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Abstract

Accumulation of unwanted materials inside pipes, machines or heat exchangers leads to various problems in
liquid bearing systems, thereby interfering with its function. In this study, thermal circuit was developed,
mathematical model formulated and subsequently used in the simulation of the effect of fouling on heat transfer
surfaces in boilers. The investigation involved five different fouling materials, basic mechanism of deposit,
techniques to control deposit in boiler and the results reveal that fouling progresses with time, and that fouling
layers decreases and increases the inside and the outside diameter of the boiler tubes respectively, thus causing
an increase in the pressure drop. It was also observed that one of the fouling materials, gypsum, investigated,
exhibited higher deposition rate than all others considered in the study. This predicted information can be
helpful in the reduction of fouling problems in boilers, noting that fouling of heat transfer surfaces is
unavoidable but can be reduced to barest minimum, hence significant savings in power plant.
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INTRODUCTION

Fouling in technical terms is the accumulation of
unwanted material on heat transfer surfaces, where
the material consists of either living organisms (bio-
fouling) or a non-living substances (inorganic or
organic). Fouling is usually distinguished from other
surface-growth phenomena in that it occurs on a
surface of a component, system or plant performing a
defined and useful function, and that the fouling
process impedes or interferes with this function.
Fouling in boilers is dependent on the type of boiler
design and the fuel being fired. Fouling ina chemical
recovery boiler, a coal fired boiler, and a biomass
fired boiler are different in many ways. In a chemical
recovery boiler, fuel being used has a large quantity
of alkaline inorganic material. This makes it
necessary to operate the boiler in a narrow band and
to ‘soot blow’ the heat transfer surface more
frequently when compared to a coal fired boiler. In
the case of a biomass fired boiler, even though the
inorganic material percentage is very low, a large
amount of fouling due to its very low melting
temperatures can occur. The presence of alkaline
materials like sodium and potassium salts make the
coal ash have a very high tendency toward fouling in
the convection heat transfer surfaces in boilers.
Primarily the sulphates like calcium sulphate and
sodium sulphate in vapor form in flue gases make the
first layer of deposit on the heat transfer tubes which
gives the binding strength for the deposit.

Whatever the cause of exact nature of the deposit, an
additional resistance to heat transfer is introduced and
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the operational capability of the heat exchanger is
correspondingly reduced. In many cases, the deposit
is heavy enough to significantly interfere with fluid
flow and increase the pressure drop required to
maintain the flow rate through the exchanger. The
rate of fouling depends on fouling factor, which
varies from liquid to liquid, where always the
temperature plays a key role. More so, the
accumulation leads to various problems in fluid
(liquid) bearing systems which can have a negative
effect on total plant performance, causing lower
production capacity and higher maintenance cost
(Huque, Ali, and Kommalapati, 2009).

Some of the investigations in recent times on fouling
were on types of deposition (Couch, 1994, Benson,
Jones and Harb, 1993, Gupta, Rushdi, Browning and
Wall, 2001), the possible causes (Su, Pohl, Holcombe
and Hart, 2001, Skea, Bott and Beltagui, 2002)and
the resulting problems (Babajide, 2007). The
mechanisms and technologies available for the
prevention of deposition problems in boilers were
investigated under soot blowers (Bergemann, 2008),
ash behavior prediction tools (Ma, Iman, Sears,
Kong, Rokanuzzaman, McCollor and Benson, 2007),
wet pretreatment of brown coal-fired power utility
boiler using mineral additive (Vuthaluru, 1999),
monitoring of fouling tendencies and rate (Valero and
Cortes, 1999, Masia, n.d., Korbe, Losurdo,
Lensselink, Ceiplik and Verhoeff, 2005, Kalisz and
Pronobis, 2005), use of internal micro-cameras
(Hansen and Blankinship, 2006), slagging indices to
determine the composition of the ash present (Gupta,
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Zheng, Wall, Tsumita, Kajigaya and Suzuki, 1994),
local blending to produce different effect in boiler
(Rushdi, Sharma and Gupta, 2003, Lawrence, Kumar,
Nandakumer and Narayana, 2006), antifouling
coatings using ceramics (Geoff, 2008), antifouling
electronic technology (Young and Liu, 1999)and
intelligent sooth  blowing (Korbe, Losurdo,
Lensselink, Ceiplik and Verhoeff, 2005 ,Teruel,
Cortes, Diez and Arauzo, 2005).

The major concern to researchers and boiler
engineers, therefore, has been to improve the
efficiency and performance of boilers, either by
experimental studies, computational techniques, or
technical experience gained over a period of time.
From the above, it is obvious that investigation on the
fouling on boilers is non-conclusive, hence the
present study.

METHODOLOGY
The study was holistically handled by developing the
thermal circuit and formulating the necessary models.

Thermal Analysis
The thermal circuit and the developed expressions for
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Figure 1: Thermal Circuit Model
For the heat transfer across boundaries,
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Equations 8a and 8b are for flat wall and circular tube
respectively.

For a negligible tube wall thermal resistance,
1 1 1 1 1
= F—F—+—
hy

U, h, h, h

fouling resistance is determined by subtracting the
fouling resistance when the test section is clean (at
time zero) from that when fouled or dirty (Allmon,
Watson and Carpenter, 1991, Sadik and Hongtan,
2002), so that,

C

R =R, —R, or Ry =—————The convective

f c

heat transfer coefficient I is calculated using Dittus

— Boelter equationas given by (Khurmi and Gupta,
2005, Cengel and Turner, 2001), 10

where § is the characteristic length, k is the thermal
conductivity of the

fluid, n = 0.4 and 0.3 for heating and cooling
respectively, Rep=nVD/p

andPr = uCp/k.

q=U_AAT, 1
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Common existing fouling type is the “asymptotic”
mode (Sadik and Hongtan, 2002), represented by the
expression:

R=R;(t-e") o

Where R: is the asymptotic, fouling resistance
(mZOC/kW)and p=1t.

Percentage reduction in Uc due to fouling:
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Modeling

With constant flow rate of fluid and controlled
deposition rate of reaction. the mass balance over a
controlled volume is given as:

input = output + accumulation

rate of deposition = rate of removal + rate of foul
accumulation

which implies that, as given by(Sadik and Hungtan,
2002),

rate of foul accumulation = rate of deposition — rate
of removal

dR
= ¢d ¢r'

If the deposit rate is constant and the removal rate is
ignored, then

Rf :¢ft 24
(Taborek, Aoki, Ritter, Palen and Knudsen, 1972)

proposed that rate of
deposition could be given as,
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The fouling thickness t; as given by (Sadik and
Hungtan, 2002) is,
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Substituting for df and simplifying yields,
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Effect of Fouling on Pressure drop

The frictional pressure drops in the tube for a single —
phase flow as given by (Sadik and Hungtan, 2002),
is:

-
di

Pressure drop under clean condition:

2
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2 39
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Pressure drop under fouled condition:
2
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so that that of the pressures is given as,
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Assuming the same mass flow rate (rﬁ =U_lA)
under the two conditions, we have
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Assuming fouling does not affect the friction factor
(i.e. fr=1)
then,
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RESULTS

The findings of this investigation are presented in
figures 2 to 5. Figure 2 shows variation of fouling
resistance with thickness. For all the materials
investigated, the fouling resistance is found to be
directly dependent on the fouling thickness and for
any particular thickness, the resistance from Gysum
to heat transfer is least which increases for the other
materials in the following order: Serpentine, Calcite,
Biofilm and highest for Hermatite. Though not
indicated in the figure, it is to be noted that fouling
does not immediately commence with the
commissioning of a new boiler to heat transfer
processes. For any particular tube in contact with
liquid and gas on each side of the tube as show in
figure 3, a polytrophic dependence of fouling
resistance on time is observed.In any particular day
after fouling has commenced, the resistance is greater
on the water side of the tube than on the gas side,
indicating possible solidification of the deposition on
the surface of the tube in contact with water due to
the lower temperature of the boiler tube side, and for
the deposit to fuse to the tube wall and not rebound
from the inertia force, it is necessary that the particles
be sticky,which is often referred to as sintered or
cemented deposits that form on convection surfaces
due to an improper feed water treatment. As indicated
in figure 4, the resistance in small diameter tubes of
the boiler builds up sharp resistance to heat transfer,
which decays asymptotically with Gypsum having
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higher deposition buildup for all the materials
investigated, as the tube diameter increases. As the
internal diameter of the tube increases, the fouling
pressure drops, due possibly to the reduced effluence
of the strength of the first layer of deposition as
illustrated in figure 5.

CONCLUSION

Fouling is an extremely complex phenomenon due
primarily to a number of variables affecting it. This
predicted information can be helpful in the reduction
of fouling problems in boilers, noting that fouling of
heat transfer surfaces is unavoidable but can be
reduced to barest minimum, hence significant savings
in power plant.

REFERENCES

Allmon, B. A., Watson, G. B. and Carpenter, N.
N.,(1991): Fouling and cleaning of a staggered,
finned tube bundle under coal-fired conditions. Paper
presented at the National Heat Transfer. Conference,
Minneapolis, Minnesota. July, 28-31.

Babajide, J., (2007): Boiler problem in Nigeria. A
case study of Mobil Oil Nigeria PLC. BSc 2007
Thesis,  University of Lagos:  Mechanical
Engineering.

Benson, S. A., Jones, M. L. and Harb, J. N.,(1993):
Ash formation and deposition. In D.Smoot (Ed),
Fundamentals of coal combustion for clean and
efficient use (pp.293-373). Amsterdam: Elsevier.

Bergemann, C.,(2008): Fouling andCleaning, views.

retrieved August 20, 2008, from http//www.
clydebergemann.com.
Cengel, Y. A. and Turner, R. H., (2001):

Fundamentals of Thermal-Fluid Sciences. New York:
McGrawl Hill Companies.

Couch, G.,(1994): Understanding Slagging and
fouling during pf combustion, Fuel and Energy
36(1),pp.35.

Geoff, P.,(2008):A ceramic solution to slagging and
corrosion problems, Modern Power
Systems, pp. 31-32.

Gupta, R. P., Rushdi, A., G. Browning, G. and Wall,
T. F.,(2001): A mechanistic approach for assessing
thermal performance of coal blends. Paper presented
to the Engineering Foundation Conference on Impact
of Fuel Quality on Power Generation, Utah.

Gupta, R. P., Zheng, C.,Wall, T. F.,Tsumita, Y.,
Kajigaya, I. and Suzuki, K.(1994): The Impact of ash
deposition on coal fired power plants. Proceedings of
the Engineering Foundation Conference (pp. 599-
610), New York: Taylor & Francis.

387

Hansen, T. and Blankinship, S.,(2006): Infrared
Camera Performs Double Duty, Power Engineering,
110 (7), pp. 88-89.

Huque, Z., Ali, M. R. and Kommalapati, R.,(2009):
Application of pulse detonation technology for boiler
slag removal. Retrieved March 6, 2012, from
www.sciencedirect.com

Khurmi, R. S., Gupta, J. K. and Gupta, R. S., (2005)
A Textbook of Thermal Engineering, S. Chandand
Company Ltd.

Korbe, R., Losurdo, M., Lensselink, J., Ceiplik, M.
K. and Verhoeff, F., (2005): Monitoring And
Modelling Of Gas-Side Boiler Fouling. Symposium
series presented at proceedings of 6" International
Conference on Heat Exchanger Fouling and
Cleaning: Challenges and opportunities, Germany,
June 5-10.

Lawrence, A., Kumar, R., Nandakumer, K. and
Narayana, K., (2006): A novel tool for assessing
slagging propensity of coals in PF boiler. Fuel, 87(6),
pp. 946-950.

Ma, Z, Iman, F., Lu, P., Sears, R., Kong, L.,
Rokanuzzaman, A. S., McCollor, D. P. and Benson S.
A., (2007): A comprehensive slagging and fouling
prediction tool for coal-fired boilersand its
validation/application. Retrieved March 6, 2012,
from www.sciencedirect.com

Masia, A. T.(n.d.): TU Delft - Boiler fouling sensors.
Retrieved March 6, 2012, from www.3me.
tudelft.nl/live

Rushdi, A., Sharma, A. and Gupta, R. P.,(2003): An
experimental study of the effect of coal blending on
ash deposition, Fuel, 83(4), pp. 495 -506. Retrieved
March 6, 2012, from

www.sciencedirect.com

Sadik, K. and Hongtan L., (2002): Heat Exchangers
Selection, Rating and Thermal Design (2"*Ed.), New
York: CRS Press.

Skea, A. F., Bott, T. R. and Beltagui, S. A., (2002):A
comparison of mineral fouling propensity of three
coals using a pilot scale under-fed stoker combustor.
Applied Thermal Engineering, 22(16), 1835 — 1845.

Su, S., Pohl, J. H., Holcombe, D. and Hart, J. A.,
(2001): Slagging propensities of blended coals, Fuel,
80(9), pp1351-1360.

Kalisz, S. and Pronobis, M., (2005): Investigations on
fouling rate in convective bundles of coal- fired
boilers in relation to optimization of soot-blower
operation, Fuel, 84(7-8), pp.927-937.



Fouling resistance (m2K/kw)

Journal of Emerging Trends in Engineering and Applied Sciences (JETEAS) 3(2):383-388 (ISSN: 2141-7016)

Taborek, J., Aoki, T., Ritter, R.B., Palen, JW. and

Kundsen, J.G., (1972): Predictive Methods for 51 : : : :
Fouling Behavior, Chem. Eng. Prog., 68(7), pp. 69- asl |
”
o x Tube side liquid xxxxxxxx ]

Teruel, E., Cortes, C., Diez, L. I. and Arauzo, I., xx
(2005): Monitoring and prediction of fouling in coal- < 1
fired utility boilers using neural networks, Chemical z .l xx ]
Engineering Science, 60 (18),pp. 5035-5048. § %*‘

g 257 o il
Valero, A. and Cortés, C.(1999): Ash fouling in coal- g ) {xx“X |
fired utility boilers. Monitoring and optimization of E 2~
on-load cleaning. Retrieved March 6, 2012 from © s x‘ 1
(wwwe.sciencedirect.com) )
Vuthaluru, H. B.,(1999): Remediation of ash sl ]
problems in pulverized coal-fired boilers. Retrieved
March 7, 2012 from http://cat.inist.fr/?aModele % w1 w0 m w0 m o
=afficheN&cpsidt=1178121 fime(days)

Young I, Liu, C. and Liu, R.(1999) Control of Figure 2: Fouling resistance against time

fouling in spirally-ribbed water chilled tube with o110
electronicanti-fouling  technology, International e
Journal of Heat and Mass Transfer, 42, pp. 3037- Lal e i
3046. P
120 e ’ ++H+HH+#%+&H+HH+H++H1+&H++%+W-HH+;
APPENDIX v ####H%ﬁ-ﬁ#
/ WL o
10 g 1 ; +W J
1 T T T T T 2 / +++*
4 ] C
< S = s
e S 08f e AR i
09l 7 £ N .
g B e
08k s ] 3ok AL 1
' e Hermatite /" ] ;" ==v== Hematite
0 Biofim e A # x Biofilm
07F +  Calcite e A 04r Jf +  Calcite 1
x  Sempentine R ﬁ** xX ¥ +  Sementine
_____ - **** xxxx + — ~— - Gypsum
g R 7 02H B
**** il
,/’/’ 0 0.(;05 0.‘01 0.(;15 0.‘02 0.025
,// i internal diameter of the Boiler tube(m)
i Figure 3: Fouling thickness against internal diameter
of boiler tube
0.1 T T
o 1 0.09[< 4
L L L <]
1 12 14 16 18 2 008" 4 ]
Fouling thickness(m) x10° ook q |
< Py
. . . . . > g
Figure 1: Graph of fouling resistance against fouling Soo g ]
thickness s <
E 0.05 4 -
g <4
E 0.04 <]<<] |
3 q
& 0.03- -
0.02~ A
0.01 -
0 [ h SSSSERRRRYCKCL LK esss:
0.01 0.015 0.02 0.025

internal diameter of the fouled Boiler tube(m)

Figure 4: Fouling pressure drop against internal
diameter of boiler tube

388



