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Prevention of Boiler Cold End Corrosion Using Water-fuel Emulsions
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Abstract. The objective of this study is to enhance the energy efficiency and environmental safety of
boiler plants and engines equipped with waste heat recovery boilers. This objective is achieved by
utilizing water-fuel emulsions as fuel for these boilers and engines. Using an experimental setup
configured for the preparation and combustion of both standard fuels and water-fuel emulsions, the
influence of the quality and composition of these emulsions on corrosion processes affecting heat
exchange surfaces was investigated. The studies were conducted using emulsions with a water content
ranging from 2% to 30%, fuels with a sulfur content of 0.98% to 2%, and an excess air ratio of 1.01 to
1.5, covering a tube wall temperature range of 70°C to 150°C. The most significant outcome of this
study is the data demonstrating the absence of a corrosion peak and a substantial reduction in the
corrosion penetration rate to acceptable levels (0.2...0.3 mm/year) when using emulsions with a 30%
water content across a broad range of excess air ratios (1.01-1.15). Under these operating conditions, a
passivation effect was also observed on the surfaces of the carbon steel boiler tubes. The significance of
this research lies in the fact that the technology prevents or mitigates low-temperature corrosion on heat
exchange surfaces, thereby enabling increased heat recovery from flue gases in boiler systems. For waste
heat boilers in marine diesel engines, the heat recovery efficiency increases by 10-15%, as the exhaust
gas temperature decreases from the design range of 160—180°C to values of 130-150°C.
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Prevenirea coroziunii la capatul rece al cazanului folosind emulsii apa-combustibil
Dimo B.V., Kolbasenko O.V., Anastasenko S.M.
Universitatea Nationala de Constructii Navale Amiralul Makarov, Mikolaiv, Ucraina

Rezumat. Obiectivul acestui studiu este de a imbunatati eficienta energetica si siguranta mediului Inconjurator a
centralelor termice si a motoarelor echipate cu cazane de recuperare a céldurii reziduale. Acest obiectiv este atins
prin utilizarea emulsiilor apa-combustibil drept combustibil pentru aceste cazane si motoare. Folosind o
configuratie experimentala configuratd pentru prepararea si arderea atdt a combustibililor standard, cat si a
emulsiilor apa-combustibil, a fost investigata influenta calitatii si compozitiei acestor emulsii asupra proceselor de
coroziune care afecteazd suprafetele de schimb de caldura. Studiile au fost efectuate utilizand emulsii cu un
continut de apa cuprins intre 2% si 30%, combustibili cu un continut de sulf cuprins intre 0.98% si 2% si un raport
de exces de aer de 1,01 pana la 1,5, acoperind un interval de temperatura al peretilor tubului de la 70°C la 150°C.
Cel mai semnificativ rezultat al acestui studiu 1l reprezinta datele care demonstreaza absenta unui varf de coroziune
si o reducere substantiala a ratei de penetrare a coroziunii la niveluri acceptabile (0.2...0.3 mm/an) atunci cand se
utilizeaza emulsii cu un continut de apa de 30% pe o gama largd de rapoarte de exces de aer (1.01-1.15). In aceste
conditii de functionare, s-a observat si un efect de pasivizare pe suprafetele tuburilor din otel carbon ale cazanelor.
Semnificatia acestei cercetdri constd in faptul ca tehnologia previne sau atenueazd coroziunea la temperatura
scazuta pe suprafetele de schimb de céldurd, permitand astfel o recuperare crescuta a caldurii din gazele de ardere
din sistemele de cazane. Pentru cazanele de caldura reziduala din motoarele diesel marine, eficienta recuperarii
caldurii creste cu 10-15%, pe masura ce temperatura gazelor de evacuare scade de la intervalul de proiectare de
160-180°C la valori de 130-150°C.

Cuvinte-cheie: emulsie apa-combustibil, coroziune la temperaturd scazuta, exces de aer.

IIpenoTBpamenue KOPPO3MH HU3KOTEMIIEPATYPHBIX MOBEPXHOCTEH KOT/I0B ¢ MPUMEHEHHeM
BOJOTOIJIMBHBIX IMYJIbCHii
Abivo B.B., Kosn6acenko O.B., Anacracenko C.H.

HanmonansHbIH yHHBEpCUTET KopabiecTpoeHHuss UMEeHH anMupaia Makaposa, Hukonaes, YkpanHa
Annomayua. llensio paboTHl ABISETCA TOBBIIICHWE YHEPreTHYECKON 3(PPEKTHBHOCTH M SKOIOTHYECKOI
0e301macHOCTH  KOTEJbHBIX YCTAaHOBOK M JBMrareiiei, OOOpYJOBAaHHBIX YTWIM3AIMOHHBIMH KOTJIAMH.
[ocraBneHHast e7b AOCTUTAETCsl MPUMEHEHHEM B KaueCTBE TOIUIMBA KOTJIOB M JIBUTATelel BOAOTOIIMBHBIX
aMynbcuid. Ha skcrepuMeHTansHOM CTeHJie, 000pYJOBaHHOM ISl TIPUTOTOBJICHHUSI M CXKUTAaHUS CTaHIAPTHBIX
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TOIUIMB M BOJOTOIUIMBHBIX 3MYJIbCHI, H3yHYECHO BIMSHHE KAdecTBAa M COCTAaBa BOAOTOIIIMBHBIX AMYJIBCHH Ha
KOPPO3HOHHBIE MPOLIECCHl MOBEPXHOCTEH TeruiooOMeHa. VcciaenoBaHusi BBIIOJHEHBI INPH  HMCHOJIB30BAHUH
aMynbcuid BomoconaepxkanueM 2...30%, ctemenu cepructocTH ToruBa 0.98..2%, u koapdunueHTe U30bITKA
Bo3nyxa 1.01...1.5 B 1mmMpokoM 1uama3oHe TeMmmepatyp creHok Tpyo ot 70 mo 150°C, Bkirouas wu
KOHJICHCAllMOHHBIH PEXXUM Mpoliecca HUKE TeMIIepaTypbl TOUKK pockl. Hambosee BaXXHBIM pe3yIbTaToM paboThI
SBJISIIOTCSL TIOJIyYEHHBIE JaHHbIE OO0 OTCYTCTBMM NHMKa KOPPO3UM W CYIIECTBEHHOM CHIDKEHHH CKOPOCTH
MPOHUKHOBEHHUSI KOPPO3UH JI0 JOMYCTUMBIX 3HadeHuit 0.2...0.3 Mm/ron mpu Bojxocoaep:kanuu smyiscuu 30% B
IIIPOKOM JWama3oHe 3HadeHHd KkodduumeHTa n30piTka Bo3myxa 1.01...1.15. Ha »3THX pexmMax Takxe
Habmromancs 3¢dekT maccuBammMy MOBEPXHOCTEH KOTENBHBIX TPyO, BEIMOJHEHHBIX W3 YTIEPOAMCTON CTallH,
KOHJICHCATOM CEPHON KHCIIOTHI MPU HU3KUX TEMIIEPAaTypax CTEHOK. 3HAYMMOCTbH BBIIIOJIHCHHOTO MCCIIEIOBAHHS
COCTOMT B TOM, 4YTO TEXHOJIOTHSA TPHMEHEHHUS BOJOTOIUIMBHBIX OSMYJIbCHH, OCHOBAaHHAas Ha JKECTKOH
KaBUTAI[HOHHONW 00pab0TKe ONMPECHEHHOH BOABI M CTAHAAPTHOTO CYAOBOTO TOIUIMBA B THIPOJUHAMHYECKOM
TOMOTEHH3aTOpe, MPEJOTBPAIACT WM CHIKAET HU3KOTEMIICPaTypHYIO KOPPO3HIO Ha MOBEPXHOCTAX HAarpeBa u
TI03BOJISIET TTOBBICUTH INIyOMHY YTHIIM3AaLMK TEIUIOTHI ABIMOBBIX ra30B B KOTJIaxX. [ yTHIM3alMOHHBIX KOTJIOB
COBPEMEHHBIX CYyJIOBBIX JHEPreTHYECKHX YCTAaHOBOK C MAJIOOOOPOTHBIMH JAM3EJSIMH TPH  CXKUTAHHU
BOJIOTOIUIMBHBIX 5MYJIbCUH KO3()(UIMEHT YyTHIM3aUUK TemyIoThl noBbimaercs Ha 10..15% mnpu cHmxeHuH
TeMITepaTypbl OTXOISAIIUX Ta30B 0T pacueTHbIX 160...180°C no 3nauenuii 130...150°C.

Kniwouesvie cnosa’ BOJOTOIUINBHAS DMYIIbCHS, HU3KOTEMIIEpATyPHAS KOPPO3Hs, N30BITOK BO3/IyXa.

INTRODUCTION the mixture in a hydrodynamic homogenizer.

The intensity pollution and corrosion of high-
temperature and low-temperature  heating
surfaces during the combustion of sulfurous fuels
greatly affect the reliability of power equipment
and determine their mass-dimensional and

ANALYSIS OF RECENT RESEARCH AND
PUBLICATION

In this regard, the data on the intensity of LTC,
on the ranges of influence of changes in boiler
. L operating parameters within and above the
economic indicators  [1,2]. ) At surface acceptable value of the corrosion rate (0.2...0.3
temperatures t, above 450°C, high-temperature mmiyear) at  values in the range of 70...150°C
corrosion (HTC) is observed, the rate of which  and o at the level of 1.2...1.5 are relevant. Such
depends on the fuel ash compounds (Na and V' parameters occur in real operating conditions of
content, chlorine and other salts) and clearly  auxiliary boilers, which must be known when
enhances with increasing temperature t,, and the  designing boilers and assessing the efficiency of
excess air coefficient a at which the fuel isburned.  operation, reliability and durability of power plant
At boiler cold end surfaces with tw below 140°C,  elements.
due to condensation of sulfuric acid vapor, a sharp A large volume of data has been published and
increase in the so-called low-temperature sulfuric  summarized in monographs [3-6], focusing on the
acid corrosion (LTC) is observed. The intensity of  ¢5rmation of SO, and H,SO, vapor, its

corrosion under constant conditions already at t,  ~ondensation. and the intensity of LTC and

about 110°C reaches a maximum of 1.2 mm/year ~ fouling of cold end surfaces when burning
when burning standard sulfur fuels with S"'=  standard fuel oils W"=15..2,0% at

2..3% and «=1.2, which is called the peak of  temperatures below the sulfuric acid dew point
LTC, because after it at t below 100°C, the  t_ . Studies [5,7-10] provide a comprehensive

intensity of LTC sharply decreases. overview of LTC mechanisms and various
Therefore, without applying special measures,  prevention methods, classifying approaches from
there is no point in reducing t, of the cold end  fuel and air control to the use of chemical
surfaces of economizers and air heaters below ~ 2dditives and temperature optimization.
120...130°C, which significantly limits the In the combustion of water-fuel emulsions
efficiency of utilization, auxiliary and main (WFE), a key factor influencing corrosion
boilers of the stationery and transport power  developmentis the determination of the dew point
plants. It is conceivable that one effective measure for ~ fOr both water vapor and sulfuric acid. This
preventing corrosion at boiler cold end surfaces ~ Parameter has been studied in several works
could be the adoption of a specific water-fuel emulsion ~ [11,12]. Research [11] indicates that the sulfuric
preparation technology, based on the preliminary  acid dew point is calculated by accounting for
purification and desalination of water in an electric ~ both vapor-liquid equilibrium and
dialyzer, followed by intensive cavitation treatment of ~ multicomponent diffusion. Results show that fuel
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type has a significant impact on the dew point; its
value decreases with a reduction in the excess air
ratio, an increase in wall temperature, and the
condensation of acid vapors on ash particles.
Furthermore, the geometry of the condensation
surface (tubular or flat) plays a role. In the
presence of fins, non-uniform dew point
distribution across the heating surface may occur,
which must be considered in heat transfer
calculations [12]. It is also noted that predicting

the H,SO, dew point distribution interval, based

on the Haase and Bergman models, is essential for
preventing LTC in cold end boiler units.

Much attention in modern research is paid to
the influence of the quality of alloys used for the
manufacture of heat exchange surfaces on the
intensity and dynamics of low-temperature
corrosion [13]. In the work [9] the
electrochemical nature of the corrosion
development mechanism is indicated. The process
proceeds in several stages with a stabilization
stage. The presence of a stabilization stage is also
indicated in [14]. Moreover, after the stage of
increasing the corrosion intensity, a stage of its
decrease is observed before remaining stable [15].

An important result of the study is the
determination of the role of silicon oxide Si0, in
the corrosion potential [16]. It was established
that the increase in the Si content in steel is a key
factor in improving its corrosion resistance,
especially in the marine environment, affecting
the composition and stability of the rust layer. In
the work [14] on determining the stages of the
process development, it was found that the
minimum weight loss of pipes was recorded after
10 weeks of testing, while the maximum
corrosion rate was observed in the second week.
It was also found that the corrosion rate increased
with increasing chloride ion concentration.
Micro-structural analysis revealed the presence of
a decarbonized film 240 pum thick on the flue gas
side, as well as the formation of rust on the water
side. Numerous pitting and crevice corrosion
were also found there. To control such a process
in [17] proposed the use of functionalized metal
oxide nanoparticles due to their unique chemical
and physical properties in aqueous media. The
work also indicates the need for comprehensive
planning of the development of corrosion on both
sides of the heat exchange surface. An important
conclusion of the work [18] is the confirmation of
information about the special effect of hydrogen

sulfide H,S on the stability and corrosion
resistance of stainless alloys due to the destruction
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of the passive film, which usually protects
stainless steel from corrosion.

Some studies [19,20] are focused on the
consequences of low-temperature corrosion on
the reliability and operational performance of
thermal power facilities. In particular, in the work
[19] the operational indicators of the Remming
company's water heating boiler “Valjevo Heating
Plant” with a capacity of 30 MW were studied due
to the thinning of the walls of the pipes of the
boiler unit's tail panel due to low-temperature
corrosion. The work describes in detail the
mechanism of the formation of sulfuric acid

H,SO, and the condensation of water vapor,

which led to the thinning of the pipe walls.
Attention is paid to the methods of restoring the
heating surface of the bottom panel tubes and the
role of the repair welding procedure when
replacing this panel. Of particular interest for
study are the data on the operation of the
geothermal heat exchanger, which are presented
in the work [20]. The processes that occur not in
flue gases, but in the environment of sulfur vapors
entering the heat exchanger from a geothermal
well were studied. To study the corrosion
processes, a digital model of the influence of acid
deposition was developed. The results revealed a
correlation between the distribution of acidic
substances deposition in the heat exchanger and
the condensation temperature of water vapor in
accordance with its volume fraction. The
similarity of the studied process of manifestation
of the mechanism of low-temperature corrosion in
flue gases is indicated.

One of the components of the technology of
using water-fuel emulsions is the process of
stabilizing the fuel mixture before feeding it into
the combustion chamber. For this, surfase-active
substances (surfactants) are used [21,22]. As
shown in [23,24], the use of stabilized emulsions

affects the reduction of NO, and soot particles

emissions by 30..50%. It also has the city of
increasing combustion efficiency [25,26].
However, there are also significant disadvantages
of adding surfactans to fuel emulsions, in
particular, in the work [27] the possibility of
increasing the level of corrosion of elements of
fuel systems of engines and equipment of exhaust
gas paths is indicated. Nevertheless, the use of
surfactants to stabilize fuel emulsions has promise
due to the development of so-called “smart
surfactants” based on nanoparticles [17,28] and
the development of emulsion quality monitoring
systems, which may affect the reduction of
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corrosion levels [29].

As is known, an alternative to the technology
of burning WFE is the co-injection of hot water or
superheated water vapor. The results presented in
[30] show that when using superheated water
vapor for fuel atomization, the temperature is
reduced by 300...400 degrees and the emissions of
nitrogen oxides NO, are reduced by 30...50%.
However, the concentration of CO and

hydrocarbons C_H,, increases. Combustion

instability is also observed. However, the authors
[30] believe that this technology has the potential
for further study in connection with the
development of innovative methods of liquid
atomization. A comparison of different methods
of fuel combustion in the presence of water
(water-filled fuel, water-fuel emulsions and
atomization with water and steam jets) are
presented in the work [31]. It was investigated
that the use of WFE improves the environmental
performance of boilers without reducing their
efficiency and service life. The use of water-filled
fuels gives the lowest economic and
environmental effect.

The analysis showed that the influence of fuel
quality, its mineral composition, parameters and
state of water-fuel emulsion and other factors on
the intensity of low-temperature corrosion has not
been sufficiently studied. Little data has been
published on the intensity of low-temperature
corrosion during the combustion of water-fuel
emulsions [32-35] and there is no data on the
influence of variable operating modes of the fuel
oil burner on low-temperature corrosion.
Moreover, only qualitative indicators of the
processes are considered. The decrease in the
speed of low-temperature corrosion is judged by
the increase in the period between repairs of the
fuel oil burner. The decrease in pollution is judged
by the period between cleanings, which according
to [32,33] increased by 2 times. The change in the
mechanism of low-temperature corrosion is
judged by the transition of local corrosion damage
to uniform corrosion during combustion of WFE
[32], which is obviously associated with the
processes of passivation of the metal surface.

In accordance with [34,35] experimentally,
and [8,13,36] theoretically were shown, when

burning WFE with W" =30%, low-temperature
corrosion processes at t, within 70...130 °C

occur in the passive state of the metal surface due
to the absorption of N,O, by the H,SO,

condensate. At the same time, the work [18]
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indicates the possibility of point (local)
destruction of the passive oxide film on the
surface of metal pipes.

MATERIALS AND METHODS

The objective of this work is to conduct
experimental studies and perform forecasting of the
intensity of low-temperature sulfuric acid corrosion
during the combustion of fuel oils and water-fuel
emulsions within a cold end surfaces temperature
range of 70...150°C.

Experimental studies were carried out on a multi-
functional experimental setup, the schematic and
description of which are provided in the authors
previous works. The test stand was equipped with a

dedicated working section for studying low-
temperature and  high-temperature  corrosion
processes. The section for investigating low-

temperature corrosion was located in the low-
temperature zone of the stand, where the flue gas
temperature was below 250°C. The general view of
this working section is shown in Fig. 1.

A bundle of sample tubes 2, made from the
investigated steel grades, was placed on a mounting
plate 1. Each tube was secured using a screw 3, nut 4,
and spring 5 to ensure compensation for the thermal
expansion of the samples. The sample tubes were
fixed to the plate in a staggered arrangement with a
pitch of 30 mm. The working section was equipped
with instruments to measure the flue gas temperature
before and after the tube bundle, a humidity and
temperature sensor for measuring the dew point, flue
gas flow and gas analyzer, as shown in Fig. 1 [37].

The general view of a sample tube used for
corrosion research is shown in Fig. 2. The sample
tube feature an internal cylindrical channel and are
equipped with external fittings for the flow of cooling
liquid. The temperature of the cooling liquid (water)
was maintained at a controlled level using a flow-
through thermostat.

Particular attention during the experimental
research was paid to the preparation of the water-fuel
emulsion.

The system schematic is shown in Fig. 3.
Fuel and water are introduced into a mixing
tank 1 in the required proportions depending on
the target water content of the emulsion. A
pump 2 ensures the circulation of the water-fuel
mixture through a disperser 3 to obtain a
stabilized emulsion with a water droplet size of
15...30um. It is at this droplet size that the
highest combustion quality of the WFE is
achieved. If the pressure in the system exceeded
the set limit before the disperser, a safety valve
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4 would trigger, bypassing the emulsion back
into the mixing tank 1. The full cycle of the
WFE preparation technology based on two-

stage cavitation processing (soft and hard) was
presented on Fig. 6 [38].

Fig. 1. Working section of the experimental setup for LTC research.
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Fig. 2. General view of sample tubes with liquid coolant cooling.

The surface temperature of the sample tubes
(Fig. 2) was measured using experimental
thermocouples made of two thermoelectric
electrodes (type Cr/Ni - Cu/Ni). The
working junctions (sensors) were fixed in
recesses on the tube surfaces, and the electrodes
were routed along isothermal lines to minimize
systematic ~ measurement  errors.  Data
registration was performed using a RegMik?
multi-channel  digital thermometer. Data
transfer from the secondary device to the
control software on a personal computer was
carried out via an RS-485 to USB
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communication converter. The maximum
permissible basic relative error for wall
temperature measurements was +0.5%.

To measure the gas dew point in the range of
45...115°C, DVT-012  humidity and
temperature sensors (accuracy class 2) were
used (humidity error 2...3%, temperature error
0.3...0.5°C). Flue gas temperatures before and
after the bundle were measured using
laboratory thermometers (type TL-4) with an
accuracy of 0.2..04°C, or standard
thermoelectric thermometers type THK 102
RegMikR with an accuracy of 0.4...1.0°C.
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Fig. 3. Schematic of the water-fuel emulsion preparation unit.

The velocity, flow rate, and pressure of the
flue gases were measured in the bypass duct using
a piezometric probe (Fig. 1 [37]).

Analog signals from the primary differential
pressure sensor were converted into digital code
using differential and gauge integrated pressure
sensor MPXV5004DP and an RS-485 converter.
At flue gas velocities of 2...8 m/s, the relative
measurement errors did not exceed:

pressure and differential pressure: 0.5...1.5%;

gas velocity: 1.0...1.5%;

flue gas flow rate: 2.0...2.5%.

The Kkinetics of corrosion processes were
studied using direct and indirect methods with
capacitive-type sensors (error <2%). When using
the direct gravimetric method, the specific metal
loss AM, g/m?, after exposure time (initial-final
weight) was calculated as follows:

AM =(m,—m,)/F,

where m, - mass of sample tube before research, g;
m, - mass of sample tube after cleaning of corrosion
products and soot deposits, g; F - area of the outer
surface of the sample tube, m2

The corrosion rate K, g/(m?-h) of the outer
surface of the sample tube was determined as:
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K=AM/r,

where t - is the duration of exposure to the
corrosive environment, h.

To assess how quickly the wall material
corrodes, significantly losing thickness over time,
according to recommendation [2], the corrosion
penetration rate was used. The corrosion
penetration rate CPR, mm/year, was calculated as
a statistical average value based on the corrosion
rate using the following analytical relationship:

ch:c.[d_sz_ j

where d — initial outlet diameter of sample
tube, m; p — density of the material, kg/m?;
K - corrosion rate, g/(m?-h); h — operating
period, year; C — constant, the units used
determine its magnitude (C = 500).

35,04-K-d-h
o,

RESULTS AND DISCUSSION
25 series of experiments on the intensity of
corrosion were performed at the experimental
facility under conditions of variable parameters of
water content W' and sulfur content S" in the
fuel and excess air coefficient «. Control
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extinction of metal loss from corrosion were
carried out with study time marks of 2...100 hours.
The reliability of the experiments was assessed by

the values of the coefficient of determination R’
at a level not lower than 0.92.

Fig. 4 shows the graphical dependences of the
change in specific metal loss AM of the sample
tubes after an 8-hour exposure at different values

of the parameters W', S' and «. It was
established that after a 2-hour exposure to the gas
flow while maintaining constant process
parameters, stabilization of corrosion processes
was observed. In this case, the values of AM AM
in the region of the acid corrosion peak were
considered at wall temperature values in the range

t, =105...115°C.
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45
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/‘ 40 g — W2%
50 — W'=2% 35 —_ W=
o el W=a
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a - on the sulfur content S" at different water content W " of WEE; b - from excess air « at different water

contentW " ; ¢ - from the water content W " at different sulfur content S".
Fig. 4. Dependence of the specific loss of AM metal due to LTC in the region of the acid peak at 7 =8h:

With an increase in the sulfur content of more
than 0.5% at any water content in the emulsion,
an increase in AM is observed (Fig. 4, a), but its
rate decreases with an increase in water in the
emulsion. For example, when burning standard
fuel with W' = 2%, with an increase in the sulfur
content from 0.5t0 1.5%, AM increases from 5.5
to 40.0 g/m? (that is, the value of AM increased

by 7.3 times), then a dt W'=15% AM

increases to 30 g/m? at S’ =1.8% (that is, the
value of AM increased 6 times). When burning

WFE with a content of W' =30%, a slight
increase in AM is observed: with an increase in
the sulfur content S™ from 0.9 to 2.0%,AM
increases from 3.5 to 9.0 g/m? That is, a loss of
mass of metal is 5...8 times lower than when
burning standard fuel. Moreover, it should be
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noted that when water or water vapor is
introduced into the furnace in an amount
corresponding to 30% of water in the emulsion,
the value of AM is lower than when burning
standard fuel oil, but still higher than when
burning WFE with the same water content.
Experimental data (Fig. 4,b) show that starting
from «a=1.05 and above, the dependence

AM = f () has an almost linear character.

However, the feature of this relationship is not
strictly proportional to the emulsion's water
content parameter. For instance, as the air excess
ratio increases from 1.05 to 1.45 during the
combustion of an emulsion withW" = 2%, the
specific metal loss AM varies from 26.5 to 43
g/m? i.e. an increase of 1.62 times. Conversely, at

W' =30%, AM increases from 2.5 to 6.0 g/m?,
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representing a 2.4-fold increase. Experiments
conducted at excess air ratios of 1.01 and 1.025
revealed a trend toward a sharp reduction in
corrosion intensity when burning standard fuel.
When using water-fuel emulsions in these modes,
some process instability was observed due to the
inability to maintain stable flame combustion.
Therefore, the obtained data were not processed
and require further verification.

As the water content in the emulsion increases,
metal loss due to AM corrosion decreases, and
the higher the sulfur content in the fuel, the

steeper the curve of dependence AM = f (Wr)

decreases (Fig. 4, ¢). Thus, with a sulfur content
of 0.98%, AM decreases from 19.5 g/m? at
W' =2.0% to 3.5 g/m?atW" =30% (i.e., AM

decreased by 5.6 times). At a sulfur content of
1.8%, AM decreases from 58.0 g/m? at
W' =2.0% to 7.5 g/m?at W" =30% (i.e., AM
decreased by 7.7 times). The value of AM when
water vapor and water are introduced into the

furnace in an amount corresponding to 30% of
water in the WFE show that corrosion is more
intense.

The fact that the curves of the intensity of the
corrosion process at a water content in the

emulsion of W' =30% with different sulfur
content practically converge at one point can only
be explained by the fact that at this water content
in the emulsion, the conditions for the appearance
of metal passivation are created. Experiments
show that a solid salt layer is simultaneously
created on the surface, which separates in the
form of a thin film during the treatment of sample
tubes after experiments with a solution of
hydrochloric acid, and the surface of the metal has
a characteristic shine during passivation.

To assess the reliability of the research results
obtained in 2...12 hours and the approximating
dependencies for predicting corrosion intensity,
control studies (5 modes) lasting up to 100 hours
were conducted (Fig. 5):
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7=100h;2-M100(S" =2.0%; W' =2.0%),  =1.025,7 =100h; 3- M100 (S" =2.0%;
W' =2.0%) ¢ =1.01, 7=100h;4-M40(S" =0.98%; W' =2.0%), « =1.01, 7 =100h;5 -
WFE M40 (S" =1.8%:; W' =30%), o =1.45, 7 =88h.
Fig. 5. Dependence of K = f (tw) during combustion: 1 - M100 (S" =2.0%; W' =2.0%), « =1.05,

The results of 100-hour studies provide an
opportunity to assess the accuracy of predicting
the corrosion process for a long time based on
studies of LTC kinetics with test durations of 2, 4,
8, and 12 hours, especially when burning water-
fuel emulsions, for which there are no statistical
data.

Obtained as a result of research on an
experimental setup with constant parameters

(constant «r andt,) the values of the speed of
LTC for time =100 hours at « =1.025 and
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1.05 practically coincide with the literature data
[34,35] at the same values of a (corrosion rate
K=0.7 g¢g/(m*h) at «=105; K=0.6
g/(m?-h) at @ =1.025). At the value of & =1.01
the value K =0.24 g/(m?-h). At these values,
and when burning non-watered fuels for 100
hours, a small acidic peak is observed in the
region of wall temperatures of 105...115°C.
According to data [35], at a =1.2, the corrosion
rate increases to 1.2 g/(m?-h).
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When  burning WFE (W' =30%;
S' =1.8%) with an increased value of excess air

and within 88 hours, the corrosion rate in this
region of wall temperatures is almost 2 times

K, m*(g-h)
0,8
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lower hotter compared to mode o =1.01 when
burning non-watered fuel in the absence of a
corrosion peak.

0,7 4\
06

0,5 +——

0,4

o S'=1.8%; a=1,45
—m—5=1.5%; a=1,35

0,3

S'=1.5%; a=1,15

0,2

0,1

0

55 75

Fig. 6. Dependence corrosion rate on tw when b

155 t,°C

wr

urning WFE with W' =30% (7 =100h).

——W'=2%; 0=1.05 —— W'=2%; a=1.025 —— W'=2%; a=1.01
—W'=10%; a=1.35 —— W'=17%; a=1.2 —— W'=30%; a=1.45
W'=30%; a=1.35 W'=30%; a=1.15

CPR, mm/year
0,5
oo |1\
' N
” \\ =
I . L - = —
0,2 \ \\\\\_\‘_/ /7 k\ 0 4
S
01 /_/7%""::--__\ ”§
' et ! &
0 W s e R
50 60 70 80 90 | 100 110 |120 130 140 t,,°C
Zone of 2-nd Zone of Zone of Zone of
corrosion t{{}m minimal acid minimal
peak LTC peak LTC

Fig. 7. Dependence of the corrosion penetration rate on the wall temperature for different modes
of fuel combustion (prediction for 7 =1000h).

In order to compare and evaluate the reliability
of the data on the kinetics of corrosion processes
obtained at the experimental installation, obtained
within 2...12 hours, and then the values of the
corrosion rate predicted for a long time period
with the results of industrial studies, bench tests
lasting 100 hours were conducted when burning
M100 fuel oil with a sulfur content of 2%. After
that, a recalculation was performed of the
obtained data for 1000 hours using approximation
formulas. This makes it possible to compare the
results of bench and industrial studies and the
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values of experimental data with the estimated
predicted values obtained by the approximation
formulas of the results of short-term experiments.
In addition, it will give reason to consider reliable
calculated values (for example, for 1000 hours)
and for other modes of burning different fuels, for
which there is no industrial data on the speed of
corrosion processes over a long time. This
especially applies to the burning regimes of
interest to us, water-fuel emulsions. At the same
time, it is necessary to take into account the
influence of variable combustion parameters in
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the furnace of the boiler, in contrast to the stability
of these parameters in the furnace of the
experimental installation [35].

It is especially necessary to note the results of
LTC studies when burning WFE with (with sulfur
content) at values of a in the range of 1.15...1.45
(Fig. 6), which show, that when the value of a is
reduced to 1.15, the acceptable corrosion rate at
the level of up to 0.3 g/(m?h) (0.32 mm/year)
occurs at values of the temperature of the heating
surface up to 70°C. This means that in this case it
is possible to supply feed water to the boiler
economizer directly from the warm drawer
(without intermediate heating). In addition, the
absence of an acid peak makes it possible to
ensure reliable operation of the economizer

surface (air heater) in this mode of WFE
combustion when the boiler load changes.
Considering the acceptable corrosion penetration
rate of the metal of the economizer and air heater
at the level of 0.25...0.35 mm/year, it can be
argued that the most dangerous in terms of low-
temperature corrosion is the wall temperature
range 85...130°C, because this part the heating
surface is subjected to intense influence of
sulfuric acid condensate. At wall temperatures of
about 130...150°C, the heating surface is still in
the zone of electrochemical corrosion [40], but
with ohmic control of the corrosion process due to
the low acid content.
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Fig. 8. Dependence of the corrosion penetration rate on the water content in the WFE
in different temperature ranges of the boiler heating surfaces:

a—t,=70°C, b-t,=80..130°C.

At wall temperatures above 160...180°C, a
mode of gas chemical corrosion is observed
[41,42], and its rate corresponds or below to an
acceptable value (the first minimum of
corrosion). As the wall temperature decreases to

100...115°C, the corrosion when burning
standard fuel oil increases sharply. In this range
of wall temperatures, the first acidic peak of
corrosion is observed and the corrosion is much
higher than the acceptable level.
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As the wall temperature further decreases, the
corrosion decreases and the second corrosion
minimum is reached [33,34]. In the temperature
range of 80...90°C, there is a decrease in the
intensity of corrosion to an acceptable level,
mainly at low excess air. With high excess air,
the corrosion rate is higher than the acceptable
level. But because this range of wall
temperatures is very narrow and is after the acid
peak, it is difficult to use this phenomenon when
designing low-temperature heating surfaces of
the boiler. At wall temperatures below 75...80°C,
with values of « >1.05, the corrosion rate
increases sharply again (the second acid peak).

When burning WFE with different water
content from 2 to 17%, a gradual decrease in the
value of the corrosion peak is observed. If at

W' =4% the maximum value of the corrosion
penetration rate was 0.5 mm/year, then when

burning WFE with W' =10%-CPR , =0.4
mm/year, at W'=17%-CPR_, =0,25

mm/year. At the same time, the presence of a
small corrosion peak is observed.

When burning WFE with a water content of
30% and an average value of ¢ =1.45, it is
already practical the first corrosion peak is not
observed. Within the range of wall temperature
from 140 to 70°C, the corrosion penetration rate
is at the level of 0.15...0.3 mm/year. A decrease
in the rate of is observed when the coefficient of
excess air is reduced. When burning the same
emulsion at ¢ =1.35, the rate is 0.1 mm/year, at
a =115 the rate is only from 0.05 to 0.1
mm/year within the range of wall temperatures
from 140 to 80°C.

Therefore, with an increase in the water
content in the WFE to 30%, the rate of corrosion
processes of low-temperature heating surfaces in
the area of the first acid peak decreases by 3...5
times.

The obtained data on the corrosion
penetration rate at different wall temperatures
during the combustion of WFE with different
water contents from 2 to 30% make it possible to
construct the dependences of the change in the
corrosion rate on the water content at o =1.35
at characteristic wall temperatures in the zones
(Fig. 7):

* dew point (130°C);

* acid corrosion peak (110, 115, 120°C);

* corrosion minimum (80...100°C);

* the second corrosion peak (70°C) at
a=1.35 and a=1.15.
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On the basis of experimental data as shown
on Fig. 8,a, and subsequent predictions it were

established that upon reaching t, = 70°C with a

water content of W' =2...10%, the corrosion
penetration rate initially sharply decreases from
0.45...0.55 mm/year to 0.365...0.44 mm/year.
With a further increase in the water content to

W' =30%, the rate slowly decreases to the
level of 0.3..0.415 mm/year. At the wall
temperature at 80...90°C and W™ up to 10...12%,
the corrosion penetration rate drops from 0.2
mm/year to 0.1 mm/year (Fig. 8,b). When the

water content is further increased to W" =30%,
the rate begins to increase slightly. At
temperatures of 100°C and 130°C with an

increase in water content from W' =2% to
30%, the corrosion penetration rate gradually
decreases from 0.195 mm/year to 0.115 mm/year
and from 0.17 mm/year to 0.085 mm/year,

respectively. Butat t, equal to 110, 115, 120°C

(in the area of the acidic corrosion peak), with an
increase in the water content in the emulsion to

W' =30%, the rate decreases significantly
from 0.4...0.45 mm/ year to 0.1 mm/year.

Based on the data of these dependencies, it is
possible to determine the limit of the corrosion
penetration rate at different wall temperatures.

The dependence curve CPR=f(Wr) at

t, =115°C characterizes the center of the zone

of values of rates (with deviations of £10%), at
which it is possible to pass over the acid
corrosion peak (Fig. 8,b). That is, at this
temperature corrosion is maximum, and at other
temperatures, it is lower. The exception is the
corrosion level at 70°C (Fig. 8,a). The value of
these corrosion penetration rate is determined
vertically from the point of intersection with the

coordinates of the acceptable rate (CPR___) and

W'. In addition, it makes it possible to
determine the amount of water content in the
WEFE, which ensures the acceptable value of the
rate. For example, with the value of

CPR ,..=0.23 mml/year, the water content in

the emulsion W' =17%. With this water
content in the WFE, the corrosion rate is lower
at wall temperatures higher than 80°C and only
at t, =70°C it exceeds the accepted value (Fig.
5,6). This makes it possible to accept exhaust gas

temperature of 110°C (with a “gas-wall”
temperature difference of 30°C). When the water

acc
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content in the emulsion is above 20%, there is a
zone of minimum the corrosion penetration rate
in the range of 0.2...0.25 mm/year in the entire
range of wall temperatures from 80°C and above.

According to Fig. 8,a with an acceptable
value of the corrosion penetration rate of 0.3
mm/year, the value of the wall temperature can
be taken as 70°C only when a =1.15 and the

water content in the emulsion is W" =30%.

CONCLUSIONS.

Experimental studies of the intensity of low-
temperature corrosion on boiler cold end
surfaces were conducted. The influence of
operating conditions and performance factors on
the intensity and dynamics of the process was
studied. The studies were performed using
standard fuels and water-fuel emulsions. The
process stages were determined, and
dependences of the specific metal loss, corrosion
rate, and corrosion penetration rate were
obtained as a function of the emulsion water
content, fuel sulfur content, and excess air ratio
for different tube wall temperatures.

It was established that increasing the water
content of the emulsion is an effective method
for preventing and reducing the intensity of low-
temperature corrosion. When burning water-fuel
emulsions with a water content of 30%, the
corrosion rate in the region of acidic peak
decreases by a factor of 3...5.

It has been confirmed that, during
combustion of water-fuel emulsions, reducing
the excess air ratio to 1.05...1.07 also reduces the
corrosion intensity for both standard fuels and
water-fuel emulsions by limiting the formation
of sulfur oxide. Further reductions in excess air
to 1.0..1.025 are ineffective due to the
development of unstable combustion conditions
for water-fuel emulsions.

One of the key results of the study is the
experimentally observed effect of boiler cold-
end surface passivation during combustion of
water-fuel emulsions at high water contents of
30%. The formation of a stable, dense protective
layer inhibits the attack of sulfuric acid and
effectively eliminates the acid peak of corrosion,
which occurs at boiler cold-end surface wall
temperatures of 110...115°C for standard fuels.

Operational threshold (acceptable) corrosion
intensity values were determined. It has been
established that when wusing a water-fuel
emulsion with a water content of 30% and an
excess air coefficient of 1.15, the corrosion rate
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remains at an acceptable level of <0.3 mm/year
at a boiler cold end surfaces temperature of
>70°C.

The studies conducted demonstrate that the
use of water-fuel emulsions is an effective
method for improving the energy efficiency and
environmental safety of modern boilers and
engines equipped with waste heat boilers. A
significant reduction in flue gas temperature by
20...30°C is possible by preventing corrosion
while maintaining a boiler cold end surfaces
temperature of 110...120°C, compared to the
operating temperature of 140...160°C adopted
when using standard fuels.

The obtained research results are of particular
relevance for the marine power plants of modern
ships equipped with low-speed long-stroke
diesel engines such as MAN B&W ME-C or Win
GD X. These engines are equipped with
powerful turbochargers and gas cleaning systems
(Selective Catalyte Reduction) and are
characterized by low exhaust gas temperatures
before the boiler of 220...260°C. At partial
operating modes of the main engine, a special
gas recirculation system (Economizer Energy
Control) is used to maintain the boiler steam
capacity. The condensing boiler cold end
surfaces mode during combustion of water-fuel

emulsionW" =30% in the MAN S60 ME-C8.5
engine with a capacity of 13,450 kW makes it
possible to safely reduce the flue gas temperature
behind the boiler to a level of 130...140°C
instead of the operating mode 160...180°C and
increase the heat utilization efficiency of the
boiler by 10...15%.
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