units operating at atmospheric pressure
may or may not have sufficient SO3 partial pressure to form MgSO,4, depending on the
operating metal temperature. The importance of this basic chemistry was indicated in
crucible corrosion tests at 1500 F, using the magnesium compounds described. The
pure magnczium pyrovanadate was shown to be 10C times as corrosive as the pure, mag~
nesium orthovanadate. This papur of Niles and Sanders repressnted an important con-
tribution to the basic chemistry of the systems. However, it wae poinwed out in the dis-
cussion of the paper that the reactions deccribed are not likely to go to completion in
boilers because of the short resiience time in the gas stream, and also because the low
concentration of the reactants in the gas stream would prevent intimate contact between
particl~~.

1 su g, Hershey, and Hussey(225) developed a refined microfusion apparatus to
determui» .ccurately the fusion temperatures of ash mixtures. ¥ our stages of melting
were noted and proposed as standards for evaluating fuel-oil ashes: (1) sintering,

(2} first bubbles, {3) initial melting, and (4) complete melting, Their preliminary re-
sults indicated. from melting-point data, that magnesiwm and calciuru were poasible
additives. Corrosion tests confirmed these results for MgQ, but in the case of CaO,
more corrosion was observed than that found for untreated oil. The reason for this was
thought to be related to the extremely heavy deposit that accumulated on the test
specimens.

Later, Young, and Hershcy("‘a"’) reported that the microfusion technique proved
useful as a rapia and convenient meana {or evaluating fusl additives, but they felt that
phase diagrams for binary mixtures of ash constituents and proposed additives are really
needed to select the concentration ranges which should result in _slid ash products.

Such diagrams, for the most part, were not available, From thermodynamic considera-

tions, they calculated theoretical melting-point curves and disscciation constants for

various oxides and sulfates. Their resuits indicated that the oxides of aluminum, cal-
- cium, magnesium, and silicon should be most effective in raising the oll-ash melting
puint. In aadition, when the dissociatinn of suiiates, which would invariably be 10rmed
with the sulfur in the 1, was taken into account, an order of preference was estab-
lished: aluminum, magnesium, calciun.. Figure 40 shows compoaites of the curves for
several oxides ar-d sulfates and for vanadium pentexide and sudium sulfate. The inter-
scctions of the V05 and Na 804 curves with those for the additive compounds repreasent
‘ the theoretical cutectic points.
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- _ The excessivs deposition that sometimes occurs with magnesium additions may be
A ‘ attributed to the use of an improper amount of the additive., Niles and Sanders(138) found
"‘.;;;‘g- that magnesium pyrovanadate, 2MgO- V205, occurred ir deposits when the amount of
A T magnesium added corresponded to the stoichiometric quantity needed to produce this
9 <t

)y
J compound with the vanadium available in the fuel. This pyrovanadate has a melting point
;! : of 1240 F and is capable of forming bonded deposits wherever metal tamperatures reach

‘.\' v this level. If metal temperatures are below 1240 F, however, a 2-to~1 ratio of MgO to
h '\,. V205 can be effective in changing deposits from molten globs to fluffy, easily removed

L) particles, as has been the expsrience of the Public Service Electric and Gas Company
L ’!’z{ . pany(le’”. When the magnesium-vanadium ratio was dropped to 1.4 to 1, tube wastage
. q % began, and if it was less than 1.4 to | the tube banks plugged. Generally speaking, the
Ti_j: o best results seem to have been obtained by using a 3-to-1 ratioc of magnesium to

B\ ) vanadium.

4 Cunningham and Brasunas(45) referred briefly to the use of certain desirable addi-

tives and reported the results of one experiment with magnesium oxide as an additive,
X-ray diffraction studies showed that a new crystalline substance was formed when MgO
was added to the Na,50,4-V,0¢ mixture. No attempts were made to identify the new
phase, although the mixture contained 21.8% by weight of MgO (53.5 mole %). This cor-
responded o 6MgOr 4V,05° Na3S804. Further it was shown that although the 4-to-1 ratio
for VZOE’/NaZSO4 is in a region of high oxygen solubility, the addition of 21, 8% of MgO
resulted in oxygen solubility decreasing almost to the vanishing pcint. Therefore, it ap-
pears that the buaeficial effect of additives may be not only to raise tha melting point of
the - h but alsc to reduce absorption of oxygen. The latter effect should be investigated
fu rther.

The results of laboratory studies invoulving additions of metal oxides to a typical
~il ¢ .h are shown in F.gure 41. In this case MgO and CaQ proved to be a great deal
more ef{c~'.ve in rai..ag the melting point of the ash than eithar Al;03 or 5i0;. (133)
The apnaren* cuntradiction of these results with the calculations of Young and Hershey
probably stems from the fact that their calculations required the assumptions that ideal
solutions resvit ana thit no inte"mediate compounds ars formed,

In genera!, it may be concluded that metal oxides in very {ine particle size are
most effective as solid additives to oil~fired systems. Whether the maetal should be
aluminum, magriesium, <ilicon, or calcium appcars to depend on the particular syastem
in question. Variations in performance observed by inveatigators in this fisid are prob-
atly due to difference< in coundition. hat prevail at the installations. An incrganic com-
pound with basic properties  such as maygnesium oxide or dolomite, holds most promise
because it can fulfill t! 2 double fuactior c¢f reducing deposites caused by sodivun and vana-
divm, and 21 the same time aeutra.ize the SOj3 in the fluz gases.

- 0Oil-Soluble Additives

Uniess the additiva is weil dfs.ersed with the residual fuel ol at a.uie stage in the
! combustion process, it may not be effective. Atlention has been given tc .he possibility
! ¢f choesing additives which wi ! diasolve in the {uel oil to obtain increascd effectivencas.
A sullabie additiv~ in solution automatically will have intimate contact with each oil
1 droplst formed in the burner. Under these ~onditions, {* io more likely; that the desired
i high-melting ash compounds will form in the course of combusti-n,
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Metal Organics, Extensive experiments with oil-soluble additives were performed
in a small-scale burner by Amero, et al. (4). Their results correlated well with aimilar
tests in a full-scale, 10-inch combustor. The naphthenate salts of various metals were
chosen because they are soluble in oil, Manganese, strontium, and rare-earth naph-
thenates performed better than calcium naphthenate, magnesium naphthenate, and an
organic aluminum cempound from the viewpoint of deposits. There seemed to be no cor-
relation between the amount of deposit and the amount of corrosion. However, those
compounds which gave the least deposits were not particularly effective as corrosion
inhibitors. The most effective material for combined deposit and corrosion inhibitinn
was manganese naphthenate, followed closely by rare-earth and magnesium naphthe-
nates., It is significant that oil-soluble compounds of the elements teated were not nec-
essarily more effective than insoluble compounds, although they were more expensive,
per unit of active ingredient, because of the larger squivalent weight of the organometal-
lic compound.

In a similar study conducted at the U. S, Naval Engineering Experimcnt Sta-
tion(18¢) , 34 metal naphthenates were tested, using a high-vanadium fuel at tempera-
tures from 1500 to 1700 F. The lanthanum, antimony, and iron naphthenates were best
in reducing deposition and corrosion. Others which performed well were the derivatives
of calcium, sodium, manganese, cerium, and neodymium. Barium naphthenate has alsu
been shown to be an effective deposit inhibitor. (197)

Qccasionally, it has been observed that a combination of an oil-soluble and a solid
additive is more effective than either used alone. Of a series of tests with magnesium
naphthenate, a mixture with kaolin reduced turbine-capacity losses to 3% (in 100 hours)
as compared with 22% with the magnesium naphthenate alone and 27% for the kaolin
alone. (163} 1t is particularly interesting to note the results of X-ray examination of de-
posits in these three cases:

{1) Magnesium naphthenate ~ Deposits contained MgO, MgSOy4- 6H,0,
MgSOy4- TH;0, 3MgO: V05, and an unidentifiable material.

(2) Kaolin -~ Deposits were mullite {3A1,04° 25i0;), 2NiO* V05, and
an unidentifiable material.

{3) Magnesium naphthenate + kaolin — (a) With a small amount of kaolin
deposits were only MgSQ4* TH20 and unidentifiable material.
(b) With a Jorge amount of kaolin the deposite consisted of 3MgO*V,0¢
and a water-soluble material with approximate composition of
14My O 11A1;03- 22510, 8V ,0s.

Under the ¢anditions of these tests, magnesium, either alone or with a little kaolin,
formed sulfate rather than vanadate and deposited in large amounte. Additional kaolin
was necded in the mixture to form the complex vanadjum material which apparently was
sufficiently high melting to be carried through the system with a minilmum of dencsition.

Proprietary oil-soluble materials have given indicationa of promise as deposit in-
hibitors also, A calcitm additive reduced the sulfur and the vanadium content of super-
heater depacsits signifinantly, when used in hoilera at the West Lynn plant of the General
Electric Companyhbs). Moderate deposition occurred in an evaluation of oil-aoluble
magnesium additives at the U. S. Naval Engineering Experiment Station. (179) An
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aluminum-containing soluble inhibitor has been shown to raise the ash-fusion tempera-
ture of a high~sodium fuel from 1720 F to somewhere in excess of 2250 F (Al:Na = 0, 75)
and that of a high-vanadium fuel from 1225 F to a temperature greater than 2400 ¥
(ALV = 2:1, 92)539).

Mixed Formulations. The use of ethyl silicate or mixed ethyl polysilicates in an
aromatic solvent has been claimed to maintain the efficiency of a gas turbine at 98% for
many hours. ({145) A mixture of MgO and sodium naphthenate reportedly is effective in
reducing deposits in residual oils containing appreciable amounts of sulfur and vanadium,
Mixtures of magnesium tallate and K;COj or talc and NayCOj3 were effective as
wall. (171) case histories quoted in advertising for some proprietary additives point to
the usefulness of various metal acetylacctonates in combatting deposits and corrosion.

Economic Factors, In spite of the success of oil-soluble additives, their cost
militates against widespread use, even though they can be introduced into the system
more easily than solid additives, On the other hand, water-soluble salts that can be
emuisified in the oil have the same advantage of ease of introduction and are less ex-
pensive. Probably the truly oil-soluble additives will be rsstricted to rather specialized
applications, where the expense can be justified.

Pilot Boiler Tests

The theoretical interpretativn of the additive problem has been well substantiated
by experimental programs.

Investigation of additives in pilot scale furnaces weve made by Mcliroy, Holler,
and Lee(131), Rendle, Wilsdon, and Whittingham(167), an.' Phillips and Wagoner(149),
In Mcllroy's experiments, coils of stainless steel tubing were positioned at different
heights above the combustion chamber in a vertical test rig, and the metal temperature
was adjusted by blowing compressed air through the coils, Temperatures from 750 to
1350 F were maintained. Oil containing the various additives was burned, and the nature
of the deposits was observed. Oxides of aluminum, magnesium, and calcium, in that
order, gave best resul's, that is, reacily iemovable powdery deposits.

A similar technique was used by Rendle and associates{167) in a pilot-scale boiler
rig operating up to 1300 F. Two tube banks were placcd at desizna od diatances from
the combustion chamber in a horizontal furnace, and the metal temperatures were ad-
justed by blowing air through the tubes. Low- and high-vanadium fuels were burned. In
the additive studies, Swedish dolorite with an average particle size of 100 microns and
Norwegsan dolomite with an average particle size of 15 microns were {ed into the flame
from a vibrating tray. It was found that injection of dolomite equal tv 0, 04% of ash
weight reduced the corrcsion resulting from vanadium. However, there was an in.rease
in the nrossure drop across the {irn-side of the tube banks. This was taken as a meas-
ure of *ouling. With th: Swedish dolomite, heavy fouling occurred after about 150 houras
of operation. The Norwegian dolomite (with 3 higher magnesium content) also caused
heavy fouling, but the deposits were softer and less adherent. Analyses of the deposite
were not available,
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Phillips and Wagoner also used a horizontal pilot-scale furnace, with three tube
banks of five tubes each placed in three gas-temgperature zones: 2500 F, 2100 F, and
1700 F, respectively. The tubes were cooled with steam to obtain approximately the
same tube temperature in all three zones. Diesel oil with added compounds of sodium,
vanadium and sulfur was burned to provide the oil-agh constituents. In the additive
tests, MgO, Mg(OH),, and CaCO; MgCO; as dry powders, were blown into the gas
stream by compressed air. Significant reduction in corrosion was reported. The alloys
under test suffered less corrosion at a metal temperature of 1200 F than at 1100 F with-
out the additive. A ratio of magnesium to vanadium of at least 3 to 1 was required. It
was emphasized that data obtained in other experiments under the isothermal conditions
applicable to gas-turbine operation could not be applied to boiler operation, where a
considerable difference exists between the gas and metal temperature.

Other laboratory and test-rig screening tests on possible additives have been re-
ported(4:54»73). The test conditions were more applicable to gas turbines than to steam
o boilers. All of the results are not discussed in detail here, but several intevesting
points are worthy of mention. For example, it was observed that (a) the order of effec-
tiveness of additives is different on iron-base alloys than on nickel-base alloys and
(b) the order may change with temperature. Also, oil-soluble compounds of elements
are not nccessarily more effective than aqueous solutions or insoluble powders. In
Amero's work(4), many of the additives substantially reduced corrosion. Micronized
talc, KMnOy4, and MgO were effective in small-burner tests at estimated materials cost
of 1, 11, and 0.8 cent/barrel of fuel, respectively, Reduction in corrosion is not di-
rectly proportional to the concentraticn of the additive. The first increment apparently
reduced corrosion more than did subsequent additions.

This review indicates that selection of an additive is not determined solely by its
corrosion-inhibiting effects, Some of the other requirements include low cost, com-
mercial availability, and effectiveness over a range of temperaturas and on different
alloy compositions. The effect on formation of deposits and their properties must not
be overlooked. A factor that has not been discussed here, but which would undoubtedly
be very important in practice, is the design of feeding mechanisms for the additives.

Control of Gas-Turbine Deposits

A considerable portion of the published papers and reports dealing with additives
‘ is directed to the problem as it pertains to gas~-turbine applications. This ia becauss
operating temperatures are higher than in boilers, accentuating the molten-ash problem,
and because relatively small quantities of depoeits on turbine hiades result in a signifi-
cant drop in efficiency. In discusseing deavelopments that may apply to steam bollers,
brief reference is made to these gas-turbina results because the inherent causes and
cures are the same as {or boilers.

Buckland(“), reporting on tests »f the effect of add ti-res cn deposite in full-scale
gas turbines, conduct:a at the Rutland and Graham S:ations, found that increasing the
alum.num content of the fuel with reapect o its vanadium content decreased the deposi-
uon rate, However, deposits increased with increasing magnasium content of the addi-
tive. Nevertheless, in practice the use of magnesium compounds has been preferred for
reasons of economy. Young and hia associatas(225) have shown experimentally that MgO
additions to residual fuels have reduced corrosion, both from Na35304 and V05, and
have made the deposits porous and {riable.

-
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;'_Et Sulzer{!9%) has stated that promising results were obtained with a suspension of
aluminum silicates ir the residual oil used with a semiclosed~cycle 20,000-kw gas-
turbine plant in Switzerland. The fuel contained 0.05% ash, consisting of 0.03% V05
and 0. 017 Naz0, with an additional 1.9% sulfur, With no additives in the fuel severe
blade fouling occurred in the first thres stages of the turbine after 50 hours nf operation.
The deposits conaisted mainly of ash with dissolved corrosion products. With treated
fuel, the turbine was still operating after 2200 hours, and no reduction in performance
from fouling was detected. Fine deposits consisting of clear globules and needlelike
crystals were visible on the backs of the blades of the final stages. Each of the globules
resulted from the combustion of an oil droplet mixed with fuel additive. These particles
consisted of about 90% silicates and contained 60 to 80% of the ash of the oil. Their
melting point was about 2500 F, which was high enough to prevent adhesion in the tur-
bine., The aluminum silicate is believed to dehydrate and sventually convert to mullite:

sea: .2 4
Al,05 2510, 2H,0 — Al,04 + 25i0; + 2H,0 — A1203 -3»Si02 + -351(}Z + 3!-!7_0
kaolin mullite
The use o1 aluminum silicate as an additive has been patented. (2€1)

Hydrated calcium silicate(170) and magnesium silicate or a mixture of magnesium
and silicon compounds(ll6) have been fuund sufficiently effective in specific cases to
have been patented also. A mixture of calcium acetate and basic calcium sulfonate in a
light oil has recently been patcmed(“‘)) as an additive to miniraize deposits from burn-
ing residual fuels.

A few other solids such as talc, kieselguhr, and diztomaceous earth have shown
effectiveness as additives in gas turbines{197), while the use of crushed walnut shells
(300 to 700 microns) as a deposit preventive has been patented(110), Retardation of de-
posits in this case has been ascribed to mechanical rather than chemical effects,

A fuel oil, given a desalting treatment and containing & water-soluble, emulsifiahle
additive, was fed to a gas turbine. Its auccessful operation has been reported by
Bucklang(23,26), Early turbine operation with a caicium additive experienced slight
corrosion with a great deal of deposition. Since a water solution of magnesium sulfate
has been used as an additive, depasition and corrosion have been almoest eliminated.
However, desalting by wasiing and centrifuging to bring the aodium and calcium content
of the oil below 10 ppm is a necessary preliminary step. The magnesium-to~varadium
ratio i8 maintained at 3 or greater, while the sodium-to-vanadium ratio is kept below
0. 3 for good results.

A number of reports have been written on the work carried on at tha National Gas
Turbine Establishment in England. Inorganic oxides were mixed with V,0g5 and heated
to about 1500 F. The mixtures that did not liquefy were tested {(usually at 1300 tn 1500 F)
in contact with some of the alloys used in gas turbines. Soi1e of the tests were made in
air and others in air containing 0. 13 $SO4. Additional tests were made in mixtures of
prupu sl additives and ashes from Admira!'v reference fuels,

In all nf these tests only magnesia and zinc oxide were considered satisfactory ad-
ditives to suppress corrosion. Magneaia was reported to be slightly better at tempera-
tures over 1500 F, while zinc oxide was better below 1500 F. When SOy was present in
the test atmosphere, calcium vanadate was convarted to calcium sulfate, In another
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investigation oil~soluble metal naphthenates were added to a reference iuel and the be-
havior examined in a test rig., The zinc compound proved to be the best additive in this
experiment, reducing corrosion to one-tenth the original value. Magnesiwm and calcium
compounds were next in order of effectiveness, Aluminum and iron comp -inds reduced
cerrosion by about one-half but caused excessive deposits., Another series of reports,
also applying to gas turbines, described the investigations of The Shell Petroleum Com-
pany, Ltd. Again, magnesium and zinc compounds were reported to be the most effec~
tive in reducing corrosion when addea in sufficient quantity to form the orthovanadates.
An undegirable effect of magnesium was ita tendency to slag on the silica-alumina re-
fractories in combustion chambers. Magnesium additive was said to have only a mar-
ginal influence on ash deposition. Tests on a Ruston and Hornsby 3CT gas turbine
showed that @ mixture of kaolin and magnesium had a beneficial effect. Magnesium sul~
fate showed promise because corrosion was reduced and the deposits that formed were
loose and readily removed.

Agreement among investigators is not complete as to the relativn efficacy of mag-
nesium additives. In the study of the oil-fired gas turbine aboard the tanker "Auris"
(owned by Shell Petroleum, Ltd.), magnesium salt additions caused excessive slagging
of refractories(110), Kaolin, Al;03' 28i0,* 2H,0, and ethyl silicate were the only satis-
factory additives reported to have anv promise. Ethyl silicate is oil soluble but expen-
sive, whereas the insoluble 3 to 4-micron particles of xaolin tended to settle in the oil.
The protective action of the silicate additives was thought to rcsult from enveloping of
the ash particles in glasslike spheres that did not adhere to the metal. However, the
mechanism is not {ully understood.

Another report on some very early woik applicable to gas turbines was given by
Stauffer(194), Alloy specimens were heated in contact with mixtures of ash and variousa
additives at temperatures ranging from 1380 to 1560 F. Only cerium sulfate and cal-
cium oxide produced significant decrease in corrosion. Darling(47) noted that fouling in
a gas turbine operating at a maximum temperature of 1050 F was decreased to almost
zero by changing the atomization to form oil droplets with minimum diameters of 77 mi-
crons. The oil droplets are not burned completely, and the ash particles leave the
combustion chamber in a hard, dry form encased in carbon. No additive was used.

Treatment of Surfaces Wi h Aqueous Slurries

Greenert'7¢) reviewed the work that has been conducted at the U. S. Naval Engi-
neering Exporiment Station (EES) and elsewhere. Today's most urgent need, he con-
cludes, is simple and practical remedial measures to enabla cu.rent equipment to oper-
ate with present contaminated fuel. Basic solutions to the problem, such as the use of
{uel additives, or the substitution of more highly corrosion-resistant materials azre
neither applicable nor {easible in naval equipment. Therefore, an investigation of the
use of aimple washes and similar coatings, to be applied directly to cuntaminated boiley
surfaces, was undertaken in the laboratory at Anragolis.

The technigque used for evaluatiag corrosion behavios in this, and other EES in-
vestigaticas is briefly as {ollows.

{1) Metallic specimens are precontaminated by immeraion in molten syn-

thetic ash at 1600 F for 2 hours. Two mixtures that have been used
are (a) 70% V04 ¢ 30T Na,50, or {b) 79% V,Q0g + 21% NavO;.
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(2) The specimens are then painted with a thick water slurry of various
compounds being tested.

(3) After drying, the relative corrosion resistance is determined by heat-
ing at 1600 F in oxygen at atmospheric pressure and measuring the
quantity of oxygen consumed by the corrosion reaction. Time of test
is usually 3 hours, and the results are compared with those obtained
on untreated and uncontaminated surfaces, using change in weight as
the criterion of corrosion.

The effectiveness of the various remedial treatments is shown in Figure 42 taken
from: a report by Greenert and Richards{73), The bar chart shows that slurries of com-
pounds of calcium, magnesium, and barium reduced corrosion by as much as 90%. In-
expensive hydrated lime was shown to be as effective as chemically pure calcium oxide.
The beneficial effect is shown to peraist over longer pericde in Figure 43(74), It was
also observed that treatment with the caicium and magnesium slurries inade the vana-
dium ash deposits more water soluble.

Additional experiments were conducted(72) to develop practical treatments. Two
treatments were developed that are intended primarily for boilers. The first one, suit-
able for use while steaming, or in a standby atatus, involves only periodic app'ication
of a water slurry of hydrated lime in sensitive boiler parts. The slur:; may be applied
through soot blowers or by a lance through boiler ports. The amount of slurry and fre-
quency of application would depend on the vanadium content of the fuel and the amount of
fuel fired. Visual observation of slag deposition would help to detarmine this. The eec-
ond treatment is primarily intended to condition the slag for easy ramoval prior to shut-
down for cleaning or overhaul. This involves an application of lime or calciura and mag-
nesium oxide, as in the first treatment, and a period of heavy f{iring just before
shutdown. This makes the slag more water soluble and easier to remove. No change
in standard washing procedures would be required.

Economic considerations necessarily play a 1arFe role in deciding what materials
are practical for use as additives. Mcllroy and Lee{I31) found alumina to be the best
additive for steam-generating units, with magnesium and calclum oxidss promising.
However, dolomite (MgCO3- CaCOj3) was eventually put into use rather than any of these
three because it was more desirable from operating and economic standpoints. The use
of dolomitic lime was also found practical by Campbell(31), with the result that ash de-
posits became powder; and easily removable. Corrosion in the cooler parts of the eys-
temn was also materially reduced.

It is interesting to note that a slurry-spraving procadure hed been reported to be
operating success{ully at boiler plants of the Florida Power and Light Company. The
procedure was described by Keck{102) in 1959. In the initial investigation, coating the
metal surfaces with a fine spray of calcium oxide-water slurry, prevented the adherence
of slag deposita. Furthermore, a similar spray application to a heavily slagged boller
caused laycurs of slag to dislodge from the surfuce and drop io the furncce floorc. The
sprey is applied throug h soot blowers: 4 discussiun of the equipment is given {a the
papor.

Additional operating experiences with the process are given in a later paper by

Keek(101) piscussion of the developmant of the optimum slurry formula, processing
schedules, and operating experience is given. At the Fort Myers boiler, the slurry is
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composed of 0. 25 pound of ground calcined magnesite mixed with treated water to {form
I gallon of slurry. The magnesite is ground so that 95% passes through an ASTM
No. 100 sieve. The magnesite has a magnesium oxide-to-calcium oxide ratio of 20 to 1.

All surfaces exposed to gas temperatures exceeding 1000 F were washed daily with
the slurry, and surfaces expeosed to gas temperatures below 1000 F were sprayed
weekly. This procedure made it possible to maintain surfaces relatively free of depos-
its and corrosion. Superheater and reheater tubes were examined during an unscheduled
shutdows after 39 months of operation, during which fuel averaging 1. 88% sulfur and
400 to 500 ppm of V05 was used. It was found that all samples were within the thick-
ness tolerances specified {or new tubes. The process was also described by Cantieri
and Chappell(33). Corrosion is not discussed sufficiently in the above papers on alurry
spraying to enable one to visualize the extent of corrosion quantitatively. Cantieri re-
ported that superheater hangers do not receive the degree of protection {rom slurry
spray to prevent deterioration in the course of time because of their very high metal
temperdtures.

Other Boiler Experiments

Heavy buildup of deposits with additives may in some cases be atiributable to inef-
ficient soot-blowing facilities. Greenwood{7!} carried out duplicate tests on two similar
marine boilers, one having retractable steam blowers and the other with air puff blow-
ers. Wuen MgO was added at the rate of 0. ! per cent of fuel weight to residual oil hav-
ing 300 ppm of vanadium the boiler with steam blowers was still 95% clean after
3-1/2 months of operation. The boiler having air puff soot blowers was 90% plugged
after 5 months of operation. The condition of the latter boiler was worse than one in
which no additive had been used. Consequently, the efficiency of an additive may depend
on the conditions under which it is employed. The additive may be reacting with ash
constituents to raise their meliting point, but some other factor may cancel this bene-
ficial effect.

Table 18 lists a summary of experiences using dolomite injected {a) as a slurry or

(b) as a dry powder. The advantages in each case must be weighed against the
disadvantages.

FUEL PRETREATMENTS AT THE BOILER PLANT

As problems# involving corrosion and deposite devéloped in boiler and gae-turbine
units fired with residual oils, one of the {irst steps taken was to irvestigate possible
ways to reduce the concentration of ash-forming constituents to a lower and perhaps
more-tolerable level. This interest persists, particularly with regard to reduc..on of
the substances found to ke primarily responsible for the troudles encountesved, na:inely
vanadium and alkah meisl compounds. Tesidual oils are bv-producte of refinery proc-
esses uonigaed primarily to produce the hiyhest possible yields of gasoline and the h.gh-
value-distillate hydrocarbon fuels. Fuel-oil prices are scheduled to be competitive with
ather low-cest {uels, especially ceal. The cost of any additiunal precesesing st the re-
finery to improve the guality of residuval fuel oils muet be allocated either to an in-
creased price for the remdual product or be included in the charges for the high-value-
distillate fuels. Neither procedure can usually be justified economically. As long as
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TADLE 18, SUMMARY OF EXPERIENCES WITH DOLOMITE ADDED TO BOILER FURNACES AS SLURRIES AND POWDERs(93)

Company or Method of Injec-
County Authority Power Station Dotage Rate tion Into Furnace Advantages Disadvanuges
United States of Florida Power Inglis Dolomite W1 Asa sturry in oft Reduced slag forma- Blockages ln oil sup-
Ametica Corporation Oflash 1 tion and super- ply lines and
heater blockaget trainers; burier-
reduced comosive nozale wear
quality of flue
gases; lowered dew-
point from 270 to
150 ¢
Unfted States of Public Service Kearny Dolomite .2 Asasmrynoll Reduced bonded de-  Pump wear; biock-
Americs Electric and Ollash 1 posit formation age in convection
Gas Company on superheater supecheater
nrfaces
United States of Public Service Sewaren Dolomite 1 As aslury in oll No definite Slagging in com-
America Electric and Ollash "1 conclusfons bustion chambes
Gas Compsay and on super-
heater tudes
United States of Consoliuated Not stated Dolomite 1 As aslurry in oll Rate of blockage Not very successful
Amarics Edisou Ce, of Offash i in superheater
New York probably reduced
Brazil Sen >aulo Light  Plratininga Bolomite 1(%) 1njected into Name  Superheater deposis  Slagglag 1a com-
#ad Power Co,, Oflash 1 of each burner in made friable bustion chamber
Ld. form of dry powdes
france Electriciié de Narntes-Cheviré 2,0 1b/ Injected a3 dry pow- Superheater depoaits  Rap!s foullng ln
France 1,000 1b ol der through tvo made dry and uperbeater, even
opposlug coal powdery with more fre-
burnere queat 100t blowing
Prance Elecoicité de Dieppedalie 2t 21b/ A a diy powder Noce Slag lormatioa oa
Fraoce 1,000 1b oli into flame o7 beickwark erousd
into top of eom- bazoent raptd
bustion chamber upetheater fouiing
Gteat Britala Central Fleciric-  Southport 8 1d/ As a dry powder fiatuced dewpoint Cawed blockage o
ity Genersting 1,000 1b ol through comunon <f Nue gases from wperbester
Board windbox to fow 300 t0 240 P
duveers

(a) Later added 2t a rate based on amount of deposit tarming coustituens (0 ol ash,
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much of the residual fuel produced can be sold "as is" for steam=-power generation,
further processing ordinarily cannot be justified by the refiner on economic grounds.

Nevertheless, it is to the advantage of the consumer to carry out some processing
of residual fuel when specialized applications such as the gas turbine are involved, As
a result, some experimental work has been done to improve the quality of residual oils
for special applications.

Water Washing

Processes involving water washing and centrifuging have been used with consid-
erable success in preparing residual fuel for use in diesei engines, gas turbines, and
marine plants., Centrifuging alone is useful in removing water from the fucl. If the
associated water contains chlorides of sodium, magnesium, and calcium, these salta
will be removed. If an emulsgion is present, removal of the water entails some loss of
oil., When microcrystalline salts are present, a preliminary washing with water will
provide removal, again with the formation of undesirable emulsions unless an effective
emulsion-breaking compound is added to the fuel oil before washing. The oil-soluble
organometallic subgtances are not removed by centrifuging.

Buckland and Sax.ders(‘?-(’), of the General Electric Company, have described a
combination water washing and centrifuging process for modifying the aah content of
residual fuel oils. The process consists of mixing the oil intimately with either {resh
water or a water solution of a suitable salt, and then centrifuging the mixture. Before
the mixing process, the oil is heated and an emulsjon breaker is added to aid in the
separation of the oil and water phases in the centrifuge and in the sludge tank. The
centrifuge used was of the continuous, self-cleaning concentrater type.

Vanadium was not removed by the centrifuging process. Benefits of the washing-~

centrifuging process included: (1} reduction of the sodium content of the oil to 10 ppm
or less; (2) adjustment of the ratio of the weight of sodium in the aah to vanadium in the
ash to a value of 0. 3 ur le=z, to avoid corrosion, and (3) a convenient method of con-
verting vanadium to the high-melting 3MgO* V ;05 compound by maintaining a 3<to-1 ratio
of the weight of magnesinm to the weight of vanadium in the ash. The particular limiting
ratios mentioned i suggested specifications found useful in earlier studies of corrosion
and deposite in yas turbines burning heavy fuel oils. Costs of the treatment were esti-
mated to be 14 cents per barrel, including the heat, most of which would be required in
any event, The aythors believe that these costs could be reducud to 5 ceats per barrel

- or less, at which stage the process might become attractive for use in utility planta.

Downing(30) and co-wurkers atso have studied the treatment of residual fuel for
use in marine diesel engines. Their treatment consists of heating the oil to 208 F, add-
ing a demulsifying agent and mixing, washing with lrech water, and finally centrifuging.
Fhay report that 95% ¢ { the sodium present is removed by the combined water wash-
centsi‘nging methed, compared with 65% ramoved by centriluging alone. Costs were
estimated tu be "1 *he cange of 5 to 10 cents per barrel,

The relative ineffectiveness of employing centrifuging for the removal of vanadium

compounds from residual oil is illustrated by tests reported by Kottcamp and
Crockett{!07), Table 19 lists data obtained by centrifuging three No. 6 fuel oils.
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: Although treatment by centrifuging reduced the total ash content in the oil, it had no ef-
Lt Y i fect in reducing the vanadium content. Indeed, since the total quantity of ash was re-

' duced without effect on the vanadium present, the percentage of vanadium in the ash,
computed as V,0g, was increased, The authors point out that if specifications for fuel

L oil limit the vanadium content by specifying maximum limits for V30 in the ash, cen-
o :2 \ trifuging may have undesirable results.
R i
‘5&“ TABLE 19, EFFECT OF CENTRIFUGING ON THE VANADIUM CONTENT
3 '\‘~.,. OF NO. 6 FUEL OIL(107)
E
R . ¥
. :.:: 0il A Oil B Oit C
;;:r,\ Constituent Before After Before After Before After
(]
‘.A.
o1 Ash, per cent by weight 0.057 0.036 0.055 0.048 0.035 0.011
.‘-\3".‘ of oil
-; & Vanadium as V,Qg, per 7.9 13,4 56.5 65.0 11,1 27.5
Z&‘ : cent of total ash
oy Vanadium, ppm of oil 26 27 174 175 22 17
X -
24 .
5 $ Studies conducted at the Naval Boiler and Turbine ]...abora.tory(59) showed that
7 *:3 the sodium concentration in a number of Navy special fuel-oil samples was reduced to
n; . 2\4 5 ppm or less by water washing. Solutions of monobasic or dibasic ammonium phos~
VRR . hate were recommended for washing, in order to combat vanadium corrosion without
R P
e % introducing other metals.
o r_“i‘; L3

Filtration

Inorganic materials such as scale, sand, dirt, and some of the crystalline salts
pressnt can be removed by filtration. Removal of oil-soluble compounds, including the
organome allic compleves containing vanadium, is not accomplished by simple filtration,

Shields(184) has reporicd studies involving the filtration of No. 6 fuel oil ueing a
rotary vacuum filter and a precoat basc of diatomaceous earth and calcined clay filter
aids. Results obtained with vne Mo. A fucl oil are shown in Table 20.

The rodium content of the oil was greatly reduced. Substantial reductions were
achieved in calcium, aluminum, iron, lead, magnosium, and tetal wsh, The vanadium
content was little affected. Tests with other No. 6 fuel oils gave similar resultsa. The
auther indicatss that the process using a continuous rotary filter, with use of precoat,
is economically feasible to provide fuel for gas-turbines. A similar proceas, utilizing
filter aids and an ordinary filter press, was developed by Sinclair OQil, (164) Roductions
in mineral czxtent of the same order of magnitude ar abnrwn in Table 20 were obtained.

Another method of removing the water {rom the fuel o1l is to employ electro-
coalescence. The agitated fuel oil s pass~d through an electrastatic field provided by
clectrodes maintained at about 5,000 voits potential difference., This {ield tends to coa-
lesce the waier and allow ready separation.
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TABLE 20. RESULTS OF FILTERING A NO. é FUEL OIL
AS SHOWN BY ASH ANALYSES(184)

—

Before Filtration, After Filtratidn ,

Element ppm in oil ppm in oil
Na 217 2
Ca 250 48
Ni 20 14
Al 23 4,1
Fe 47 26.5
Pb 13.6 2
Cr 2.1 2
Mg - 18 5.8
v kE:] 31.8
Cu 8 2
Zn 16 16
Ag 1 1
Mn 2 2
Ti 2 2
Sn 2 2
Tot:! ash 1200 260
Sediment, per cent 0. 0860 0. 0097

Ion-Exchange Methods

Some interest has developed in recent years concerning the use of ion-exchange
methods for demineralizing fuel oils, particularly for removal of sodium. Esasentially,
an ion-exchange process involves preheating the oil to perhaps 250 F and passing the oil
through a bed of cation-exchange resin. The resins are of the hydrogen or ammonium
type, and the process results in the removal of sodium, magneaium, and calcium.
Work in this field has been done by the Brooklyn Polytechnic Institute{75) for the Office
of Naval Research anc hy several oit comnzpanies.

The work at Brooklyn Polytech included tests of a large number of ion-exchange
resing in attempts to remove vanadium. Wide ranges of expsrimential conditions were
studied, but the attempts were unsuccessful. However, it was found that up to about
90% of the sodium in oil-sea water emulsions containing up to 1000 ppm of sodium could
be removed by use of an ammonium ilon-exchange resin. The effects of {actors such as
temperature, sodium concentration, demulaifying agents, epace velocities, oil viacos-
ity, and type of resin were studied. The econuwmic factors related to practical use of
the process were treated briefly, but from the data given, it s not posaibie tn make
dire~t comparisons with the costs of watsr washing or other methodas.

Although some oil companies have indicated an interest in the possibilities of re-

moving sodium from fuel oils by ion-exchange methode, economic data or details of any
practical applications are not available. One company, in 1954, made preliminary cost
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e i{': estimates involving a comparison of an ion-exchange process and a water wash-

-1 centrifuge method. The comparison showed operating and investment costs totalling
BRKS 10.5 cents per barrel for the ion-exchange process (ammonium resin) compared with
-:0": 12,8 cents per barrel for the water washing-centrifuging method. However, lack of

_a'::e data regarding the ability of the process to remove sodium to a level of less than
¥ : 10 ppm, resin stability, and applicability of the process to specific fuel oils resulted in
7 \:::6 lack of interest in the process. It is possible, however, that use of newer resins, per-
. .*‘i“. mitting higher oil preheat temperatures, lower viscosities, and higher space velocities,
' ‘;;: might furnish a basis for a worthwhile extension of the study.
vy
¥
- . ()
‘:gzg Chemical Treatment
s
B
L4

The removal of vanadium from residual oils has been effe<tad chiefly by hydro~-
genation of the oil, followed either by filtration or by solvent extraction. The treatment
with hydrogen at elevated temperature and pressure converts the vanadium porphyrins
either into insoluble forms that can be removed by filtration or into smaller fragments
that are soluble in organic solvents. A patent for such a process has been issued to
Bieber and Hartzband(12) of Esso Research and Engineering. The combination of high-
pressure hydrogen treatment and solvent extraction that they used was claimed to have
removed 96, 6% of the nickel and 98% of the vanadium in a Venezuelan crude, with 90%
yield of oil, Extraction alone removed only 10% of the vanadium, while hydrogenation
alone removed 58%. Hess and associates( 6) of Texaco, Inc,, have also received a
patent for hydrogen pressure treatment, followed by filtration. They claimed "essen-~
tially complete removal of vanadium'',

A series of patents have been issued to F. W. B, Porter and R, P. Northcott,
assigned to the British Petroleum ComganY concerning the removal of vanadium and
sodium from petroleum products“54:l 5, 56: 157), The method involved passing the oil
through beds of material such as bauxite in the presence of hydrogen at pressures rang-
ing from 500 to 1500 psig and at temperatures of 750 to 800 F. Space velocities weve
maintained in the range of 0.5 to 2. 0 volumes per volume per hour. The method was
developed for use with pctroleum stock to be treated by a catalytic hydrogenation process
for the removal of organicaily combined sulfur, The object was to remove vanadium and
sodium which might otherwise deposit on the cobalt-molybdenum oxide catalyst and lower
its activity, The inventcrs claim that 2bout 70% of the vanadium, in a Kuwait crude oil
containing 22 pprn, and 90 to Y5% of the sodium could be removed. The removal of the
vanadium is believed to be promoted by the hydrogenation, whereas removal of the
sodium by the bauxite is primarily a physical procass which is not improved by the hy-
drogen treatment.

The removal of vanadium by treatment with icdine is covered in a patant issued to
Kava~agh and Chealuk{97) of the Texas Company. The vanadium complex in the oil ia
converted to :u insoluble compound which can theu be removed by filtraticn. In lacuras«
tory experiments with a Mara crude, the vanadium level was reduced from 200 ppra to
17 ppmi and the nickel {rom 15 to | ppm by this process.

A number of older patents have claimed hydrogen treatment at different pressures,

space velovities, and temperatures as effective means for removing vanadium from
rcaidual oils with efficiencies from 70 to 90%.
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Solvent Precipitation

It is possible to separate mosat of the ash-forming constituents from fuel oil by
treatment with selective solvents. The addition of certain solvents to residual fuel oils
precipitates the colloidal asphaltenes of types and in amounts varying with the type of
solvent, temperature, ratio of solvent to fuel, and other conditions of precipitation.
Surface-tension considerations determine whether the asphaltenes are precipitated or
brought into solution in the solvent, Since the vanadium porphyrin complexes presant in
the oil are of relatively high molecular weight, it would be expected that they would be
precipitated in substantial amounts with the asphaltenes.

Sacks{177) and others have studied the effect of solvents on heavy fuel oils and
have found that n-pentane, for example, removes from 83 to 95% of the vanadium re-
gardless of the source of the fuel or the original vanadium content. A large proportion
of the iron and nickel compounds was also precipitated. Other effective solvents were
found to be petroleum ether and ethyl acetate. Naphtha had no precipitating effect on the
vanadium; it appeared to remove asphaltenes of molecular size higher than that of the
vanadiuta compounds present.

Garner et al. (66) found that 97% of the vanadium, 99% of the nickel, and 86% of the

iron were removed from a Middle East residual oil when the asphalt was precipitated by
propane treatment.

However, methods of solvent treatment of this type are expensive and result in
substantial losses of oil. Thus, they cannot be considered ecoromically feasible under
ordinary circumstances.
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3 ::::: CONCLUSIONS AND RECOMMENDATIONS
) "', by
. ;g'
't-‘l"'k
At
:4‘(:& . In many areas of the world, residual fuel oil is attractively priced and readily
¥ available. Steam-raising stations under zontrol of the Bure.u of Yardsand Docks along
. “'i"q coastal areas agpe using residual fuel oil in increasing amounts,
Ll -
: ; N ' Unfortunéely, the quality of the fual oil being offered by many of the&c finers is
: 3;:‘ | deteriorating. As a result of the higher ash content and the sulfur prelen the corrosior
.';\\u:" and deposit problems in the boiler have become wmece <scublesome. Where the boiler is
: Ry ' of good design and the cperator follows good housekeepin actitts, experience has
v shown that in many cases the corrosion and depoeit Problem can be kept under reasonable
AN 4 —— - -
R\ control., . o -
. Mo e BT
-f:g:!,‘ .gi‘his topical report described in detail the many problems encountered in boilers,
"'_;’: These diflficulties can be classed as either low- or high-temperature problem The
,:.i:! low-temperature problems, ‘in the air preheater and stack, for example, are sftributed
@ to the presence of sulfuric acid in the flue gases, For these probleme it uggested
- B that combustion of the oil with a2 minim as the primary means
“.&:.:0 of minimizing corrosion and deposits, $With properly designed burners and controls, it
~--;0:' should be possible to reduce greatly the SO3 content of flue gases, A twofcld effect
N 'i:Q‘ would occur: (1) the dewpoint would be lowered to where dry copditions prevail and con-
-:t:t: densation of sulfuric acid in the air preheater and econominer would be pravented and
e (2) the amount of 503 available for the formation of corrosive compounds from the
R Na,0-503-V,05 system would be minimized, This would be helpful also in alleviating
_'a'% the high-temperature problems, It is recognized that to operate a boiler on minimum
{'{ ' excess air will require special equipment, elaborate controls, and operator training.
N g
A 4 —Yn very small- sized boilcr units, where operation with low uxcess air may not be

practical, raising the exit-gas temperature sufficiently to ensure that the sulfuric acid
dewpoint is never reached would eliminate the low temperature corrosion., This result

) ':';_'_ would be at the cost of some efficiency in operation but could still be_the inost economi-
) i cal corrective measure available, SFor situations in which low-tempemmre corrosion is
» : ) limited to the stacks. insulation to rnaintain adequate wall temperatures is recommended,
i l High-temperature problems, occurring at locations where the metal surface
3,' temperatures arc about 900 F or higher, appear to be more ccirolex, Oxidation of the
s metal surfaces, formation of ash compounds that are plastic or molten at the tempera-
R (- ‘ ture of the metal surfaces, reaction between the metal and the molten ash, and absorp-
R ‘\}‘ tion of oxygen through molten ash lavere have all been reported to take part in the
e ‘ reactions leading to corrosion and deposits,
I\ #
e MAmebviond soittion to the problem i{s tn reduce tee siram-temperaluic require-
) me.ta so as to maintain a maximum superheater-tube surface temperature below 900 F,
‘Q E  Howeuer . yherc this is not possible, the use of additives should be considare Comn-
j a,. { pounds of magnesium and calcium have shown the most promise, their functiuv ing to
%’ > ' raise the melting point of the ash above the maximum metal temperature and to {0
. :‘ friable and readily removable deposits. The use of such compounds in the form of
. powders has been beset by problems related to {eeding and proportioning equipment an
. ‘ to questions about where the powders should Le injected into the bollers,

e
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H .
' :g: The reports on additives are sometimes conilicting, Additives may change the
7 character of the ash, affect the rate of deposition, neutralize sulfuric acid in the low
o temperature zones, and affect local reactions such as oxidation by catalysts,
MY
“‘:t\ In boilers large enough to utilize soot blowers, applying a slurry of magnesium
-':! and calcium compounds to the tubes should be examined, In smaller boilers, the intro
: Q:( duction of slurries through lances, or by spraying, should also be considered,
: :u' In medium- sized boilers having high-temperature problems, a nonproprietary oi
. 'elg‘: soluble chemical compound, such as magnesium nanhthenate, could probably be used t«
9'Q:I advantage, Oil-soluble additives in general are too costly, but there may be some cir-
o :q": cumstances in which the economics would justify the use of an oil-soluble additive,
‘ &
Y o
- yf.‘ These recommendations are summarized in Table 21,
Foon-
;!:s TABLE 21, METHODS OF CORROSION CONTROL RECOMMENDED
)N FOR INVESTIGATION
.- ‘0
. 6".".
3
. ;g:: Methods of Control
6 .:‘ Boiler Size High- Temperature Corrosion Low- Temperature Corrosion
A ';' R Small Not applicable Raise exit-gas temperature
&
e, Medium Low excess air + oil-soluble Low excess air
additive or slurry-type
i additive
" s;;i Large Low excess air + slurry Low excess air
2:: application
. g
- ;!,.‘
'\*:‘Q
N ‘A (3
e
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A-1
APPERDIX A
PARTIAL LIST OF PATENTS ON ADDITIVES AND TREATMENTS

FOR REDUCING CORROSION AND DEPOSITS
CAUSED BY RESIDUAL FUEL OIL

German Patent 128,616 (1900)
British Patent 166,285 (1921}
U. S. Patent 1,657, 753 {1928)

All are concerned with the use of V,0g to catalyze the oxidation of SOz to SO3.

British Patent 689,579 (1950)

Magnesium or zinc oxide, barium carbonate, or other metallic oxide which will
combine chemically with V205, is injected into the apparatus to reduce corrosion of
heat-resisting steel,

Swisg Patent 281,764 (1952)

Addition of inorganic chlorides such as NaCl, CaClz or (NH4)3-SnClg to the fuel to
partially inhibit formation of combustion products that attack high-temperature alloys,

Swiss Patent 281, 765 (1952)

Addition of 5 g of Al;03/kg of fuel oil counteracts harm{ul effect of 0.2% V04 in
the oil. Other additives suggested are zirconium oxide; diatomaceous earth; SiC; CaC,;
BaCOj: powdered iron, aluminum, silicon or ferrosilicon; and aluminum acetate.

U. S. Patent 2,687,985 (1954)

Removal o! vanadium and sodium {rom petroleum by hydrogenation,

British Patent 743,472 {1956}

Addition of compounds that will react with the V205 to form a vanadium compound.
Selccted from the group consisting of iron, aiuminum, oxides of these metals, and
compounds uf thase metals yiclding the oxides at ccmbnation temperatures.

Cierr-an Patent 946, 020 {(1956)

Surface-active Al203 or kaolin is added to the oil.
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Swigss Patent 314, 443 (1956)

Aluminum silicate can be used as an additive for gas-turbine fuels to prevent
deposition and corrosion.

U. S. Patent 2,744,853 (1956)

Removal of vanadium {rom petroleum by reaction with iodine,

U. S. Patent 2,758,060 (1956)

Removal of vanadium and sodium from crude oil by hydrogenation in the preaence
of bauxite,

U. S. Patent 2,764,525 (1956)

Removal of vanadium and sodium from petroleum using iron oxide and alumina,

U. S, Patent 2,766,183 (1956)

Removal of vanadium and sodium fron: petroleum using Fuller's earth,

Britigh Patent 771, 597 {1957)

Magnesium or aluminum in the form of ribbon, wire, or rod, is introduced In the
air stream of the turbine.

Britisn Patent 772,296 (1957)

Method comprises both conducting the combuation in a reducing manner and adding
to the fuel or introducing into the comburtion space, or mixing with the combustion
products, an alwainuum silicate to lewer the vapor pressure of harm{iul substuaces,

U. 8. Patent 2,781,005 {1957)

Additive is sclected from the group consisting of magnesium and sinc oxides, or
magnesium and zinc compounds yielding the oxide on combustion. Intreduced oxide to
V205 of at least 3 to 1,

U. &, Patent 2,793,945 (1957)

Addition of hydrocarbon-soluble phosg iarus-containing organic compasition to the
fuel oil.
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British Patent 799, 954 (1958)

Oil- soluble compounds of iron, tin, lead, or zirconium made from crude tall oil,
dissolved directly in the fuel oil to inhibit corrosion, Amount added is 0.5 to 10 times
the amount necessary to form the orthovanadate with vanadium in the oil.

German Patent 1, 041,621 (1958)

Magnesium silicate is recommended as an additive to heavy oils to prevent
deposition and corrosion.

U. S. Patent 2,843,200 (1958)

Hydrated calcium silicate is claimed to be a useful additive to residual oils to
prevent deposition and corrosion,

U. S. Patent 2, 846,358 {1958)

Use of cat~lytic hydrogenation combii.ed with solvent extraction removes nickel
and vanadium from crude oil.

U. S. Patert 2,857,256 (1958)

Addition of an oxide of arsenic to the fuel, to obtain a mole ratio of As/V of

2to 10/1, Corrosiveness « [ the ash is alr= _! completely eliminated, even at 1200 F or
above,

German Patent 1, 050, 484 (1959

A gel concentrate of an inorganic material auch as fine granular 5105, asbestos,
or MgCOj is added to the oil at 14 F. The gs! +made from aluminum stearate,

U. S. Patent 2,919, 434 (1959)

fiydrogenation Jf petrolenm or residual oil using heat and pressure converts
vanadium to solid which can bt removed by filtration,

British: Putert 42,821 {19/

Etayl silicate or mixe.  cthyl polymiiicates in an aromatic acivent will reduce
denositiun in g1s turbines,
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British Patent 846, 174 (1960)

Stable disperasions of inorganic aluminum compounds in mineral oil added to the
fuel oil to inhibit corrosion by vanadium or sodivm compounds. Patent describes method
of preparing the dispersion,

U. S, Patent 2, 966, 029 (1960)

Add enough sea water, or corre sonding salts, to obtain a ratio of 1,5 to 4.0
atoms of sodium per atom of vanadium in the fucl.

U, §. Datent 2,949, 008 {1960)

Mixtures of MgO and sodium naphthenate or K;CO3 and magnesium tallate or talc
and NayCOj are e{fective in reducing deposita and corrosion from high-vanadium fuel
cils,

U, S. Patent 2,968,148 (1961)

Addition of mixture containing 0 12% by wt ZnO and 0, 2% NazCO3 to a fuel contain-
ing 203 ppm vanadium and 11 ppm sodium to give a Zn/V mol ratio of 4/1 reduced
corrosion of Type 310 etainless steel from 1430 to 9 mg/sq in. Deposits reduced {from
1150 to 80 mg/seq in. Test conducted at 1450 F,

U. S, Patent 3,702,825 (1961)

A mixture of calcium acetate and basic calcium sulfonate in a light oll 13 used 23
an additive for residual oils,
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