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______________________________________________________________________________ 
Abstract 

Engineers are often expected to improve the requirements of process plants to increase their efficiencyies.  

Processes which use heat transfer equipment need to be frequently maintained for these reasons.  With a view to 

optimize the performance of the equipment, this paper therefore provides the results of two  maintenance strategies 

to combat the menace of fouling in order to increase shell and tube heat exchangers performance.  The high-

pressure water jetting and chemical cleaning techniques were used in this work for units A and B heat exchangers of 

a process plant.  Periodic monitoring was also used to predict the performance of the equipment.  This approach 

capitalized on the overall heat transfer, pressure drop and fouling factor to optimize the performance of marine heat 

exchangers.  Performance data were taken for a period of ten weeks before and after cleaning from 15kW heat 

exchanger units A and B, which were under the same condition of deterioration recommended prior to maintenance.  

The results revealed that before the heat exchanger units were shut down for maintenance, the overall heat transfer 

was 9778.4kw, which was likeable to 65.19% of the design value, while that of unit B rose to 12255.90kw, which is 

81.71% of the design value.  Furthermore, after the maintenance the overall heat transfer effectiveness of unit A 

rose to 14563.46kw, which is 97.19% of the design value.  The results proved that high pressure water jetting 

method is best in combating fouling for performance recovery 

_____________________________________________________________________________________________ 
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(OME(CLATURE: 

di = Internal diameter of tubes (m) 

f = Friction factor 

g = Acceleration due to gravity (m/s
2
) 

G = Mass flow rate of seawater (kg/s) 

h = Heat transfer (W/m
2o

C) 

L = Length of heat exchanger tubes (m) 

LMTD    = Logarithmic mean temperature 

difference 

Q = Overall heat transfer (W) 

ρ = Density (kg/m
3
) 

Rf = Fouling factor (W/m
2o

C) 

tc = Temperature of cold fluid (
o
C) 

th = Temperature of hot fluid (
o
C) 

U = Heat transfer coefficient (W/m
o
C) 

∆Pt = Tube side pressure drop (D/m
2
) 

∆T = Temperature drop (
o
C) 

SUBSCRIPT: 

1 = Inlet 

2 = Outlet 

a = After maintenance 

b = Before maintenance 

i = Inner 

o = Outer 

s = Scale 

 

I(TRODUCTIO( 

A heat exchanger is equipment, which transfers the 

energy from a hot fluid to a cold fluid, with maximum 

rate and minimum investment and running cost 

(Rowen, et al. 2005; Rajput, 2006; Thirumarimurugan, 

et al., 2008).  It is a device in which energy is 

transferred from one fluid to another across a solid 

surface.  It is used where high temperature and 

pressure demands are significant and can be employed 

for a process requiring large quantities of fluid to be 

heated or cooled.  High performance equipments are 

now extremely important elements of worldwide 

industries.  Failure and resulting downtime can be very 

costly to the industries involved (Pussey, 2007; 

Ogbonnaya, 1998; Hewitt, et al., 1994; Guy, 1995; 

Bell, 2003; Pussey, 2007).  It is typically more cost 
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effective than allowing the equipment to fail.  The 

major cause of reduction in heat exchanger 

performance is fouling (Hesselgreaves, 2002; Zealsing, 

2004; David, 2002; Michael, et al., 1998).  It occurs 

during normal operation, when the tube surface gets 

covered by deposits of ash, soot, dirt, oil, grease and 

scales.  This phenomenon of rust formation (corrosion) 

and deposition of fluid impurities is called fouling.  It 

has increased the thermal resistance of the equipment 

and consequently lowered the overall heat transfer of 

the heat exchanger. In marine applications, sea water 

flows through the tubes and these foulants deposits.  

Some typical values of overall heat transfer coefficient 

are shown in table (1). The unexpected failure of 

processes and equipment in industrial environments is 

always undesirable.  When these processes are critical, 

they may lead to lost production and costly repairs.  It 

is therefore with a view to averting down time, 

reduction in overall heat transfer, lost production and 

costly repairs that this paper is emanating.  It looks 

into the optimized maintenance method to eliminate 

the menace of fouling which the marine heat 

exchangers suffer most.  This work applied water 

jetting and chemical cleaning methods to combat the 

menace of fouling. 

The Fouling Process 

Fouling occurs when a fluid goes through the heat 

exchanger and the impurities in the fluid precipitates 

onto the surface of the tubes.  Precipitation of these 

impurities can be caused by frequent use of the heat 

exchangers, not cleaning the heat exchanger regularly, 

reducing the velocity of the fluids moving through the 

heat exchanger and over sizing the heat exchanger 

(Kakac and Lui, 2002; Williams, 1990; Aghareed, et 

al. 1991; David, 2002; Anantharaman, 1997; Yusuf 

and Guraras, 2004 Salano, et al., 2009; 

Sathyanarayanarao Subbarao, et al., 2009; Stiemsma, 

et al., 1994). 

 

Table 1: Values of Overall Heat Transfer Coefficient 
Fluid combination U(W/m2oC) 

Water to water 850 – 1170 

Water to oil 110 – 350 

Steam condensers (water in tubes) 1000 – 6000 

Alcohol condensers  

(water in tubes) 

250 – 700 

Feed water heater 110 – 8500 

Air condenser 350 – 780 

Air to various gases 60 – 550 

Air to heavy tars and liquid As low as 45 

Air to low viscosity liquid As high as 600 

Finned tube heat exchanger  

(water in tube, air on gross flow) 

25 – 50 

(Source: Rajput, 2006) 

The effects of fouling are more abundant in the cold 

tubes of the heat exchanger than in the hot tubes.  This 

is because impurities are less likely to dissolve in a 

cold fluid, since most substances solubility increases 

as temperature increases (Kister and Henry, 1992).  

Although hard water is an exception, the reverse is the 

case.  Fouling also reduces the cross sectional area for 

heat to be transferred and causes an increase in the 

resistance to heat transfer across the heat exchanger.  

This is because the thermal conductivity of the fouling 

layer is low.  The overall heat transfer coefficient and 

efficiency of the heat exchanger reduces, while it can 

lead to an increase in pumping and maintenance cost.  

This work is limited to shell and tube heat exchangers.  

These exchangers are the most common in the marine 

and process industries and can easily be modified in 

most cases. A typical shell and tube heat exchanger is 

shown in figure 1, while the values of fouling factors 

for different fluids are shown in table 2. 

The phenomenon of fouling is affected by the 

following factors: velocity, temperature, water 

chemistry and tube material.  The available method in 

prevention of fouling is by using acid cleaning, sand 

blasting, high pressure water jet, 

 
 

Figure 1: A Typical Shell and Tube Heat Exchanger 

(Source: Rajput, 2006) 

bullet cleaning or drill rods (Hewitt, et al. 1994; 

Sparrow and Reifschneider, 1986); Mandavgane, et al., 

2004; Lunsford, 2006; Gulley, 1998; Mancuso, 1992).  

Improving the performance of fouled heat exchangers 

requires that the tubes be cleaned periodically.  Each 

time the deposits (foulants), sedimentation, biofoulants 

and obstructions are removed, the tube surfaces are 

returned almost to bare metal providing the tube itself 

with a new life cycle.  Tube cleaning methods for shell 

and tube heat exchangers are performed offline 

(Stiemsma, et al; 1994).  The most frequently chosen 

and fastest method being mechanical cleaning.  For 

offline mechanical cleaning, the tool selected has to be 

the most appropriate for removing a particular type of 

deposit.  Moulded plastic cleaners (pigs) are quite 

popular for some light silt applications. Brushes are 

also used to remove soft deposits as well as some types 
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of microbiological deposits.  This means that this 

method is limited to the size of the heat exchanger and 

is thus time consuming. Also, chemicals are used for 

the offline cleaning of heat exchanger tubes.  Several 

mildly acidic products are available and will remove 

more deposit than most other methods.  However, this 

is expensive and takes longer time for the operation to 

be completed.  Also, the disposal of the chemicals 

causes environmental hazard.  It has been found that 

even after the exercise, some residual material will still 

need to be removed by mechanical cleaning methods.  

According to Solano, et al., (2009), when the elecrical 

cleaning methods was applied to a fouled heat 

exchanger, the performance recovery in overall heat 

transfer rate was 85%. 

Among other offline methods is the use of very high-

pressure water.  The time frame is less than that of 

mechanical cleaning method.  The water is directed to 

the tube being cleaned by a hand held triggered device 

(gun).  The water is delivered by a pump operating at 

2.07MPa.  When using water as the cleaner propellant, 

the material removed can be collected in a plastic 

container for further analysis.  The use of high 

pressure water is known to be more effective. 

 

Table (2): Values of Fouling Factors for Different 

Fluids 
Sea Water 0.0001(<50oC) 

0.002 (>50oC) 

Clean  river and lake water 0.0002 – 0.0006 

Well water 0.0004 

Distilled water 0.0001 

Treated boiled feed water 0.0001 – 0.0002 

Worst water used in heat exchanger <0.0002 

Fuel and crude oil 0.0009 

Industrial liquids 0.0002 

Transformer or lubrication oil 0.0002 

Engine exhaust and fuel gas 0.0002 

Steam (non-oil bearing) 0.0001 

Refrigerant liquids, brine or oil 

bearing 

0.0002 

(Source: Rajput 2006) 

 

METHODOLOGY 

The approach used in this work is trend monitoring, 

because it relates deterioration to consequences.  The 

condition based maintenance philosophy of high 

pressure water jetting was applied to fight fouling.  

The overall heat transfer capacity of the heat 

exchanger unit used in this work is 15KW, while their 

design heat transfer coefficient is 151.158W/m
2o

C.  

High pressure de-mineralized water was jetted into the 

tube of the equipment to flush out the foulants.  The 

data used in this work was obtained from the heat 

exchanger unit in a urea process plant for Nortore 

Nigeria Plc. Periodic monitoring was applied and 

condition monitored data were taken for a period of ten 

weeks before and after the maintenance of the unit.  

The unit is a counter flow type and the most important 

parameters considered in trending its performance was 

the overall heat transfer and the tube side pressure 

drop.  Also, unit B of the same capacity in another 

process plant was maintained using the offline 

chemical cleaning method.  Physical modeling was 

adopted to perform a proactive analysis of the 

equipment health. The temperature profile is shown in 

figure (2).   The hot fluid is ammonium cyanate and 

the cold fluid is water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Temperature Profile Diagram for   Counter 

Flow Heat Exchanger  

(Source: Rajput, 2006) 

 

The Logarithm Mean Temperature Difference 

(LMTD) was used because the inlet and outlet 

temperatures of both cold and hot fluids are known and 

is given by: 

 
For a thin walled tube, by neglecting the thermal 

resistances due to tube wall thickness and scale 

formed, the overall heat transfer coefficient based on 

outer surface is given by: 

 
The overall heat transfer of the equipment is expressed 

as: 

 
The reciprocal of scale heat transfer coefficient is 

called the fouling factor and is expressed as: 

 
The tube side pressure drop is expressed as: 

 
 

RESULTS A(D DISCUSSIO( 

The results of the analysis carried out on units A and B 

are shown in the tables (3), (4), (5), (6), and (7).  Table 

Hot Fluid 

 

 

 

 

 

Cold Fluid 

     th1 

 

∆T1 
 

     tc2 

th2 

 

   ∆T2 
 

tc1 
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(3) shows the values taken from the units A and B 

before they were shut down for maintenance, while 

table (4) shows the values taken from unit A after it 

had undergone maintenance.  Also, table (5) shows the 

values of the fouling factor and the pressure drop on 

tube side before and after maintenance of unit A.  The 

combined graphs of overall heat transfer before (Qb) 

and after (Qa) maintenance against date in weeks is 

shown in figure (3).  Similarly, the plot of fouling 

factor against date in weeks is depicted in figure (4), 

while the trajectories of pressure drop before  

and after  maintenance is shown in figure (5).  

Table (6) shows the values taken after maintenance of 

unit B. Also, table (7) shows the values of fouling 

factor and pressure drop on tube side of unit B. 

 

     Table 3: Values Taken to Evaluate Overall Heat Transfer Ten Weeks before Maintenance  of Units A and B 

Weeks Cold Fluid  

Temperature oC 

Hot Fluid  

Temperature oC 

Heat Transfer Coefficient, 

U(W/m2oC) 

LMTD Area  

(m2) 

Total Heat 

Transfer, Q(W) 

tc1 tc2 th1 th2 

1 29 49 100 68 121.067 44.73 2.01 10884.8 

2 29 47 100 65 122.850 43.95 2.01 10852.5 

3 29 41 100 59 125.786 42.88 2.01 10841.3 

4 29 45 100 62 124.378 43.07 2.01 10767.5 

5 29 38 100 56 126.583 42.10 2.01 10711.6 

6 29 52 100 70 119.617 44.41 2.01 10677.5 

7 29 36 100 53 126.903 40.78 2.01 10402.0 

8 29 56 100 72 118.343 43.50 2.01 10347.3 

9 29 33 100 50 125.388 39.65 2.01 10152.4 

10 29 59 100 76 110.742 43.93 2.01 9778.4 

 

       Table 4: Values Taken to Evaluate Overall Heat Transfer Ten Weeks after Maintenance  of Unit A 

Weeks Cold Fluid  

Temperature oC 

Hot Fluid  

Temperature oC 

Heat Transfer 

Coefficient, 

U(W/m2oC) 

LMTD Area  

(m2) 

Total Heat 

Transfer, 

Q(W) tc1 tc2 th1 th2 

1 29 32 100 63.5 147.493 49.37 2.01 14563.46 

2 29 31 100 61.5 150.150 48.48 2.01 14558.54 

3 29 31 100 62 149.701 48.61 2.01 14553.93 

4 29 34 100 64 146.843 48.87 2.01 14352.43 

5 29 36 100 65 146.198 48.66 2.01 14229.99 

6 29 38 100 66 144.092 48.43 2.01 13956.751 

7 29 40 100 69 140.647 49.33 2.01 13876.230 

8 29 39 100 67.5 141.643 48.89 2.01 13849.853 

9 29 42 100 70 133.689 49.01 2.01 13104.200 

10 29 45 100 71 126.167 48.21 2.01 12165.022 

 

         Table 5: Values of Fouling Factor and Pressure Drop on Tube Side for Unit A 

Weeks Fouling Factor,  

RF (W/m2oC) 

Pressure drop on tube side  

before maintenance,  ((/m2) 

Pressure drop on tube side  

after maintenance,  ((/m2) 

1 0.00147 0.0597 0.2165 

2 0.00148 0.0597 0.2164 

3 0.00127 0.0596 0.2163 

4 0.00123 0.0595 0.2162 

5 0.00106 0.0594 0.2161 

6 0.00142 0.0593 0.2160 

7 0.00094 0.0592 0.2158 

8 0.00139 0.0591 0.2156 

9 0.000049 0.0591 0.2155 

10 0.00155 0.0589 0.2154 
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        Table 6: Values Taken to Evaluate Overall Heat Transfer Ten Weeks after Maintenance  of Unit B 

Weeks Cold Fluid  

Temperature oC 

Hot Fluid  

Temperature oC 

Heat Transfer 

Coefficient, 

U(W/m2oC) 

LMTD Area  

(m2) 

Total Heat 

Transfer, Q(W) 

tc1 tc2 th1 th2 

1 29 31 100 59 130.232 46.82 2.01 12255.90 

2 29 30 100 57 132.284 45.84 2.01 12188.44 

3 29 30 100 58 130.242 46.50 2.01 12173.07 

4 29 30 100 57 132.026 45.84 2.01 12164.66 

5 29 30 100 56 131.286 45.14 2.01 11911.76 

6 29 31 100 58 128.412 46.15 2.01 11911.69 

7 29 31 100 56 129.412 44.76 2.01 11642.89 

8 29 31 100 55 130.692 44.06 2.01 11574.16 

9 29 31 100 54 128.986 43.34 2.01 11180.51 

10 29 30 100 53 127.426 42.97 2.01 11005.75 

 

       Table 7: Values of Fouling Factor and Pressure Drop on Tube Side for Unit B 

Weeks Fouling Factor,  

RF (W/m2oC) 

Pressure drop on tube side  

before maintenance,  ((/m2) 

Pressure drop on tube side  

after maintenance,  ((/m2) 

1 0.000581 0.0597 
0.1990 

2 0.000581 0.0597 
0.1990 

3 0.000272 0.0596 
0.1980 

4 0.000466 0.0595 
0.1970 

5 0.000283 0.0594 
0.1960 

6 0.000573 0.0593 
0.1950 

7 0.000153 0.0592 
0.1940 

8 0.000798 0.0591 
0.1930 

9 0.000222 0.0591 
0.1920 

10 0.001182 0.0589 
0.1910 

Figure 3 shows that there was a meaningful recovery in 

overall heat transfer from 9778.4W when Unit A was 

shut down for maintenance to 14563.46W after the 

maintenance exercise using high pressure water jet.  It 

was observed that the foulants accumulation increased 

greatly on the eighth week after maintenance, which 

resulted to a great loss in overall heat transfer.  The 

high pressure water jet approach yielded 97.19% of the 

design overall heat transfer value. 

 
Figure 3: Combined graph of overall heat transfer 

before and after maintenance against date in weeks 

for Unit A 

Figure 4 shows that Unit A has the highest fouling 

factor. This means that its remaining foulants 

deposits is minimal. 

 

 
Figure 4: Fouling factor against date in weeks for 

Unit A 
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Figure 5 shows that Unit A gained a meaningful 

increase in pressure drop after maintenance.  This 

means that the mass flow rate of the tube side fluid 

increased after the unit underwent  maintenance.  The 

observable pressure drop before maintenance was 

0.0589bar, which rose to 0.2165bar after 

maintenance.  These are indications of greater mass 

flow rate since pressure drop is proportional to mass 

flow rate. 

 
Figure 5: Graph of pressure drop in tube side before 

and after maintenance against date in weeks for Unit 

A 

 

Figure 6 shows that the recovery in overall heat 

transfer rose from 9778.4W when Unit B was shut 

down for maintenance to 12255.90W after the 

maintenance exercise using chemical method.  This 

approach yielded 81.71% of the design overall heat 

transfer value. 

 

 
Figure 6: Combined graph of overall heat transfer 

before and after maintenance against date in weeks 

for Unit B. 

 

Figure 7 shows that Unit B has the lowest fouling 

factor, which means that it still has more foulants 

when compared to Unit A. 

 

 
 

Figure 7: Fouling factor against date in weeks for 

Unit B 

 

Figure ( shows that Unit B gained an increase in 

pressure drop but not as much as Unit A. The 

observable pressure drop before maintenance was 

0.00589bar which rose to 0.1990bar after 

maintenance.  This shows that the chemical cleaning 

method does not completely remove the foulants.  

 
 

Figure 8: Graph of pressure drop in tube side before 

and after maintenance against date in weeks for Unit 

B while using chemical cleaning method. 

 

CO(CLUSIO( 

The shell and tube heat exchangers are a vital part of 

the process plant in which they are installed.  Their 

condition can significantly affect the process 

economics in several ways.  Two deteriorating heat 
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exchangers units A and B were used for the analysis.  

To improve their performance, condition monitored 

data were taken from the two process plants and 

analyzed. The high pressure water jetting and 

chemical cleaning strategies were applied on Units A 

and B to establish the most suitable.  It was observed 

that the high pressure water jet method yielded better 

results than the chemical method in increased overall 

heat transfer, tube side pressure drop and mass flow 

rate after maintenance.  Furthermore, the units should 

undergo high pressure water jetting every eight 

weeks. 
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