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Abstract This work presents the simulation of corrosion rates in the refinery boiler compartments. The study
made use of proven mathematical model to predict corrosion rates of the boiler internal tube walls by generating
data through computer program excel to ascertain metal losses from the various boiler compartments. The
simulation made use of the boiler’s past corrosion history to forecast possible metal losses for over a period of
time. The simulation was tested using four compartments; bank tubes, vapourizing tube bank, furnace internal
and rear wall tubes and the lower steam drum. The results showed that replacement of bank tubes is about forty
years, vapourizing tube bank is between eight and ten years, furnace internal and rear wall tube is eighteen years
and lower steam drum is twelve years. The effort in simulation has produced basis for monitoring corrosion in
real time life of the boiler, and the sudden change in the corrosion rates and condition can be detected and dealt
with in timely fashion. Application of the simulation rates will help plant personnel in timely maintenance and
management in forestalling unforeseen breakdown of the refinery boiler.

Keywords Corrosion attack, simulation calculations, corrosion of metals, simulation data, boiler tube internal
walls, refinery boiler, boiler compartments

Introduction

Petroleum refineries are known to be very complex processing plants. It is composed, of various units and each
unit invariably involves heating by steam and cooling by water. As a result, water extremely is a very valuable
resource for refineries and it is used in large volumes. Severe corrosions have been identified in process plants
where water vapour and acid gases condense to form acid solutions. Gases often found in the production process
are oxygen, carbon dioxide, hydrogen sulphide etc. which are corrosive agents.

The boiler is also a process unit in the petroleum refining plant and it is highly affected by severe corrosion
attacks [1]. This is as a result of the generation of hot steam and large volumes of condensate water that passes
through the unit system daily. The boiler is a, very important equipment in the process engineering unit of the
refinery and it functions in the generation of steam for the turbine, so that power is generated [2]. The boiler,
need to be protected from attack of corrosion in such a way as to minimize the rate of material degeneration and
disintegration.

Metals exposed to extremely high temperature, especially in gaseous environments, as in the case of the boiler
internal walls are prone to corrosion attack [3]. Material disintegration (corrosion), have been a long time
problem in process plants and internal furnace walls of boiler tubes. In the presence of deposits, boiler internal
wall corrosion sets in as a result of low excess oxygen level which leads to high concentrations of carbon (ii)
oxide around the boiler tube walls [4]. Corrosion in the boiler results in deposits and contributes to metal loss
and damage [5], leakages, cracks, tube failures, and control management of corrosion under high temperature
gases includes forecasting of sound metal losses under different conditions of operation [6].
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Corrosion attack is a very significant problem in chemical processing plants such as the petroleum refinery.
Major equipment such as valves, condensers, heat exchangers, and key components of the boiler can be highly
degraded [7], by corrosion attack. Such can reduce the performance and reliability of the equipment and in
severe cases can lead to unexpected failure, breakdown and ultimately shutdown. Corrosion attack on equipment
is the most serious mechanism for aging of such equipment [8].

The protection of equipment from corrosion attack may be very necessary and critical in the chemical process
industry, especially boilers [9], and these equipment can suffer considerable corrosion once the conditions for
the metal protection are not present at any given period. The application of high technology in the management
of corrosion in high-temperature gases environment is very critical in boiler situation. Thus the application of
predictions of sound metal losses for a wide range of conditions [10], is very important in the operation of the
boiler which is a very vital equipment in the refinery.

During the process of equipment design, the process of design/operation and the maintenance of the plant are
influenced by the expected lifetime of the equipment under harsh conditions, such as, corrosive environment,
corrosive gases, and very high-temperature situations. In refinery boilers, areas of extreme corrosion activity
tend to be fairly localized, but these locations can alter as a result of changes in the configurations of the burner
and the turbulence within the boiler compartments [11].

The purpose of this paper is basically to use the past corrosion history of the refinery boiler to simulate
corrosion for a long period. Through the use of proved mathematical model by Edori et al [7], the rate of metal
loss will be extrapolated and the corrosion rate over a period will then be ascertained in order to advise plant
personnel on the proper use of the boiler. The aim of this work is to make sure that the simulation of the rate of
metal loss (corrosion) will help to determine at what time any internal component part of the boiler will be
replaced or protective coating added.

Materials and Methods

Metal losses for a period of four years as a result of corrosion attack were recorded as it was obtained from
ultrasonic thickness scanning of the internal part of the refinery boiler tubes of the different components or
compartments. A material balance equation was then formulated and was subjected to mathematical analysis
through the use of first order differential equation to arrive at the formula Cr=Croe" [7]. A graph was drawn to
determine the slope of the various parts of the refinery boiler as a result of the corrosion attack. The slope of
each compartment is taken as the corrosion rate constant of that compartment. The corrosion rate constant is
symbolized as K.. The corrosion rate constant for bank tubes is 0.076, for vapourizing tube bank is 0.25, for
furnace internal and rear wall tube (internal wall tubes) is 0.16 and for the lower steam drum (continuous
intermittent blow line) is 0.35. The initial corrosion rate is the corrosion rate of the first year. The initial
corrosion rate is designated as Cro. The initial corrosion rate for bank tubes is 0.075mm, for vapourizing tube
bank is 0.26mm, for furnace internal and rear wall tube (internal wall tubes) is 0.15mm and for the lower steam
drum (continuous intermittent blow line) is 0.33mm.

A computer program is then drawn to ascertain the usefulness of the model equation in predicting the possible
loss of metal (corrosion) for a period of time (t) in years. The computer program uses an algorithm where all
corrosion rate calculations are performed. It made use of the past corrosion history of the boiler to perform
simulation calculations. The computer simulation program uses excel to predict metal losses from the refinery
boiler compartments by extrapolation of the past corrosion history, but does not predict how the rates will be
affected by changes in boiler operation. When once the input data of the corrosion rates, corrosion rate constants
(K¢) are put in, a new sets of data are produced for that particular compartment.

The simulation model was then tested using four compartments;[bank tubes, vapourizing tube bank, furnace
internal and rear wall tubes(internal wall tubes) and the lower steam drum(continuous intermittent blow line)].

Results and Discussion

Application of simulation to the corrosion of the various boiler compartments will help to ascertain the
reliability and the acceptability of the corrosion rate in application to the maintenance of the refinery boiler
compartments.
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In the bank tubes, simulation results were generated for sixty years as shown in table 1. The bank tube is 2.9mm
thick and the corrosion rate is observed to be between 0.025mm to 0.075mm/year in this compartment. From the
result, the highest corrosion rate in any part of this compartment is 0.075mm/year. The simulation reveals that it
will take a period of about forty seven years for the tubes to wear or corrode to about 2.7mm metal loss. When
the metal loss has gone up to about 1.8mm, that is for a period of forty years there is the possibility of tube
rupture and leakage, hence tube replacement or additional paneling to forestall tube rupture.

Table 1: Simulation of corrosion rates for bank tubes

Time (Years) Kt it Cro e

1 0.076 1.07896257 0.080922193
2 0.152 1.16416024 0.087312018
3 0.228 1.25608533 0.094206399
4 0.304 1.35526906 0.101645179
5 0.380 1.46228459 0.109671344
6 0.456 1.57775034 0.118331276
7 0.532 1.70233357 0.127675018
8 0.608 1.83675421 0.137756566
9 0.684 1.98178906 0.148534179
10 0.760 2.13827622 0.160370717
11 0.836 2.30712002 0.173034001
12 0.912 2.48929615 0.186697211
13 0.988 2.68585738 0.210439304
14 1.064 2.89793960 0.217345470
15 1.140 3.12676837 0.234507627
16 1.216 3.37366604 0.253024953
17 1.292 3.64005940 0.273004455
18 1.368 3.92748786 0.294561589
19 1.444 423761241 0.317820931
20 1.520 457222520 0.342916890
21 1.596 4,93325987 0.369994490
22 1.672 5.32280276 0.399210207
23 1.748 5.74310497 0.430732873
24 1.824 6.19659532 0.464744649
25 1.900 6.68589444 0.501442083
26 1.976 7.21382988 0.541037241
27 2.052 7.78345245 0.583758934
28 2.128 8.39805390 0.629854042
29 2.204 9.06118585 0.679588939
30 2.280 9.77668041 0.733251031
31 2.356 10.5486723 0.791150420
32 2.432 11.3816226 0.853621693
33 2.508 12.2803448 0.921025860
34 2.584 13.2500324 0.993752432
35 2.660 14.2962891 1.072221682
36 2.736 15.4251609 1.156887067
37 2.812 16.6431713 1.248237847
38 2.888 17.9573589 1.346801921
39 2.964 19.3753182 1.453148867
40 3.040 20.9052432 1.567893243
41 3.116 22.5559751 1.691698129
42 3.192 24.3370529 1.825278968
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43 3.268 26.2587693 1.969407694
44 3.344 28.3322293 2.124917195
45 3.420 30.5694150 2.292706127
46 3.496 32.9832547 2473744104
47 3.572 35.5876974 2.669077306
48 3.648 38.3977936 2.879834521
49 3.724 41.4297822 3.107233668
50 3.800 44.7011845 3.352588837
51 3.876 48.2309051 3.167317882
52 3.952 52.0393415 3.902950613
53 4.048 56.1485019 4.211137640
54 4.104 60.5821321 4.543659909
55 4.180 65.3658532 4.902438991
56 4.256 70.5273092 5.289548193
57 4.332 76.0963271 5.707224535
58 4.408 82.1050890 6.157881675
59 4.484 88.5883182 6.644123864
60 4.560 95.5834798 7.168760987

The vapourizing tube bank is 4.5mm thick, and the corrosion rate in this compartment, is 0.29mm/year.

Simulation results from this compartment showed that in twelve years if corrosion continues at the same rate

without change in the operation conditions, then the whole compartment would have been totally corroded.

Metal loss in this compartment is high as a result of high temperature associated with it. The results in table 2,

clearly revealed that this compartment will not last for even twelve years with metal loss of 5.2mm. Hence at

1.9mm to3.2mm metal loss, that is between eight and ten years there should be a change of this compartment.
Table 2: Simulation of corrosion rates for vapourizing tube bank

Time (Years) Kt < Cr=Cro €K%
1 0.25 1.284025417 0.333846608
2 0.50 1.648721271 0.428667530
3 0.75 2.117000017 0.550420004
4 1.00 2.718281828 0.706753275
5 1.25 3.490342957 0.907489169
6 1.50 4.481689070 1.165239158
7 1.75 5.754602676 1.496196696
8 2.00 7.389056099 1.921154586
9 2.25 9.487735836 2.466811317
10 250 12.18249396 3.167448430
11 2.75 15.64263188 4.067084290
12 3.00 20.08553692 5.222239600
13 3.25 25.79033992 6.705488378
14 3.50 33.11545196 8.610017509
15 3.75 4252108200 11.05548132
16 4.00 54.59815003 14.19551901
17 4,25 70.10541235 18.22740721
18 450 90.01713130 23.40445414
19 4,75 115.5942845 30.05191398
20 5.00 148.4131591 38.58742137

Simulation results for corrosion rates, for furnace internal and rear wall tubes was done using the internal wall
tube as a case study as seen in table 3. The simulation covered a period of thirty years. As observed by Farrell et
al [12]; that the tubing of the furnace wall is generally about 6.5mm thick (with additional 9mm replacement
tube paneling), this may be allowed to corrode to about 2.5mm beyond which the tube may be at risk of rupture.
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Hence in this work, the furnace wall tube can be allowed for period of eighteen years before replacement or
additional paneling since the tube has corroded up to 2.67mm.
Table 3: Simulation of corrosion rates for furnace internal and rear wall tubes (internal wall tubes)
Time (Years) Kt e Cr=Croe"

1 0.16 1.173510871 0.176026631
2 0.32 1.377127764 0.206569165
3 0.48 1.616074402 0.242411160
4 0.64 1.896480879 0.284472132
5 0.80 2.225540928 0.333831139
6 0.96 2.611696473 0.391754471
7 1.12 3.064854203 0.459728130
8 1.28 3.596639726 0.539495959
9 1.44 4220695817 0.633104373
10 1.60 4.953032424 0.742954864
11 1.76 5.812437394 0.871865609
12 1.92 6.820958469 1.023143770
13 2.08 8.004468914 1.200670337
14 2.24 9.393331287 1.408999693
15 2.40 11.02317638 1.653476457
16 2.56 12.93581732 1.940372597
17 2.72 15.18032224 2.277048337
18 2.88 17.81427318 2.672140977
19 3.04 20.90524324 3.135786485
20 3.20 24.53253020 3.679879530
21 3.36  28.78919088 4.318378632
22 3.52 33.78442846 5.067664270
23 3.68 39.64639407 5.946959111
24 3.84 46.52547444 6.978821166
25 4.00 54.59815003 8.189722505
26 416 64.07152260 9.610728390
27 432 75.18862829 11.27829424
28 448 88.23467268 13.23520090
29 4.64 103.5443476 15.53165214

30 480 121.5104175 18.22656263
Simulation results for lower steam drum (continuous intermittent blow line), is shown in table 4. The thickness
of the line is about 44mm and the corrosion rate is 0.35mm/year. The rate of metal loss in this compartment is
very high as a result of the high temperature associated with it. As a result of the high corrosion rate simulation
results were only given for fifteen years. From the result it will take only fourteen years period for the carbon
steel material used in construction to be totally degraded or corroded; therefore when the metal loss is up to
22mm, that is a period of twelve years there is supposed to be a replacement or additional paneling for the
several lines that make up the steam drum.

Table 4: Simulation of corrosion rates for the lower steam drum (continuous intermittent blowline)

Time (Years) Kct e<® Cr=Croek®
0.35 1.41906755 0.468292291
0.70 2.01375271 0.664538393
1.05 2.85765112 0.943024869
1.40 4.05519997 1.338215989
1.75 5.75460268 1.899018883
2.10 8.16616991 2.694836071
2.45 115883467 3.824154417
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8 2.80 16.4446468 5.426733434
9 3.15 23.3360646 7.700901312
10 3.50 33.1154520 10.92809915
11 3.85 46.9930632 15.50771087
12 420 66.6863310 22.00648924
13 455 94.6324083 31.22869474
14 490 134.289780 44.31562730
15 5.25 190.566268 62.88686859

Corrosion is a phenomenon that is complex and its multifaceted nature affects the deterioration of metals
adversely through oxidation processes [13], hence the operating conditions should be kept under steady state in
order to monitor the rate of metal loss and wall thickness of the boiler tubes effectively. Great loss of metal in
the petroleum industry has been related to corrosion as a result of the operational conditions of the plants
involved.

Since, the corrosion of metals is a major problem in the refining process, there need to be a mathematical
projection of the rates at which these degradation and deterioration, occurs. This is done through the simulation
of the rates in order to forestall uncertain shutdowns of the process plants, for it is well known that corrosion
causes plant breakdowns and shutdowns, and also causes reduction in efficiency and gives rise to high cost of
maintenance [14]. The contact of the water and other chemicals in the system results in acidic solutions and
hence industrial processes that involve boilers causes plant dissolution and corrosion [15].

The simulation results have revealed that, compartments of high corrosion activity tend to vary due to changes
in mill and burner configurations and also because of turbulence within the boiler. This is corroborated by
Petersen [16], that uneven distribution of temperature in the boiler affects the performance of the boiler tubes.
The rate of metal loss can also affect the profile of the various boiler compartments tubes. Simulation
predictions are made based on metal loss survey or scanning of likely boiler tubes of the different
compartments. If the loss of metal could predict the remaining wall thickness and it is found to be less than
allowed minimum, then protective coatings should be added or total change of the tubes that has been affected
[11].

The boiler wall is made of carbon steel or low-alloy, it can suffer considerable degradation (corrosion) when
exposed to the boiler high temperature and harsh internal environment [17] and under oxidizing conditions the
rate of corrosion (metal loss) can be very low (< 0.1mm/yr), but under highly reducing conditions, rates may
greatly increase to values as high as 9mm/yr. The application of the simulation rates to the various boiler
compartment tubes actually reveal the different rates of metal loss in the different compartment tubes.

This work has revealed through the simulation data that, the model can be used to predict the corrosion rates of
the various boiler compartments and the usefulness of it in plant management by plant personnel. Also, in this
simulation model, each time a new boiler compartment data are entered, the corrosion of the tubes are revealed,
since the algorithm focuses on the corrosion rate data. This software program could be used as a leading for
corrosion ratesfor refinery boilers. With this program, corrosion tendencies ofthe various boiler compartments
tubes can be easily predicted and therefore avoid costly unexpected shutdowns and maintenance of the boiler
[18].

With the simulation of the boiler’s corrosion rates, non-expert could have access to expert knowledge if the
expert is not available. Problems that are well understood can be easily solved by anyone who has access to the
expert system. Each time new corrosion rate data from the boiler compartments are entered, a new set of values
are obtained. This invariably makes it easier for refinery plant maintenance and management in order to forestall
unforeseen breakdown of equipment due to corrosion attack and leakages.

References
[1]. Edori, E. S. and Bekee, D., (2014). Mathematical Model to Predict Corrosion Rates Measured by
Ultrasonic Thickness Scanning Technique in the Lower Steam Drum of the Refinery Boiler.
International Journal of Advanced Science and Engineering Technology. Vol. 4 (1). Pp 278-284.

(3_; ‘\\
/‘@? Journal of Scientific and Engineering Research

45



Edori ES & Igwe PU Journal of Scientific and Engineering Research, 2019, 6(5):40-46

2.

3].
[4].
[5].

[6].

[7].

(8].

[9].

[10].

[11].

[12].

[13].

[14].
[15].

[16].
[17].

[18].

PN

Z N
SN

?}f;‘\\‘
/‘@? Journal of Scientific and Engineering Research

Edori, E. S., Edori O. S. and Egba, A. F., (2018). Models of Corrosion Rates in Refinery Boiler
Components (Bafflewall Tuubes, Vapourizing Tube Bank and the Superheater Coils). Corrosion and
Dye 121(2018) 51527-51529.

Halstead, W. D., (1970). Progress Review. No. 60. Some Chemical Aspects of Fireside Corrosion in
Oil-Fired Boilers, J. Inst. Fuel.

Davies, C. J., James, P. J. and Pinder, L. W., (1997). Combustion Rig Studies of Fireside Corrosion in
Coal Fired Boilers. Corrosion 97, New Orleans, Louisiana, USA, March 1997.

Edori, E. S., Edori, O. S. and Bekee, D., (2014). Predictive Model of Corrosion Rates in Refinery
Boiler Compartments (Suction Air Duct, Bank Tubes and Desuperheater Coils). Journal of Engineering
and applied Sciences, 9(2): 39-48.

John, R. C,, Pelton, A. D., Young, A. L., Thompson, W. T. and Wright, 1. G., (2001). “The ASSET
Project- A Corrosion Engineering Information System for Metals in hot Corrosive Gases”, Presented at
the EFC-Workshop on Life Time Modeling of High Temperature Corrosion Processes, 22 and 23
February 2001; Frankfurt/Main, Germany.

Edori, E. S., Edori, O. S. and Igwe, P. U., (2014). Mathematical Model for Predicting Corrosion Rates
in Furnace Internal Wall Tubes of the Refinery Boiler. American Journal of Engineering Research,
3(5): 329-334.

Jaske, C. E., Beavers, J.A. and Thompson, N. G., (1995). Improving Plant Reliability Through
Corrosion Monitoring. Proceedings of the 4" International Conference on Process Plant Reliability,
Hydrocarbon Processing, November 14-17, 1995 Houston Texas, Pp. 6-10.

Beber, J. A., (2012). Corrosion Inhibition for off-Line Recovery and Power Boilers. Proceedings of the
ABTCP 2012 + VIICIADICYP. The 45" ABTCP International Pulp and Paper Congress and V11 Ibero
American Congress on Pulp and Paper Research October, 9-11 2012, Sao Paolo Brazil.

John, R. C., Pelton, A. D., Young, A. L., Thompson, W. T., Wright, I. G. and Besmann, T. M., (2004).
Assessing Corrosion in Oil Refining and Petrochemical Processing, MaterialResearch, 7(1), Pp. 163-
173.

Farrell, D. M. and Robbins, B. J., (2002). On-Line Corrosion Mapping of Industrial Plant Using
Advanced Electrical Resistance Techniques, NDT 2002 Conference South Port.

Farrell, D. M., Robbins, B. J., Sikka, O. and Seaman, M., (2002). On-Line Monitoring and Control of
Furnace Wall Corrosion in PF-Fired Boilers. Corrosion Science Symposium. University of North
Umbria, United Kingdom.

Soraya, N., Rayenne, D., Boulanouar, M. and Rabah, O., (2018). Structure-Corrosion Inhibition
Performance Relationship: Application to Some Natural Free Acids and Antioxidants. Portugaliae
Electrochimica Acta, 36 (1), Pp. 23-34.

Adetunji, O. R., (2013). In: Corrosion and Materials in Oil and Gas Industries. Javaherdashti, R.,
Nwaoha, C. and Tan, H. (editors). CRC Press; 2013. Pp. 375-394.

Aljbour, S. H.,(2016). Modeling of Corrosion Kinetics of Mild Hydrochloric Acid in the Presence and
Absence of a Drug Inhibitor. Portugaliae Electrochimica Acta 2016, 34 (6), Pp 407-416.

Petersen, S.S., (2012). Thermal Energy and Fluid Mechanics. forcetechnology.com

Lees, D. J. and Whitehead,M. E., (1983). Corrosion Resistant Materials for Coal Conversion Systems.
Ed. D. B. Meadocroft, M. I. Manning, Applied Science London ISBN 0-855334-198-2,5, 19-26.

Jaffer, A.E., Almajnouni, A.D. and Bates, J., (2003). Predicting Corrosion and Scaling Tendencies in
Industrial Boilers Using Novel Software Program. Annual AIChE Technical Symposium (Dhahran,
Saudi Arabia), AIChE Symposium.

46



